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ABSTRACT We used time-resolved Férster resonance energy transfer, circular dichroism, and molecular dynamics simulation
to investigate the structural dependence of synaptotagmin 1’s intrinsically disordered region (IDR) on phosphorylation and
dielectric constant. We found that a peptide corresponding to the full-length IDR sequence, a ~60-residue strong polyampholyte,
can sample structurally collapsed states in aqueous solution, consistent with its x-predicted behavior, where « is a sequence-
dependent parameter that is used to predict IDR compaction. In implicit solvent simulations of this same sequence, lowering
the dielectric constant to more closely mimic the environment near a lipid bilayer surface promoted further sampling of collapsed
structures. We then examined the structural tendencies of central region residues of the IDR in isolation. We found that the
exocytosis-modulating phosphorylation of Thr''? disrupts a local disorder-to-order transition induced by trifluoroethanol/water
mixtures that decrease the solution dielectric constant and stabilize helical structure. Implicit solvent simulations on these
same central region residues testing the impact of dielectric constant alone converge on a similar result, showing that helical
structure is formed with higher probability at a reduced dielectric. In these helical conformers, lysine-aspartic acid salt bridges
contribute to stabilization of transient secondary structure. In contrast, phosphorylation results in formation of salt bridges un-
suitable for helix formation. Collectively, these results suggest a model in which phosphorylation and compaction of the IDR

sequence regulate structural transitions that in turn modulate neuronal exocytosis.

INTRODUCTION

Synaptotagmin 1 (Syt 1) is the calcium ion (Ca*") sensor for
neurotransmitter release, chelating Ca>" upon action poten-
tial-induced entry and consequently triggering fast synchro-
nous release (1). The underlying mechanisms by which
Syt 1 mediates this biological event remain incompletely
understood. Our goal has been to investigate the allosteric
network of Syt 1 to elucidate regulatory mechanisms that
underlie controlled neurotransmitter release (2—4). Our
group found that an intrinsically disordered region (IDR)
within Syt 1 (residues ~80-141) exerts allosteric influence
over the adjacent C2 domain referred to as “C2A”
(Fig. 1 A) (4). Until recently, this IDR had received little
attention and its structural biology still represents a signifi-
cant gap in our understanding of Syt 1 function. Because the
Syt 1 IDR exerts allosteric influence over C2A, structural or
disordered ensemble transitions that occur there may be
important for modulating C2 domain functions that in turn
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influence exocytosis (5). Additionally, the IDR was recently
shown to bind to the PH domain of dynamin 1, implicating
its sequence in an important protein-protein interaction of
endocytosis (6).

When examining the amino acid sequence of this IDR to
make initial structural predictions, it appears to be a strong
polyampholyte with ~50% of its residues consisting of an
almost equal number of oppositely charged amino acids
(Fig. 1 B) (7,8). However, the distribution of charged resi-
dues divides the IDR into three main segments: a highly
positive N-terminal region (~80-96), a more sequence-
diverse central region with dispersed lysine-aspartic acid
repeat motifs (~97-120), and a highly negative C-terminal
region (~121-141) (Fig. 1 B). Intrinsically disordered pro-
teins (IDPs) that have a high degree of charge separation
sample more compact structural states, and the degree of
compactness can be predicted with the calculated term «.
This k term varies from O (less compact) to 1 (most
compact) and, in model 50-mer peptides consisting of an
equal number of lysine and glutamic acid residues, corre-
lates to radii of gyration (R,) that range from 3.0 to
1.7 nm (9). When we performed this calculation for
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FIGURE 1 Model of Syt 1 and amino acid sequence of its IDR. (A) Syt 1
consists of a short lumenal domain (LD), a single transmembrane helix (TM),
a ~60-residue IDR, and two calcium ion- and phospholipid-binding C2 do-
mains in tandem, C2A and C2B. Approximate dielectric constants for the
bilayer core (¢ = 2), interfacial region (¢ = 4-20), and bulk solution
(e = 80) are shown to indicate environments the polyampholytic IDR may
experience. (B) The IDR sequence (residues 80-141) is shown with the
basic residues in blue and the acidic residues in red. The distribution of
charged residues partially delineates the sequence into three segments as
indicated. Above the sequence is the ANCHOR-predicted probability for
each residue potentially contributing to a binding site as described in
(13,14). The modeled peptide below the sequence shows the location for co-
valent attachment of acceptor dyes as well as location of the added trypto-
phan (yellow) used in FRET experiments. Thr''?, the phosphorylation site
examined in this study, is also indicated. To see this figure in color, go online.

Syt 1’s IDR sequence, we determined a k-value of 0.22, sug-
gesting that the IDR can sample more compact structural
states whose R, approaches 2.3 nm (Tables S1 and S2; Sup-
porting Materials and Methods). Further application of the
sequence-dependent analysis software, CIDER (http://
pappulab.wustl.edu/CIDER/), places the Syt 1 IDR in a
chimeric region of the IDP phase diagram, predicting explo-
ration of both coil and hairpin structures (Fig. S1) (10).
Recently it was proposed that this IDR functions in Syt 1
as an “electrostatic zipper” that opens and closes to mediate
docking of synaptic vesicles and fusion pore opening,
respectively, although no distance measurement was made
(11). Chimeric behavior of the IDR would be appropriate
for such opening and closing and can be experimentally
measured using Forster resonance energy transfer (FRET),
an approach we have explored here (Fig. | B).

Whereas the calculated « term for the Syt 1 IDR probably
stems from the N- and C-terminal regions with high charge
density, the central region has its charged residues more
evenly distributed, suggestive of more local coil disorder.
Within this central region there is a series of KD-repeats
with the exception of a KT sequence at residue positions
111 and 112. Many of these charged residues are in i,i44 po-
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sitions, suggesting they could stabilize helical secondary
structure through salt-bridge formation. Intriguingly, Thr''?
is a site of phosphorylation that was recently shown to pro-
mote PKC-mediated potentiation of synaptic transmission
(Fig. 1 B) (12). Addition of a phosphate at this site would
complete a positive-negative repeat pattern in this central
region of the IDR, impact the local electrostatics of the
region, and probably alter its structural propensity. Further-
more, this central region contains a predicted binding site
that is adjacent to Thr' '? (Fig. 1 B), suggesting that phosphor-
ylation of Thr''? could initiate a structural transition that
modulates binding (13,14). Such a mechanism could help
explain how phosphorylation in vivo promotes synaptic
plasticity. Collectively, this differential distribution of
charged residues suggests that electrostatics serve more
than one structural role in IDR-modulation of neuronal
exocytosis.

The polyampholyte nature of this IDR is of further signif-
icance because it is part of an integral membrane protein.
The lipid bilayer core and interfacial regions have low dielec-
tric constants (e = 2-20) compared to bulk aqueous solution
(e = 80), so the potential structural impact of charged resi-
dues in the IDR sequence is likely to be more pronounced
in Syt 1’s native local environment (Fig. 1 A). In this study,
we aimed to answer the above questions in an attempt to
establish basic principles of this IDR’s behavior.

MATERIALS AND METHODS
Reagents

Potassium chloride (KCI), sodium phosphate monobasic (NaH,POy),
and sodium phosphate dibasic (Na,HPO,4) were obtained from Thermo
Fisher Scientific (Waltham, MA). 2,2,2-trifluoroethanol (TFE) > 99.0%
was obtained from Sigma-Aldrich (St. Louis, MO). N-[2-(dansylamino)
ethylJmaleimide and N-(iodoacetaminoethyl)-1-naphthylamine-5-sulfonic
acid (AEDANS) acceptor labels were obtained from Sigma-Aldrich. Three
peptides corresponding to the full-length Syt 1 IDR (residues 80-141) with
a C-terminal tryptophan as well as the core region of the IDR with some of
the acidic C-terminus (residues 97-130) in both unphosphorylated and
phosphorylated form (phosphorylated at threonine 112) were obtained
from Selleck Chemicals (Houston, TX) at a purity of 95% based both on
mass spectrometry and HPLC. Numbering of residues assumes start codon
methionine is removed. The amino acid sequences for each of the three pep-
tides correspond to the following: (full-length IDR) KKCLFKKKNK
KKGKEKGGKNAINMKDVKDLGKTMKDQALKDDDAETGLTDGEE
KEEPKEEEKW:; (unphosphorylated core of IDR) GKNAINMKDVKDL
GKTMKDQALKDDDAETGLTDG; (phosphorylated core of IDR)
GKNAINMKDVKDLGK(pT)MKDQALKDDDAETGLTDG. The core re-
gion peptides included a few residues from the acidic terminus of the IDR to
help ensure adequate solubility. Despite this inclusion of C-terminal resi-
dues, these peptides are referred to as the “core region” throughout the
article. In an attempt to avoid potential perturbations to helicity (15), the
peptides did not include N- or C-terminal caps.

