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ABSTRACT

Synaptotagmin 1 (Syt 1) is an integral membrane protein responsible for sensing the calcium ion
(Ca™) influx in neurons that triggers synaptic vesicle exocytosis. How Syt 1's intrinsically disordered
region (IDR), a ~60 residue sequence located between the protein’s transmembrane helix and two
Ca®"-sensing C2 domains, contributes to protein function is not well understood. The same is true
of analogous IDRs located in the other synaptotagmin isoforms. Recently, we found that the Syt 1
IDR is structurally responsive to vesicles whose lipid composition mimics that of a synaptic vesicle
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organelle and that this sensitivity allosterically influences binding and folding behavior of the
adjacent C2 domain. We believe these observations may be applicable to the study of other
synaptotagmin isoforms and discuss generally how an IDR-membrane interaction could contribute

to modulation of C2 domain function.

A recent coalescence of fields in biophysics has led to a
way of viewing a synaptic protein region often regarded
as a hinge as something much more: a source of structural
and functional plasticity that contributes on the molecular
level to neuronal plasticity. When studies on vesicle-local-
ized integral membrane protein p65 (now known as syn-
aptotagmin 1, Syt-1) first began, the method used to
discern structural organization of its domains was proteol-
ysis. In this method, any unfolded flexible regions of the
protein are readily hydrolyzed thus releasing the more
modular folded domains for subsequent mass analysis.
With this method, investigators discovered that Syt-1 had
3 major segments: a lumenal domain, a transmembrane
domain, and a cytosolic domain of roughly 39 kDa.'
What these initial studies also reported, in addition to
location of domain segments, was the first experimental
evidence for an intrinsically disordered region (IDR) in
Syt-1. Specifically, they identified the residue region 90-
110 to be highly susceptible to proteolytic cleavage when
treated with pronase and trypsin.1 At the time, intrinsic
disorder had not yet been developed as a field of biophys-
ics and structural biology. As such, a significant portion
of synaptotagmin research has since been focused on the

protein’s downstream C2 domains, 8-sandwich folds that
chelate calcium ions (Ca®") as they enter axon terminals
through voltage-gated Ca®*-channels to trigger exocytosis.
C2 domains are largely considered the main functional
unit of the protein and when the IDR (often referred to
as the “juxta-membrane linker”) has been considered, it
has typically been viewed as just a flexible tether, a site of
oligomerization or a site for palmitoylation.

While short linker regions in single-pass membrane
proteins can certainly provide adjacent folded domains
more flexibility when exploring their local restricted vol-
umes, with the current establishment of intrinsic
disorder as a field, it may now be worth considering the
juxta-membrane linker through a different lens in an
attempt to gain functional insights that might otherwise
be overlooked.” IDRs are gaining wide spread recogni-
tion for their role in modulating the function of adjacent
folded domains, including allosteric mechanisms. If the
functional plasticity of IDRs is applied to Syt-1, it opens
up new potential avenues for understanding the protein’s
complex role in neurotransmission. Additionally, such
investigation would have a direct impact on the under-
standing of other synaptotagmins within the protein
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Figure 1. Location of intrinsically disordered regions in first 6
synaptotagmin isoforms. The disorder propensity (low-to-high
range, 0-1) of several synaptotagmin isoforms is highest in the
region just distal to the transmembrane (TM) helix before the
tandem C2 domains (C2AB).

family. Many synaptotagmins contain a juxta-membrane
linker with amino acid compositions that are predicted
to be intrinsically disordered (Fig. 1); these regions show
characteristically high frequencies of charged, polar and
structure-breaking residues while lacking the bulky
hydrophobic side chains that promote folding. This
means that, in addition to C2 domain divergence among
the family, there could also be isoform-specific flavors of
intrinsic disorder each of which exerts particular influ-
ence over its adjacent C2 domains. Through this lens,
intrinsic disorder could simply act to further differentiate
isoform functions.

Intrinsic disorder also seems advantageous from the
point of view of the complex composition of lipid
bilayers. Disordered proteins and protein regions are
known to exhibit structural plasticity, interacting with
multiple binding partners as part of their regulatory
function and often adopting different structural states
upon doing so. Synaptic vesicles are densely packed
with proteins for potential interactions, but the bilayer
surface to which synaptotagmin proteins are anchored
provides an even larger diversity of potential interac-
tion partners with an estimated 30 distinct lipid types
in an average synaptic organelle.” In this regard, the
lateral distribution of lipids coupled with surface

allosteric
lipid propagation = C2AB
modulation 4 N
IDR/,GA% finely tuned
cytosol Vi ¥ C2 response

Figure 2. Source of membrane variability for synaptotagmin IDR
to sense. (top) The structure of synaptotagmin experiences shifts
in the lateral distribution of several distinct lipid species (arrow
trajectories) and also (bottom) fluctuations in surface curvature
(+ for positive curvature; - for negative curvature). The outer
leaflet of the synaptic vesicle membrane depicts a color-coded
and proportional distribution of PE (shades of green), PS (shades
of purple) and PI (shades of magenta) lipids as described in refer-
ence 4. The inner leaflet, which has a distinct set of lipid species,
is shown in gray for simplicity. Note that one of the major lipid
components, cholesterol, is not shown in the above models.
These features are sensed by the synaptotagmin IDR (blue),
allosterically propagated to the adjacent C2 domains via local dis-
tortions of the IDR’s structural ensemble (purple) resulting in fine
IDR-membrane modulations to protein function (green).

curvature of the membrane (which changes drastically
throughout synaptic vesicle cycling) could present a
near infinite number of surfaces to synaptotagmin
(Fig. 2). An intrinsically disordered region could capi-
talize on this surface diversity, possessing the physio-
chemical characteristics requisite for recognizing each
via a multitude of possible conformers. The plethora of
membrane-selected ensembles in this IDR could then
impact the adjacent C2 domains through modes of allo-
stery, culminating in very fine modulations of function
that would then match the protein’s complex biological
behavior measured in vivo. This pairing of intrinsic dis-
order and lipid diversity has even further depth when
considering the other synaptotagmin isoforms. While
all synaptotagmin linker regions are predicted to be dis-
ordered, the amino acid compositions constituting each
are distinct. This, coupled with the fact that membrane
lipid composition is also distinct between the different
tissue types each isoform is expressed in, leads to the
hypothesis that intrinsic disorder and the vast lipid
diversity of different membranes work together to finely
and uniquely tune protein response in vesicle traffick-
ing events that are mediated by synaptotagmins.



Recently, our group provided evidence in support of
such a mechanism.* We found that the IDR of Syt-1 is
structurally sensitive to the lipid composition of the mem-
brane, undergoing pronounced changes upon association.
While the IDR seems to be mostly disordered when
associated with a membrane whose lipid composition
mimics that of a synaptic vesicle, its interaction still has
a profound impact on the adjacent C2 domain (C2A).
This indicates there is allosteric communication between
the 2 domains that, furthermore, is tightly coupled to the
lipid composition that mimics the protein’s native mem-
brane. Further investigations into IDR-membrane inter-
actions in other isoforms may reveal similar functional
insights.

All of this points to the high potential of the IDR
playing a more nuanced functional role than that of
an inert tether. Several groups have acquired evidence
in support of flexible tether’ or oligomerization func-
tions, however