In the full-length IDR construct, the tryptophan was added both to enable
UV measurement for concentration determination and to act as a donor
probe in time-resolved FRET experiments. Use of tryptophan and dansyl
was also chosen as a way of minimizing structural perturbation to the sys-
tem with fluorescent probes, only requiring addition of one residue and ex-
ploiting the single native cysteine.
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Tryptophan lifetime FRET

For the time-resolved FRET, we first reconstituted full-length IDR peptide
in 10 mM NaH,PO,/Na,HPO, buffer with the pH adjusted to 7.4.
Measuring the A280 and using a calculated extinction coefficient of
5600 cm~' M, the concentration of peptide was determined. A fourfold
excess of maleimide-dansyl (in the case of the full-length synthetic pep-
tide) or AEDANS (in the case of the recombinant full-length IDR) acceptor
probe that had been reconstituted in dimethylformamide was then added to
the peptide solution and allowed to incubate with the full-length IDR for
3 h at room temperature (~23°C) in the presence of 1 mM TCEP reducing
agent to prevent cysteine cross linking. During the reconstitution of
full-length IDR, the peptide forms a dimer that is in equilibrium with its
monomeric form. To isolate the acceptor-labeled monomer for FRET
and simultaneously separate labeled peptide from free dye, we subjected
the peptide solution to size exclusion chromatography using a prepacked
S100 Sephadex column from GE Healthcare Life Sciences (Marlborough,
MA). Because of the large molecular weight difference between the
peptide dimer (~14 kDa), peptide monomer (~7 kDa), and free
maleimide-dansyl probe (~370 Da), all three species can be resolved
into separate fractions. The elution fractions containing just acceptor-
labeled full-length IDR peptide were identified by UV absorption, pooled,
and concentrated using an Amicon Ultra-4 centrifugal filter unit from
Merck Millipore (Burlington, MA) whose molecular mass cutoff was
3 kDa. The final concentration of full-length peptide and the extent of la-
beling with maleimide-dansyl were determined with UV absorption using
the approach described by Gustiananda et al. (16). In this approach, the
peptide concentration is determined by measuring the donor-acceptor pep-
tide and subtracting the contribution from dansyl with a correction factor
previously described (17):

[IDR peptide] = (A280 — (A331 x 0.386))/5500, (1)

[maleimide-dansyl] = A331,/4000. 2)

The ratio of [IDR peptide] and [maleimide-dansyl] enables an assessment
of labeling efficiency and for the full-length IDR peptide, this ratio was
near unity, indicating complete labeling. This seemed reasonable consid-
ering the IDR is unfolded, allowing for the cysteine to be well exposed to
free acceptor dye in bulk solution.

Tryptophan lifetimes were measured on a custom-made spectrometer
from Fluorescence Innovations (Bozeman, MT) (2,18), which uses an
Nd:Yag laser for excitation of pyrromethene 597 with a 532-nm wave-
length. The emission from pyrromethene passes through a doubling crystal
to create a 295-nm wavelength specific for tryptophan excitation. Syt 1 IDR
with a C-terminal tryptophan was synthesized (or expressed recombinantly)
and subjected to lifetime measurements at 23°C in the absence and presence
of dansyl (or AEDANS in the case of the recombinant IDR) acceptor probe
irreversibly linked to the N-terminal cysteine residue present in the natural
sequence (Fig. 1 B). Tryptophan emission from samples at concentrations
of 1-3 uM was monitored at 340 nm.

Tryptophan waveforms with and without covalently attached acceptor
dye were fit to multiexponential decays using a custom-made fitting pro-
gram, FargoFit (19). The general description of the waveform is a sum of
exponentials:

F(t) = Zai e /™, 3)

i=1

where a; represents the amplitude of each ith component, n represents the
number of components, and 7; is the fluorescence lifetime. The tryptophan
waveforms were sufficiently described by two exponentials (Fig. 2 A). To
determine the distance R between tryptophan and dansyl probes, ampli-
tude-weighted average lifetimes (7) were calculated and subsequently
used to determine the efficiency of energy transfer (E), which was then
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used in a rearranged Forster equation with 2.1 nm for the tryptophan-
dansyl Ry:

E = 1—(mpa)/(TD):

R = Ro(1/E —1)"°. @

Circular dichroism

Peptides were reconstituted in buffer containing 10 mM sodium phosphate
(pH 7.4), and stock solution concentrations were determined using BCA
microplates and UV absorption (for full-length peptides). TFE was added
at incremental percentages v/v over a range of 0-60%. Each raw data set
of absorption had a corresponding buffer scan subtracted from it to remove
any absorption contributions from buffer or TFE cosolvent. Resulting data
sets were plotted as mean residue ellipticity (MRE) according to the
following equation:

MRE = 0 x (MW/(N —1))/lc, ©)

where 6 is raw ellipticity, MW is the molecular weight of the peptide, N is
the number of residues, 1 is the cuvette path length, and c is the peptide con-
centration in mg/mL. Concentrations of core region peptide samples ranged
from 18 to 20 uM for all experiments, whereas full-length IDR peptides
were at a concentration of 10 uM. To extract the free energy of folding
for Syt 1 IDR peptides, a simultaneous nonlinear least squares fit of
198- and 222-nm wavelengths was performed (mathematical derivation
in Supporting Materials and Methods). Four replicate measurements of
TFE gradients for each Syt 1 IDR peptide were individually fit and then
averaged to determine standard deviations. Estimates of helicity were ob-
tained by fitting data sets to linear combinations of a-helix, §-sheet, and
random coil secondary structures as described previously (21,22).

Atomistic molecular dynamics simulation
of Syt 1 IDR

Peptides corresponding to both the full-length Syt 1 IDR and the core region
were generated in Discovery Studio 2.0 (Accelrys, San Diego, CA). Molec-
ular dynamics (MD) simulations were performed with the software NAMD
2.9 (http://www.ks.uiuc.edu/Research/namd/) (23) using the CHARMM36
force field (http://mackerell.umaryland.edu/charmm_ff.shtml) (24), the
generalized Born implicit solvent model (25), and 2-fs time steps. Peptide
termini were left charged to mimic the state of the peptides used in circular
dichroism (CD) experiments. The peptide systems were maintained at con-
stant temperature with a Langevin thermostat (298 K). Peptides correspond-
ing to residues 80-141 in the unphosphorylated state or residues 97-129 of
the Syt 1 IDR with and without phosphorylation at Thr''? were subjected to
energy minimization and gradually warmed up over a period of 200 ps
before equilibration. All systems subsequently achieved root mean square
deviation convergence within 50 ns (Fig. S2). We performed a total of eight
different simulations. For the full-length Syt 1 IDR sequence, the peptide
was subjected to two different salt concentrations (10 mM and 100 mM)
at two generalized Born implicit solvent dielectric constants (¢ = 80 and
e = 20). For the core region residues alone, we simulated the peptide
with and without phosphorylation of Thr''? at the two dielectric constant
values described above, at a salt concentration of 100 mM. An e-value of
80 was used to mimic an aqueous solution environment, whereas a value
of 20 was used to mimic the upper limit of the membrane interfacial region
(26,27). The full-length IDR peptide was simulated at £ = 80 for 970 ns
with either a 10 mM salt concentration or a 100 mM salt concentration.
At ¢ = 20, the full-length peptide was simulated for 480 and 760 ns at
salt concentrations of 10 and 100 mM, respectively. The unphosphorylated
core region peptide was simulated with ¢ = 20 for 1 us and with & = 80 for
1.08 us. The phosphorylated core region peptide was simulated with € = 20
for 1.0 us and with e = 80 for 1.1 us. Trajectories were analyzed using
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FIGURE 2 Sampling of a structurally collapsed state by the Syt 1 IDR in
aqueous solution. (A) Determination of the number of lifetimes needed to
fit tryptophan decays without (blue) and with (red) acceptor dyes is shown.
In both cases, two lifetimes were considered necessary and sufficient
(asterisk). (B) Time-resolved FRET measurement of Syt 1 IDR synthesized
peptide shows Trp-dansyl undergoing energy transfer in 10 mM sodium
phosphate buffered to a pH of 7.4. (Blue) Donor-only. (Red) Donor-
acceptor. (Error bars) SD of four replicates. (Black) Instrument response
function (IRF). The distance derived from the change in average lifetime
((tp) = 1.53 = 0.11, (tpa) = 1.06 % 0.10) is 2.40 = 0.05 nm (Eq. 4).
Shown below the time-resolved data are residuals of fitting to biexponen-
tial functions. (C) A similar FRET result was obtained from a recombi-
nantly expressed Syt 1 IDR construct that was labeled with AEDANS
acceptor. The slight increase in FRET in the recombinant IDR is thought
to be due to inclusion of a his-tag, which tend to promote compaction in
IDPs (20). To see this figure in color, go online.

VMD 1.9.1 (28). The program STRIDE, included within VMD (http://
www.ks.uiuc.edu/Research/vmd/), was used to monitor secondary structure
throughout each trajectory (29). When calculating the probability of
existing in different types of secondary structure (coil, §-sheet, turn, and
helix), we combine 3;(-helicies with «-helices under the assumption
that 3¢-helical structure is an on-path transition point between coil and
a-helix (30).

Protein purification

For FRET studies on the recombinant IDR construct, a nucleotide
sequence encoding residues 80-141 with a C-terminal tryptophan fol-
lowed by a His-tag was cloned into a pET28a vector and subsequently
transformed into BL21 Escherichia coli using a heat-shock protocol
from New England BioLabs (Ipswich, MA). Transformed cells were
plated onto a kanamycin-containing agar plate with an antibiotic concen-
tration of 50 ug/mL and subsequent colonies were used to generate inoc-
ulate for large-scale bacterial growth and protein expression, induced
with 1 mM IPTG. After 12 h at 25°C, cells were harvested by centrifu-
gation. Cell pellets were resuspended in 20 mM MOPS, 200 mM KCl,
4 M urea, and 1 mM PMSF at pH 7.4 (4°C), then lysed by sonication.
The resulting lysate was treated with DNase and 1 mM MgCl, and al-
lowed to stir at 4°C for 1 h, followed by centrifugation to remove cellular
debris. The supernatant was passed through a Nalgene prefilter plus GFP
sterile filter (Thermo Fisher Scientific) with a pore size of 0.2 um to re-
move further particulate matter. The filtered solution was then slurried
with TALON metal affinity resin (Clontech, Mountain View, CA) buff-
ered in 20 mM MOPS, 200 mM KCl, and 4 M urea, pH 7.4. The slurry
was gently stirred at 4°C for 2 h, then transferred into a column to re-
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move unbound protein and nucleic acid. Settled resin was subsequently
rinsed with four column volumes of buffer containing 20 mM MOPS,
200 mM KCl, 4 M urea, and 10 mM imidazole (to remove nonspecifically
bound proteins) at pH 7.4. Resin was then rinsed with a high salt buffer
(20 mM MOPS, 1 M KCl, 4 M urea, and 10 mM imidazole at pH 7.4) to
separate nucleic acid bound to linker region peptide (specifically, the re-
gion containing a high number of lysine residues). The resin was then
rinsed with four column volumes of buffer containing 20 mM MOPS,
200 mM KCl, 4 M urea, and 10 mM imidazole at pH 7.4. The linker re-
gion protein was then eluted with buffer containing 20 mM MOPS,
100 mM KCI, 4 M urea, and 300 mM imidazole at pH 7.4. Fractions
of eluted protein were run on SDS-PAGE and pure fractions whose
260:280 ratio was <0.7 (which indicates >95% purity with respect to nu-
cleic acid contamination) were pooled and concentrated. Syt 1 IDR was
then dialyzed against 4 L of buffer containing 10 mM sodium phosphate
at pH 7.4 four times, each with an equilibration time of 6 h to ensure
complete exchange. The Syt IDR was then subjected to size-exclusion
chromatography as described above for the Syt IDR synthesized peptide
to isolate monomers.

RESULTS

Full-length IDR peptide can sample compact
structural states in aqueous solution

To first test the hypothesis that the Syt 1 IDR can sample
compact structural states consistent with an electrostatic
zipper, we used tryptophan (Trp)-dansyl FRET, placing
the aromatic amino acid at the C-terminus of an IDR peptide
and dansyl at the N-terminus using the sequence’s single
native cysteine for irreversible attachment (Fig. | B).
The Trp-dansyl probe pair has an R, of 2.1 nm, a value suit-
able for detecting IDR compaction based on the k-prediction
if it occurs. We measured the Trp lifetime decay with
and without acceptor dansyl and found the lifetime to be
shortened by proximity of the acceptor probe. When fit to
biexponential functions (Fig. 2 A), it was found that
the Trp and dansyl probes were a mean distance of
240 = 0.05 nm apart (Fig. 2 B), which represents the
average interprobe distance but only for compact con-
formers detected by this dye pair.

Given the ~60-residue separation between the two probes,
such a measurement indicates that the IDR peptide can sam-
ple compact structural states in aqueous solution, although
this measurement cannot differentiate between hairpin and
globular structures. Additionally, by using our minimally
perturbing probe pair, we are not able to measure occupation
of conformers adopted beyond a ~3.4-nm interprobe dis-
tance, where FRET efficiency between Trp-Dansyl is <5%.
Thus, to complement our FRET measurements character-
izing the structural behavior of the IDR in an aqueous envi-
ronment with low salt, we next performed MD simulations
on a peptide corresponding to the full-length Syt 1 IDR
sequence (residues 80-141). We used an implicit solvent
model with a dielectric constant of ¢ = 80 and a 10 mM
salt concentration. The simulated IDR structure sampled
a wide range of conformers under these conditions as indi-
cated by its fluctuating R, during the trajectory (Fig. 3 A).

Biophysical Journal 114, 550-561, February 6, 2018 553


http://www.ks.uiuc.edu/Research/vmd/
http://www.ks.uiuc.edu/Research/vmd/

Fealey et al.

4] 200 400 600 800 1000 10 20 30 40 50 60
Time (ns) Ca,—Ca,
C
.{yb’
R = 23.7A  215A 215A

FIGURE 3 MD simulation of the full-length Syt 1 IDR (residues 80—141)
with an implicit solvent (¢ = 80) and salt concentration of 10 mM. (A) Radius
of gyration (R,) as a function of simulation time indicates that the IDR
sequence samples both extended and compact states. Dotted line indicates
average R,. (B) Interresidue distance ((R;.;)) between first (i) and each sub-
sequent (j) residue (Ca;-Cay;) in the Syt 1 IDR is plotted as a function of simu-
lation time. Plots suggest weak long-range interactions promote sampling of
more compact conformations. However, compact conformers are not the
dominant structural species in an aqueous environment, as indicated by the
location of the average interresidue distances (black diamonds). (C) Repre-
sentative conformers are given of different R,. Structures, N- to C-terminus,
are color-coded blue to red. To see this figure in color, go online.

Intriguingly, although FRET indicates that sampling of
compact conformers does occur (Fig. 2), MD simulations
suggest that compact conformers are not the dominant struc-
tural species in the overall aqueous environment ensemble
(Fig. 3 B). On average, the IDR sequence samples extended
coils more frequently (Fig. 3 C). Collectively, FRET and
MD results correlate with the IDR’s predicted behavior based

on amino acid sequence alone and is consistent with the pre-
viously proposed electrostatic zipper model in which the IDR
samples both open (extended) and closed (compact) con-
formers (10,11).

TFE-water mixtures promote partial helicity in
core IDR residues

Next, to assess the structural potential of the more sequence-
diverse central region, we used CD and the helix-promoting
cosolvent trifluoroethanol (TFE) (Fig. 4; Fig. S3). Several
of the residues in the central region, because they have
hydrophobic side chains, would likely have low free
energy barriers to desolvation, which often occurs upon
protein-protein binding. This, coupled with the core region’s
predicted binding site and phosphorylation (Fig. | B), make it
a potential site of ordering. Moreover, TFE/water mixtures
allow for creation of low dielectric environments that more
closely mimic that found near a lipid bilayer surface. For
these reasons, TFE is a useful perturbing agent to study struc-
tural transitions of a membrane-localized polyampholyte
IDR (31). In the unphosphorylated state, increasing TFE con-
centration results in partial folding into helical structure
(Fig. 4 A). This transition exhibits two-state behavior exem-
plified by the isodichroic point (vertical dotted line). When
we fit the transition to a two-state model (Fig. 4 D, purple,
and see Supporting Materials and Methods) we measured a
folding free energy (AGy) of 1.0 = 0.2 kcal/mole (Table 1).

To assess the impact of phosphorylation, we repeated the
TFE titration with a phosphorylated peptide (phosphothreo-
nine, pThr1 12) of identical sequence (Fig. 4 B). This
approach of using TFE-induced folding has been success-
fully applied in other disordered systems to discern differ-
ences in folding propensity upon phosphorylation (32,33).
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shown. Removal of flanking charge shifts IDR
from its near premolten globule-like state to a
more coil-like state and phosphorylation accentuates
this effect. This plot was created using data reported
in Ref. (34). To see this figure in color, go online.
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TABLE 1 Fit Parameters from TFE-Induced Folding of Syt 1 IDR Constructs

m-Value (cal/mol-TFE) AGy (cal/mol) [6]y (198 nm) [6]7 (198 nm) [6]y (222 nm) [6]7 (222 nm)
Unphosphorylated -55 +2 1000 = 200 —-12 +1 —49 + 02 —08 = 0.2 —43 =02
Phosphorylated —48 = 4 360 = 90 —149 = 0.9 -73 =09 —1.1 =05 —42 £ 0.7
Full-length IDR —82 £+ 20 1500 = 300 —-93 £ 0.5 —-3.6 03 —2.1 =04 —4.8 £ 0.2

Upon inclusion of the posttranslational modification,
TFE-induced folding was somewhat restricted, as evident
in the absorption profile (Fig. 4 B; Fig. S3). When the struc-
tural transition was fit to a two-state model as before, a AGy
of 0.36 = 0.09 kcal/mole was found (Fig. 4 D, green), indi-
cating that phosphorylation increases the ease with which
helical structure forms with increasing TFE concentration
(the AAGy is equal to —0.6 = 0.2 kcal/mole). However,
when we quantified the helical content of unphosphorylated
and phosphorylated peptides in the presence of maximal
TFE (Fig. 4 C), the phosphorylated peptide did not reach
the same level of helicity as that of the unphosphorylated
peptide (Table 2), giving rise to an apparent lowering of
the folding free energy. Collectively, these findings indicate
that phosphorylation interferes with TFE-induced helix for-
mation in the core region residues.

When examining the CD absorption profile of IDPs,
another useful parameter in assessing structure is the
222:200-nm ratio, which can help discern whether or not a
particular IDP is in a more compact premolten globule state
or in a disordered coil state (34,35). When we compare the
full-length Syt 1 IDR with the unphosphorylated and phos-
phorylated core region peptides, a trend becomes apparent
(Fig. 4 E).

In the full-length IDR, the 222:200-nm ratio is consistent
with its predicted chimeric behavior existing in a region of
space between purely coil and purely premolten globule,
which is consistent with the FRET measurement of
compactness (Fig. 2) and MD simulation sampling of
extended coils (Fig. 3). However, when the flanking positive
and negative regions are largely removed to generate a pep-
tide that includes core region residues, the 222:200-nm ratio
is shifted more definitively in the direction of coil disorder,
and phosphorylation shifts the ratio further still (Fig. 4 E).
This indicates that the central region, where positive and
negative charges are more evenly distributed, imparts
more coil behavior and phosphorylation enhances that

TABLE 2 Estimated Helical Content of Unphosphorylated and
Phosphorylated Syt 1 IDR Core Regions

Fraction Fraction Fraction
Fraction Total a-Helix 3,0-Helix
Helix Helix (MD (MD (MD
(Experiment) Simulation) Simulation) Simulation)
Unphosphorylated 0.42 + 0.01 0.16 0.12 0.04
Phosphorylated 0.37 = 0.03 0.09 0.04 0.05

Given for maximum (60% v/v) TFE concentration (experiment) or lowest
(¢ = 20) dielectric constant (MD simulation).

behavior. However, with the flanking densely positive and
densely negative regions, structural states intermediate be-
tween premolten globule and coil are preferred.

This suggests that, if the central region transitions to
structural ensembles containing more ordered elements,
the flanking charged regions that promote sampling of
compact structural states may exert regulatory control
over accessibility of those core region conformers.
TFE-induced folding of full-length Syt 1 IDR has a larger
AG of 1.5 = 0.3 kcal/mole compared to the unphosphory-
lated core peptide, which supports the hypothesis that
flanking basic and acidic termini can limit core region
folding (Fig. 4 D, orange; Table 1). Also consistent with
this hypothesis is the observation that estimated helical con-
tent of the full-length peptide is statistically indistinguish-
able from that of the unphosphorylated core peptide
(fraction helical in 60% v/v TFE, full-length 0.45 =+
0.02 vs. core 0.42 = 0.01). However, because we did not
measure TFE-induced folding of the flanking basic and
acidic regions in isolation, we cannot conclusively say the
core region residues are the only residues that become heli-
cal in the full-length IDR peptide. Regardless, mechanisms
where structural compaction in IDPs limit accessibility of
internal regions of sequence have been proposed in other
systems (36,37) and may still bear relevance to the Syt 1
IDR structure within the context of the whole protein
embedded in a synaptic vesicle.

Implicit solvent simulations show increased
helicity in unphosphorylated core residues upon
reducing dielectric constant

Whereas CD provides global information on Syt 1 IDR core
region structure, we also sought atomistic details from MD
simulation similar to our FRET experiments (23,24). In the
in vitro studies, both unphosphorylated and phosphorylated
peptides formed helical structures in the lower dielectric en-
vironments of TFE-water mixtures (Fig. 4). Although TFE
is known to stabilize helical structure (38,39), helical con-
formers would be a reasonable form of secondary structure
for this IDR to adopt. Several of its residues have high to in-
termediate helical propensity (40,41). Moreover, several
oppositely charged residues in the core region are positioned
in i, i+4 locations, suggesting a role for salt bridges in
the stabilization of helical structure. In the low dielectric
environment of the interfacial region of the bilayer, there
should be a higher propensity to form such salt bridges.
We tested this hypothesis using an implicit solvent, first
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simulating the IDR core region at € = 80 (similar to that of
water) and then with € = 20 (closer to that of the interfacial
region). In both simulations, salt concentration was 100 mM
to more closely mimic in vivo conditions. At ¢ = 80, the un-
phosphorylated peptide largely occupied coil or turn sec-
ondary structure (Fig. 5 A; Table S3), consistent with CD
measurements of the synthetic peptide (Fig. 4). When the
unphosphorylated peptide was simulated again with
e = 20, there was a large increase in the probability of heli-
cal conformers (Fig. 5 B; Table S3). When examining
the 1.0 us trajectory, the helical conformers formed
were often stabilized by lysine-aspartic acid salt bridges
(Fig. 5 ©). In particular, K111 and D115 as well as K104
and D108 were among the longer-lived interactions within
continuous helices (Fig. 5 D); however, several other elec-
trostatic interactions were also observed (Fig. 5 E), not all
of which were helix-stabilizing.

Implicit solvent simulations indicate Thr''2

phosphorylation disrupts formation of helical
conformers in IDR core residues

To assess the impact of phosphorylation on the structural
propensity of the IDR core residues, we repeated the im-
plicit solvent simulations on a phosphorylated peptide of
identical sequence. At € = 80 and 100 mM salt, the peptide
was largely disordered and residual helical content was min-
imal (Fig. 6 A; Table S3). When the phosphorylated peptide
was simulated at € = 20, helical structure formed but to a
lesser degree compared to the unphosphorylated peptide
(Fig. 6 B; Table S3), which is consistent with CD data

(Fig. 4). This difference is more pronounced when the total
helical content is separated back into «- and 3y-helices. The
unphosphorylated peptide’s total helical content is largely
dominated by a-helix (Table 2). In the phosphorylated pep-
tide, the ratio of «- to 3;p-helices is closer to 50:50, with a
slight preference toward the 3;y-helix (Table 2).

The region of highest helicity in the unphosphorylated
peptide was significantly disrupted by phosphorylation, as
indicated by a sharp rise in turn/coil secondary structures
in the residues immediately adjacent to and including
Thr''? (Fig. 6, A and B). Similar to the unphosphorylated
peptide under ¢ = 20 simulation conditions, several salt
bridges were prevalent during the course of the 1.0 us trajec-
tory. In this case, however, the salt bridges involved the
phosphate and several different lysine residues, none of
which were in optimal positions for stabilizing helical struc-
ture (Fig. 6, C and D). For example, K111 (i, i+1), K107
(i, i+5), K104 (i, i+8), and K98 (i, i+14) all form salt
bridges with the phosphate (Fig. 6 E). In addition to these
unfavorable intramolecular interactions, phosphothreonine
itself is thought to have a lower helical propensity that
may further contribute to reduced helix formation (42).
Moreover, in other model helical peptides, phosphorylation
events that are centrally localized in the helix are more de-
stabilizing to structure (43).

After examining unphosphorylated and phosphorylated
peptides individually, we next considered them simulta-
neously as part of a thermodynamic cycle for the core region
structural states (Fig. 7). Using the simulation-derived
secondary structure probabilities, we calculated energetics
for structural transitions that could then be compared to

A B

FIGURE 5 Simulated structural ensemble of un-
phosphorylated Syt 1 IDR core region. (A) Repre-
sentative conformers of the peptide at a dielectric
constant of 80 with secondary structure probability
per residue shown below (histogram). (B) Repre-
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sentative conformers of the peptide at a dielectric
constant of 20 and secondary structure probability
per residue shown below (histogram). Note in-
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FIGURE 6 Simulated structural ensemble of

phosphorylated Syt 1 IDR core. (A) Representative
conformers are shown of the peptide at a dielectric
constant of 80. Secondary structure probability per
residue is shown below (histogram). Note the
reduced helicity compared to unphosphorylated
peptide. (B) Representative conformers of the pep-
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tide at a dielectric constant of 20 are shown. Sec-
ondary structure probability per residue is shown
below (histogram). Note that residues 107-118,
which formed a continuous helix in the unphos-
phorylated peptide, are disrupted by coil secondary
structure immediately adjacent to phosphorylation
site. (C) Closeup shown of example salt bridge
that distorts peptide backbone and limits helix for-
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going from dielectric 80 to dielectric 20. An
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those derived from CD. Overall, the energetic trends were
similar to those extracted from TFE folding experiments.
Transitioning from high to low dielectric constant was ener-
getically favorable for both unphosphorylated and phos-
phorylated states. However, like the CD experiments, the
phosphorylated peptide had a more energetically favorable
transition (AAGy_,r = —0.88 kcal/mole) despite having
less overall helicity in each dielectric environment. In
both dielectric environments, phosphorylation was energet-
ically unfavorable for helix formation.

Sampling compact structural states in full-length
IDR simulations can limit core region folding

After obtaining data on full-length IDR compaction and he-
lix formation in the core region residues separately, we next
considered how sampling of compact structural states may
influence core region helix propensity. We simulated the
full-length IDR sequence at ¢ = 80 and ¢ = 20 at high
(100 mM) and low (10 mM) salt concentrations and
compared their structural behaviors. As suggested by the
CD TFE-folding data, inclusion of the flanking N- and
C-terminal regions seem to reduce probability of core region
helix formation (Fig. 8 A). This conclusion stems in part
from comparison of the helix probability seen for the core
region alone (Fig. 5 A) with the same core region residues
within the full-length sequence. Comparison of core region
and full-length peptides at ¢ = 20 was less supportive in this
regard (Fig. 8 B). However, when full-length IDR peptides
at ¢ = 80 and & = 20 are examined at high and low salt con-
centrations, the correlation becomes more apparent. At

blue, whereas decreased interactions are indicated
by gradations of red. To see this figure in color,
go online.

e = 80 and 100 mM salt, there is a decrease in the sampling
of compact structural states (Fig. S4) that coincides with a
modest increase in helix probability in the core region resi-
dues (Fig. S5). The decrease in sampling of compact struc-
tural states is still subtle at ¢ = 80 (Fig. 8, C-E), which may
in part explain why we did not measure a significantly
different change in FRET efficiency under increasing salt
concentration (Fig. S6 A). This same salt-induced change

AGr_yyr = 2.47
Unphosgg 2/me Phosg
(f,=0.08) | (f,=0.03)
AGgo 120 =-1.79 T ———————————— AAG =-0.88 oo TAG&HQO =267
keal/mole kcal/mole keal/mole
Unphos,g . Phos,q
(f=0.16) AGy_pr = 1.59 (fy=0.09)
kcal/mole

FIGURE 7 Simulation-derived thermodynamic cycle of structural states
adopted by Syt 1 IDR core region (residues 97-129). Folding free energies
of each structural state (Unphos80, Phos80, Unphos20, Phos20) were deter-
mined by applying the equation AG = —RTIn(fy/fyn), where fy is the fraction
of helical conformers and fyy is the fraction of nonhelical conformers. The
free energy changes associated with transitioning between each state were
then calculated and are shown in the figure above. Note that for both unphos-
phorylated and phosphorylated peptides, lowering the dielectric constant is
favorable toward helix formation. The fraction of helical content is shown
parenthetically below each structural state. At a given dielectric constant,
phosphorylation is generally unfavorable toward helix formation. Note
that the apparent AAG computed from MD structural data is of similar
magnitude to that derived from CD. To see this figure in color, go online.
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FIGURE 8 Structural impact of dielectric constant and salt on full-length
Syt 1 IDR. Comparison of core region helix propensity is given in full-
length (black histograms) and core region (purple or green histograms)
peptides at (A) € = 80 and (B) € = 20 when salt concentration is
100 mM. The full-length IDR shows (C) variable R, depending on simula-
tion conditions where L and H represent 10 and 100 mM salt, respectively.
(Inset) Shown here is the average R, for the entire trajectory. The average
inter-residue distance for all conditions is shown in (D) along with represen-
tative conformers in (E). Structures in (E), N- to C-terminus, are color-
coded blue to red. To see this figure in color, go online.

was, however, more pronounced in simulations performed at
e = 20 (Figs. S4 and S5). In general, the IDR more readily
samples compact/hairpin structural states at e = 20, as evi-
denced by R, and polymer-chain behaviors (Fig. 8, C-E).
Although salt influences compaction at ¢ = 20, another
likely competitor for intramolecular interactions within the
IDR is intermolecular interactions with the lipid bilayer. Pre-
vious EPR spin label accessibility measurements indicate
that the basic N-terminal region can partially penetrate into
a POPC/POPS lipid bilayer when reconstituted (44). This
suggests that the basic N-terminus is the IDR region most
likely responsible for direct lipid binding. To assess this po-
tential contribution, we measured membrane binding of IDR
peptides representing either the full-length IDR sequence or
core region (residues 97—130) to large unilamellar vesicles
whose lipid composition mimics that of a synaptic vesicle.
Consistent with our hypothesis, only the full-length IDR
peptide that includes the basic N-terminus was found to
bind membrane (Fig. S6, B and C, Supporting Materials
and Methods). Although the core region undergoes structural
changes when the full-length IDR is associated with a synap-
tic vesicle mimic (4), these cosedimentation results suggest
that the basic N-terminus is largely responsible for lipid bind-
ing. Because of this binding and the high local concentration
of acidic phospholipids normally experienced by Syt 1 in the
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bilayer, lipid binding may be able to compete with intramo-
lecular association of N- and C-terminal regions. Collec-
tively, the simulations of the full-length IDR and binding
results point to the possibility of a structural interplay be-
tween IDR compaction and occupation of transient helical
conformers in the core region residues.

DISCUSSION

In this study, we probed the structural propensity of Syt 1’s
IDR, examining the dependence on dielectric constant and
phosphorylation. These are important goals because, in the
former case, the type of intrinsic disorder exploited by
Syt 1 (strong polyampholyte) is naturally subjected to a
low dielectric environment by virtue of being embedded
in a lipid bilayer. This makes the impact of electrostatics
more pronounced, enhancing any effect charged residues
exert on local protein structure. In the latter case, phosphor-
ylation at Thr''? has been shown to potentiate synaptic
transmission in hippocampal neurons (12), but a molecular
rationale for this cellular change is lacking.

With regard to dielectric constant, we found both through
experiment (Fig. 4) and simulation (Figs. 5 and 6) that
reduced dielectric constant promotes helix formation in
core region residues. These results are of biological interest
because we previously reported that the IDR remains largely
disordered when associated with a lipid bilayer (4). Although
we could not rule out the possibility of the IDR peptide un-
dergoing oligomerization on the membrane surface, which
could alter structural propensity, another possibility for
lack of structure is lipid-induced unfolding. The bilayer pro-
vides a constant low dielectric environment that should pro-
mote folding in the core region of the IDR, but other
chemical factors undoubtedly still influence secondary struc-
ture. The vesicles we used previously were composed of nine
lipid species in specific mole fractions designed to mimic the
outer leaflet of the native organelle. IDR interaction with this
cocktail of lipid headgroups may favor a more disordered
state as part of a regulatory mechanism. Many IDPs and
IDRs that interact with membranes are sensitive to lipid
composition and have their secondary structure altered by
different lipid mixtures (45). In the single-pass integral
membrane protein phospholamban, for example, this type
of lipid modulation of structure has been directly linked to
altered functionality. In response to cationic phospholipids,
phospholamban’s cytoplasmic domain becomes more disor-
dered and this structural shift consequently decreases the
protein’s inhibitory potency toward the sarcoplasmic reticu-
lum Ca*"-ATPase that it normally regulates (46).

Another possible explanation for the full-length IDR be-
ing more disordered when associated with a membrane
could relate to an increased tendency to sample compact
structural states (Fig. 8). Increased population of compact
states due to low dielectric constant was inversely correlated
with core region helix formation. This suggests that, in



addition to possible lipid-regulation of folding, there may
also be suppression of structure from intramolecular interac-
tions between basic and acidic termini.

Another finding of biological interest in this study is the
site of apparent helix formation (Figs. 5 and 6). The position
where helical structure forms is intriguing because it corre-
lates with a disorder-based predicted binding site (Fig. 1). In
a study by de Jong et al. (12), residues 109-116 were iden-
tified as being inhibitory toward synaptic release when un-
phosphorylated, and permissive when phosphorylated. Our
results suggest a potential structural model for this altered
function. In the absence of phosphorylation, these residues
(which form part of a predicted binding site) have a
tendency to form an a-helix that may be necessary for asso-
ciation with an as-yet unidentified partner. When phosphor-
ylated, however, there is a local disruption of helix
formation that may then limit binding. This mode of regula-
tion for binding interactions is common. There are examples
in other IDP systems where single phosphorylation events
similarly break helices (47) or, in extreme cases, sequester
a partially helical binding site into a different form of sec-
ondary structure (48). In some instances, phosphorylation
does not have a significant impact on secondary structure,
but rather shifts local and global disordered ensembles to
regulate interactions (36). And in other cytoplasmic regions
of integral membrane proteins, phosphorylation can rear-
range salt-bridge interaction networks to switch local struc-
ture (33). Alternatively, a core region helix may form part of
an interaction surface that contributes to Syt oligomeriza-
tion (44), in which case helix disruption could alter the olig-
omeric state. These possibilities are also worth considering
in the context of other synaptotagmin isoforms. In synapto-
tagmin 7, for instance, phosphorylation of Ser'®® (a residue
in its putative IDR) also potentiates exocytosis (in this case,
of insulin (49)). Such a similarity suggests that findings on
Syt 1’s IDR may help inform future study of other synapto-
tagmin IDR isoforms.

The structural differences between unphosphorylated and
phosphorylated core region residues in Syt 1 also provide
potential insight into a recent report of the IDR interacting
with the PH domain of dynamin 1, a GTPase known for
facilitating fission of vesicles that are being endocytosed
(6). That study showed that a T112E missense mutation in
the IDR abolishes the binding interaction, suggesting that
phosphorylation is a regulatory mechanism for the interac-
tion. However, that study also showed that deletion of resi-
dues 117-119 (ALK) or 111-119 (KTMKDQALK) did not
disrupt binding of the IDR to the PH domain. Given that the
KTMKDQALK residues are among those that adopt helical
conformers in the absence of phosphorylation, the binding
interaction with dynamin’s PH domain may not involve a
specific structured helix in the Syt 1 IDR, but instead rely
on a mechanism involving local electrostatic interactions.

On a more global level, the full-length IDR seems to sam-
ple collapsed structures (Figs. 2 and 8), consistent with both

Modulators of Syt 1 IDR Structure

computational predictions (9,10) and effects of site-directed
mutagenesis on the basic and acidic regions of the IDR in
vesicle-vesicle docking/fusion assays (11). The other two
sites of phosphorylation within the IDR (Thr'*’> and
Thr'?®) are located in the acidic C-terminal region, suggest-
ing their placement could enhance compaction (50,51). This
may be particularly relevant in a low dielectric environment
like that near the membrane surface, which already en-
hances occupation of compact conformations (Fig. 8).

When comparing the CD and MD estimates of helical
structure in lowest dielectric environments, there are differ-
ences in the absolute fractions determined by each method.
Although CD and MD do not quantitatively converge, they
both indicate that phosphorylation is inhibitory toward helix
formation. The lack of quantitative agreement is not surpris-
ing; the MD simulations consider only the change in dielec-
tric constant, ignoring other helix-stabilizing properties of
TFE that involve alterations of peptide-water interactions,
which would likely require explicit treatment of both TFE
and water (52-54).

CONCLUSIONS

We examined the structural impact of dielectric constant and
phosphorylation on Syt 1’s IDR. The general sequestration of
positive and negative residues at the N- and C-termini pro-
motes sampling of collapsed structural states in aqueous so-
lution (Fig. 2), although compact states are more minor
compared to extended coil states (Fig. 3). The more
sequence-diverse core region of the IDR, where charge is
more uniformly distributed, can form short helices when sub-
jected to TFE (Fig. 4) or a simulated low dielectric
environment (Fig. 5). Phosphorylation at Thr''?, however,
disrupts this helical tendency both in TFE folding experi-
ments and in implicit solvent simulations (Figs. 4 and 6). In
addition to phosphorylation alteration of folding (Fig. 7),
the helical propensity of these same core region residues
may also be limited in the full-length sequence as compact
structural states are sampled (Fig. 8). Collectively, these re-
sults argue that the Syt 1 IDR is influenced by the low dielec-
tric environment near the membrane surface, and that altered
charge distribution through posttranslational modification
can exert local alterations to its structural propensity.
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Calculation of Compaction Predictor k

Polyampholytes are a class of intrinsically disordered proteins that have a high frequency
of positively and negatively charged amino acids. The Syt 1 IDR falls into this category with
~56% of the amino acids being charged. In the predictive framework developed by Das and
Pappu (1), a polyampholyte IDP will adopt linear/extended or compact/globular random coils,
depending on the distribution of charged side chains in sequence. The physical observable for
measurement of compaction in this model is radius of gyration Ry, which is correlated with a
computable predictive parameter called . The k term depends on two main terms: o, the overall
charge asymmetry, and o;, the local charge asymmetry within a “blob” of linear sequence
(usually 5 or 6 residues). How k was calculated and used to predict the possible compactness of
the Syt 1 IDR is shown below (Table S1 and Table S2). The fraction of positive (f+) and
negative (f-) within each 5 or 6 residue i-th blob was used to determine o;:

oi = (Fs - £)2/(Fs + £ Eq. 1

Each blob’s charge asymmetry was compared to the IDR’s overall charge asymmetry (Eq. 2) to
determine the squared deviation (3) using Eq. 3:

o= (f+ - £)%(fs +1) Eq. 2
8= YN (g; — 0)2 /Nblob Eq. 3

Where Npiop IS the number of blobs in the IDR sequence. Next, 8 was determined for a
rearranged primary sequence of the IDR amino acids that represents the maximum possible
charge segregation. This value (dmax = 0.503) was then used to calculate «, the parameter used to
predict degree of compaction based on Figure 2 from (1):

K = (8/Smax) Eq. 4

IDR peptide binding to LUVs

To test if the IDR core region bound LUVs whose lipid composition mimicked that of a
synaptic vesicle, we prepared liposomes using our previously developed lipid cocktail (2, 3).
This lipid composition was designed to mimic the outer leaflet of a synaptic vesicle organelle: 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (18:0-18:1 PE); 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (16:0-18:1 PE); 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphoethanolamine (18:0-22:6 PE); 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphoserine (18:0-22:6 PS); 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoserine (18:0-18:1 PS);
1-stearoyl-2-arachidonoyl-sn-glycero-3-phospho-(1’-myo-inositol-4’,5’-bisphosphate) (18:0-
20:4 PI1(4,5)P2); 1,2-dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol-4’,5’-bisphosphate) (18:1-
18:1 PI(4,5)P2); 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol (16:0-18:1 PI); cholesterol.
For further details preparation, see supporting references 2 and 3.

Co-sedimentation with synaptic vesicle mimic LUVs were performed by incubating 15
uM of either the full-length IDR (a synthetic peptide corresponding to residues 80-156) or the
IDR core with part of the acidic C-terminus (residues 97-130) with LUVs for 30 minutes at 22
°C. The concentration of LUVs for each sample ranged from 0-6 mM and total sample volume
was 60 uL. After incubation, samples were subsequently spun down in a TLA 100 rotor for 1
hour at 22 °C to pellet LUVs and bound peptide. Depletion of peptide from the resultant




supernatants was then used to assess membrane binding, where 20 pL aliquots were taken from
the supernatants and run on SDS-PAGE (Fig. S6).

Nonlinear fitting to two-state folding model

To determine the free energy of folding, we fit CD signal change to a two-state folding
model. In a two-state model, there is equilibrium between unfolded (U) and folded (F) states of
the protein:

Keq = [UJ/[F] Eq. 5
The equilibrium constant is directly related to free energy through the Gibbs equation (Eq. 6):
AG = -RTIn(Keg) Eq. 6

In cases where protein folding equilibria are monitored as a function of osmolyte, co-
solvent (such as trifluoroethanol, TFE), or denaturant it can be assumed that the equilibrium
between unfolded and folded states is linearly dependent on the added solute. This is an
assumption of the linear extrapolation method (4) which we employ here:

AGostrEVN = M X (%TFE V/V) + AGyq Eq. 7

Where AGosrrevny IS the free energy of the folded-unfolded equilibrium at some specified volume
percentage of TFE, m is the proportionality constant by which the folding equilibrium free
energy changes with addition of TFE, and AGq is the equilibrium folding free energy in the
absence of any TFE. In the case of circular dichroism measurements, there is a change in
absorption of circularly polarized light with a change in structure. This signal change, when
plotted as a function of % TFE v/v, creates a sigmoidal transition from which the fraction of
unfolded species (fy) can be represented:

fU = ([e]%TFEv/v_ [Q]min)/([e]max - [e]min) Eq- 8

Where [0]otrew IS the absorption of circularly polarized at different volume percentages of TFE,
[0]min is the absorption in the absence of TFE where there is no folded structure, and [0]max iS the
absorption where there is constant helical structure with addition of TFE. By calculating fy at all
volume percentages of TFE, equilibrium constants (Keq otre) and folding free energies
(AGustreviv) Can be calculated for each data point:

Keg, sere = ful(1-fu) Eq. 9
AGytrewy = -RTIN(Keq, %67rE) Eg. 10

A plot of AGorreyy from Eq. 10 versus % TFE v/v will yield a linear correlation upon which
linear regression analysis can be performed to obtain the slope (m) and intercept (AGo) of Eq. 7
above.

While the above approach provides the desired value for the folded-unfolded equilibrium
in the absence of TFE, we further analyzed the data with a non-linear least squares regression
fitting of the raw data so that we could simultaneously fit two wavelengths reporting on the



transition (198 nm and 222 nm) to a single set of m-values and AGq. The signal measured by
circular dichroism is dependent on the fraction of unfolded protein. To model the folding
transition, we use the following expression to describe the experimental data:

[0t = fu X ([0]r = [6]u) + [0]u Eq. 11

Where [0]si: is the modeled signal, [0]r is the absorption for maximally folded protein, and [0]y is
the absorption for unfolded protein. In the non-linear least squares regression fitting, both [0]¢
and [0]y are fit parameters. However, absorption values taken directly from the raw data both in
the absence of TFE (for [0]y) and when there is no additional gain of folded structure upon
addition of TFE (for [0]¢) can be used as close starting values. These parameters did not change
substantially during the fitting process (Table 1). Since fy is directly related to the folded-
unfolded equilibrium constant (Eq. 9) and the equilibrium constant is related to free energy in the
presence of TFE (Eq. 10) which in turn is linearly related to % TFE v/v (Eq. 7), then simple
rearrangement and substitution of equations will give a modified expression for [0]s: in terms of
the four fit parameters used for non-linear regression:

[e]fit — ((e-(m*(%TFEV/V)+AGO)/(RT))/(e-(m*(%TFEV/V)+AGO)/(RT) + l)) X ([e]F _ [e]u) + [O]U Eq 12

With Eq. 12 used to calculate the theoretical absorption of circularly polarized light as a
function of % TFE v/v, we used the solver function of Excel to minimize the sum of the square
differences between experimental and calculated fit values by manipulating the four parameters
of m, AGo, [0]r and [0]y in @ manner similar to that described previously.(5, 6) In addition to
using absorption values from the raw data for [0]r and [0]y as described above, we also used m
and AGp parameters obtained from the initial linear regression analysis of the linear-
extrapolation method. Using these four starting parameters in Eq. 12 already does a reasonable
job of describing the data. However, application of solver for further error minimization
improves the total sum of the square differences between raw and fit values. After fitting the raw
data sets, both the data and fit were normalized for side-by-side comparison in the main text.



Diagram of states
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Supporting Figure 1. Position of Syt 1 IDR in sequence charge-dependent phase diagram of

structural states. Note that location of the Syt 1 IDR, indicated by Seq 1 data point, suggests it

likely samples coil and/or hairpin-like structural states in an environment whose dielectric
constant is similar to water.
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Supporting Figure 2. RMSD of Syt 1 IDR constructs used in MD simulations. Core region
peptides (residues 97-129) in unphosphorylated (purple) and phosphorylated (green) states and at
dielectric constants of both £=80 and =20 are shown in top four panels. The full-length peptides
(residues 80-141) at dielectric constant and salt concentration of e=80 and 10 mM (blue), =80
and 100 mM (green), €=20 and 10 mM (red), £=20 and 100 mM (orange) are shown in the
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bottom four panels. Note that each peptide reaches equilibrium rapidly.
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Supporting Figure 3. TFE-induced folding of Sytl IDR. The left column shows partial folding
of the IDR core residues (97-130) with Thr112 phosphorylated. Note its restricted transition. The
middle column shows partial folding of IDR core residues (97-130) with Thrll2 in its
unphosphorylated state. The right column shows partial folding of the full length IDR (residues
80-140). Note that the top three panels in this column are replicates of the synthesized peptide
and the bottom panel is the recombinantly expressed IDR that includes a C-terminal his-tag.
Violet to red corresponds to a 0-60% v/v TFE range in increments of 3%.
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Supporting Figure 6. Potential factors influencing full-length IDR compaction. (A) FRET
efficiency was not significantly affected by salt. (B) Core region Syt 1 IDR (representative of
n=2) as a synthetic peptide in a co-sedimentation assay with synaptic vesicle mimic LUVs. (C)
Full-length Syt 1 IDR (left, representative of n=3) as a synthetic peptide in a co-sedimentation
assay with synaptic vesicle mimic LUVs and (right) the resultant binding curve (Kp = 169+82
uM). Collectively, the presence of either peptide in the supernatant indicates that the peptide
containing the polybasic N-terminus is binding competent. This suggests that the basic N-
terminus, in addition to transiently interacting with the negative C-terminus of the IDR sequence,
also interacts with acidic lipids in a synaptic vesicle membrane and likely has two competing
interactions (lipid — intermolecular; negative C-terminus — intramolecular) that could influence
propensity to exist in compact structural state.



Supporting Table 1. Calculated kappa for blob g=>5.

Forg=5

i + f, Gj (o; - 0‘)2 Zmeb # of blobs 0 Kg=5
1 2 0 0.4 0 0.400 0.157 6.927 58 0.119 | 0.238
2 2 0 0.4 0 0.400 0.157
3 2 0 0.4 0 0.400 0.157
4 3 0 0.6 0 0.600 0.355
5 3 0 0.6 0 0.600 0.355
6 4 0 0.8 0 0.800 0.633
7 4 0 0.8 0 0.800 0.633
8 4 0 0.8 0 0.800 0.633
9 3 0 0.6 0 0.600 0.355
10 4 0 0.8 0 0.800 0.633
11 3 1 0.6 0.2 0.200 0.038
12 3 1 0.6 0.2 0.200 0.038
13 2 1 0.4 0.2 0.067 0.004
14 2 1 0.4 0.2 0.067 0.004
15 2 1 0.4 0.2 0.067 0.004
16 2 0 0.4 0 0.400 0.157
17 1 0 0.2 0 0.200 0.038
18 1 0 0.2 0 0.200 0.038
19 1 0 0.2 0 0.200 0.038
20 0 0 0 0
21 1 0 0.2 0 0.200 0.038
22 1 1 0.2 0.2 0.000 0.000
23 1 1 0.2 0.2 0.000 0.000
24 2 1 0.4 0.2 0.067 0.004
25 2 2 0.4 04 0.000 0.000
26 1 2 0.2 04 0.067 0.004
27 1 1 0.2 0.2 0.000 0.000
28 2 1 0.4 0.2 0.067 0.004
29 1 1 0.2 0.2 0.000 0.000
30 1 0 0.2 0 0.200 0.038
31 2 0 0.4 0 0.400 0.157
32 2 1 0.4 0.2 0.067 0.004
33 1 1 0.2 0.2 0.000 0.000
34 1 1 0.2 0.2 0.000 0.000
35 1 1 0.2 0.2 0.000 0.000
36 1 1 0.2 0.2 0.000 0.000
37 1 1 0.2 0.2 0.000 0.000
38 1 2 0.2 04 0.067 0.004
39 1 3 0.2 0.6 0.200 0.038
40 1 3 0.2 0.6 0.200 0.038
41 0 4 0 0.8 0.800 0.633
42 0 3 0 0.6 0.600 0.355
43 0 2 0 04 0.400 0.157
44 0 1 0 0.2 0.200 0.038
45 0 1 0 0.2 0.200 0.038
46 0 1 0 0.2 0.200 0.038
47 0 1 0 0.2 0.200 0.038
48 0 2 0 04 0.400 0.157
49 0 3 0 0.6 0.600 0.355




50 |1 3 0.2 0.6 0.200 0.038
51 |1 3 0.2 0.6 0.200 0.038
52 |1 4 0.2 0.8 0.360 0.127
53 |1 3 0.2 0.6 0.200 0.038
54 |2 2 0.4 0.4 0.000 0.000
55 |1 3 0.2 0.6 0.200 0.038
56 |1 3 0.2 0.6 0.200 0.038
57 |1 3 0.2 0.6 0.200 0.038
58 |2 3 0.4 0.6 0.040 0.001




Supporting Table 2. Calculated kappa for g=6.

for g=6

i + - f. f. Gj (Gi - 0)2 Zmeb # of blobs ) Kg=6
1 3 0 0.500 0.000 0.500 0.246 6.170 57 0.108 0.215
2 3 0 0.500 0.000 0.500 0.246
3 3 0 0.500 0.000 0.500 0.246
4 3 0 0.500 0.000 0.500 0.246
5 4 0 0.667 0.000 0.667 0.439
6 5 0 0.833 0.000 0.833 0.688
7 5 0 0.833 0.000 0.833 0.688
8 4 0 0.667 0.000 0.667 0.439
9 4 0 0.667 0.000 0.667 0.439
10 4 1 0.667 0.167 0.300 0.088
11 4 1 0.667 0.167 0.300 0.088
12 3 1 0.500 0.167 0.167 0.026
13 2 1 0.333 0.167 0.056 0.003
14 3 1 0.500 0.167 0.167 0.026
15 2 1 0.333 0.167 0.056 0.003
16 2 0 0.333 0.000 0.333 0.108
17 1 0 0.167 0.000 0.167 0.026
18 1 0 0.167 0.000 0.167 0.026
19 1 0 0.167 0.000 0.167 0.026
20 1 0 0.167 0.000 0.167 0.026
21 1 1 0.167 0.167 0.000 2.E-05
22 1 1 0.167 0.167 0.000 2.E-05
23 2 1 0.333 0.167 0.056 0.003
24 2 2 0.333 0.333 0.000 2.E-05
25 2 2 0.333 0.333 0.000 2.E-05
26 1 2 0.167 0.333 0.056 0.003
27 2 1 0.333 0.167 0.056 0.003
28 2 1 0.333 0.167 0.056 0.003
29 1 1 0.167 0.167 0.000 2.E-05
30 2 0 0.333 0.000 0.333 0.108
31 2 1 0.333 0.167 0.056 0.003
32 2 1 0.333 0.167 0.056 0.003
33 1 1 0.167 0.167 0.000 2.E-05
34 1 1 0.167 0.167 0.000 2.E-05
35 2 1 0.333 0.167 0.056 0.003
36 1 2 0.167 0.333 0.056 0.003
37 1 2 0.167 0.333 0.056 0.003
38 1 3 0.167 0.500 0.167 0.026
39 1 3 0.167 0.500 0.167 0.026
40 1 4 0.167 0.667 0.300 0.088
41 0 4 0.000 0.667 0.667 0.439
42 0 3 0.000 0.500 0.500 0.246
43 0 2 0.000 0.333 0.333 0.108
44 0 1 0.000 0.167 0.167 0.026
45 0 2 0.000 0.333 0.333 0.108
46 0 1 0.000 0.167 0.167 0.026
47 0 2 0.000 0.333 0.333 0.108
48 0 3 0.000 0.500 0.500 0.246
49 1 3 0.167 0.500 0.167 0.026




50 1 4 0.167 0.667 0.300 0.088
51 1 4 0.167 0.667 0.300 0.088
52 1 4 0.167 0.667 0.300 0.088
53 2 3 0.333 0.500 0.033 0.001
54 2 3 0.333 0.500 0.033 0.001
55 1 4 0.167 0.667 0.300 0.088
56 1 4 0.167 0.667 0.300 0.088
57 2 3 0.333 0.500 0.033 0.001




Supporting Table 3. MD-derived secondary structure for Syt 1 IDR core region. Turn (T), B-
sheet (B), helix (H) and coil (C) are shown as fractions for each residue.

Unphosphorylated Dielec80

Unphosphorylated Dielec20

Phosphorylated Dielec80

Phosphorylated Dielec20

Res T B H C T B H C T B H C T B H C

97 0.120 | 0.000 | 0.000 | 0.880 | 0.104 | 0.000 | 0.000 | 0.896 | 0.126 | 0.000 | 0.000 | 0.874 | 0.270 | 0.000 | 0.000 | 0.730
98 0.229 | 0.000 | 0.005 | 0.766 | 0.208 | 0.027 | 0.008 | 0.751 | 0.244 | 0.002 | 0.003 | 0.750 | 0.320 | 0.001 | 0.003 | 0.676
99 0.359 | 0.000 | 0.020 | 0.621 | 0.380 | 0.027 | 0.040 | 0.505 | 0.379 | 0.002 | 0.014 | 0.605 | 0.652 | 0.002 | 0.006 | 0.340
100 0.457 | 0.000 | 0.083 | 0.460 | 0.547 | 0.000 | 0.144 | 0.305 | 0.500 | 0.000 | 0.064 | 0.435 | 0.676 | 0.084 | 0.039 | 0.202
101 0.442 | 0.000 | 0.097 | 0.460 | 0.551 | 0.000 | 0.173 | 0.277 | 0.484 | 0.000 | 0.077 | 0.438 | 0.686 | 0.099 | 0.045 | 0.169
102 0.443 | 0.000 | 0.104 | 0.454 | 0.540 | 0.000 | 0.194 | 0.265 | 0.486 | 0.000 | 0.078 | 0.436 | 0.711 | 0.089 | 0.064 | 0.135
103 0.519 | 0.000 | 0.092 | 0.389 | 0.559 | 0.000 | 0.185 | 0.253 | 0.550 | 0.000 | 0.045 | 0.405 | 0.614 | 0.118 | 0.061 | 0.208
104 0.445 | 0.000 | 0.093 | 0.462 | 0.404 | 0.024 | 0.179 | 0.348 | 0.474 | 0.002 | 0.030 | 0.494 | 0.682 | 0.107 | 0.052 | 0.159
105 0.394 | 0.000 | 0.089 | 0.517 | 0.355 | 0.024 | 0.194 | 0.419 | 0.448 | 0.002 | 0.035 | 0.515 | 0.604 | 0.000 | 0.048 | 0.348
106 0.418 | 0.000 | 0.128 | 0.454 | 0.361 | 0.000 | 0.307 | 0.331 | 0.482 | 0.000 | 0.059 | 0.459 | 0.664 | 0.084 | 0.034 | 0.218
107 0.352 | 0.000 | 0.153 | 0.495 | 0.355 | 0.000 | 0.335 | 0.310 | 0.440 | 0.000 | 0.073 | 0487 | 0.612 | 0.094 | 0.181 | 0.113
108 0.342 | 0.000 | 0.158 | 0.499 | 0.412 | 0.000 | 0.327 | 0.261 | 0.414 | 0.000 | 0.065 | 0522 | 0.228 | 0.193 | 0.170 | 0.409
109 0.354 | 0.000 | 0.149 | 0.497 | 0.373 | 0.000 | 0.336 | 0.287 | 0.359 | 0.000 | 0.044 | 0597 | 0.234 | 0.115 | 0.174 | 0.478
110 0.486 | 0.000 | 0.102 | 0.412 | 0.458 | 0.000 | 0.287 | 0.252 | 0.331 | 0.000 | 0.009 | 0.660 | 0.220 | 0.000 | 0.000 | 0.780
111 0.448 | 0.001 | 0.141 | 0.411 | 0.445 | 0.006 | 0.295 | 0.253 | 0.193 | 0.000 | 0.007 | 0.799 | 0.087 | 0.000 | 0.033 | 0.879
112 0.448 | 0.001 | 0.147 | 0.404 | 0.422 | 0.010 | 0.285 | 0.282 | 0.160 | 0.000 | 0.010 | 0.830 | 0.502 | 0.000 | 0.123 | 0.374
113 0.520 | 0.000 | 0.162 | 0.317 | 0.485 | 0.011 | 0.288 | 0.215 | 0.324 | 0.000 | 0.026 | 0.650 | 0.612 | 0.000 | 0.221 | 0.167
114 0.527 | 0.000 | 0.203 | 0.270 | 0.484 | 0.010 | 0.323 | 0.182 | 0.462 | 0.000 | 0.057 | 0.482 | 0.621 | 0.000 | 0.343 | 0.035
115 0.520 | 0.000 | 0.226 | 0.255 | 0.531 | 0.000 | 0.324 | 0.146 | 0.492 | 0.000 | 0.086 | 0.421 | 0.578 | 0.000 | 0.398 | 0.024
116 0.525 | 0.001 | 0.205 | 0.269 | 0.516 | 0.000 | 0.295 | 0.190 | 0.522 | 0.000 | 0.083 | 0.395 | 0.591 | 0.000 | 0.350 | 0.059
117 0.482 | 0.001 | 0.122 | 0.395 | 0.501 | 0.011 | 0.124 | 0.362 | 0.484 | 0.000 | 0.053 | 0.464 | 0.623 | 0.000 | 0.120 | 0.258
118 0.380 | 0.000 | 0.058 | 0.562 | 0.388 | 0.015 | 0.060 | 0.534 | 0.384 | 0.000 | 0.022 | 0.593 | 0.393 | 0.000 | 0.018 | 0.589
119 0.284 | 0.000 | 0.019 | 0.697 | 0.309 | 0.013 | 0.024 | 0.652 | 0.296 | 0.000 | 0.008 | 0.696 | 0.243 | 0.000 | 0.007 | 0.750
120 0.228 | 0.000 | 0.022 | 0.750 | 0.257 | 0.005 | 0.052 | 0.685 | 0.242 | 0.000 | 0.011 | 0.747 | 0.330 | 0.000 | 0.013 | 0.658
121 0.190 | 0.000 | 0.024 | 0.787 | 0.237 | 0.000 | 0.070 | 0.693 | 0.211 | 0.000 | 0.017 | 0.773 | 0.305 | 0.000 | 0.067 | 0.628
122 0.220 | 0.000 | 0.026 | 0.754 | 0.268 | 0.000 | 0.073 | 0.659 | 0.237 | 0.000 | 0.019 | 0.744 | 0.349 | 0.000 | 0.084 | 0.567
123 0.335 | 0.000 | 0.023 | 0.642 | 0.363 | 0.000 | 0.061 | 0.574 | 0.333 | 0.000 | 0.016 | 0.650 | 0.446 | 0.005 | 0.091 | 0.459
124 0.309 | 0.000 | 0.019 | 0.672 | 0.350 | 0.000 | 0.056 | 0.593 | 0.312 | 0.000 | 0.016 | 0.672 | 0.467 | 0.006 | 0.079 | 0.449
125 0.308 | 0.000 | 0.016 | 0.676 | 0.338 | 0.001 | 0.040 | 0.620 | 0.312 | 0.000 | 0.013 | 0.676 | 0.420 | 0.003 | 0.060 | 0.518
126 0.260 | 0.000 | 0.009 | 0.731 | 0.288 | 0.000 | 0.018 | 0.691 | 0.255 | 0.000 | 0.006 | 0.739 | 0.349 | 0.000 | 0.021 | 0.630
127 0.122 | 0.000 | 0.004 | 0.875 | 0.146 | 0.000 | 0.008 | 0.845 | 0.126 | 0.000 | 0.002 | 0.872 | 0.150 | 0.000 | 0.005 | 0.846
128 0.057 | 0.000 | 0.000 | 0.943 | 0.067 | 0.000 | 0.000 | 0.932 | 0.053 | 0.000 | 0.000 | 0.947 | 0.065 | 0.000 | 0.000 | 0.935
129 0.001 | 0.000 | 0.000 | 0.999 | 0.001 | 0.000 | 0.000 | 0.999 | 0.001 | 0.000 | 0.000 | 0.999 | 0.001 | 0.000 | 0.000 | 0.999
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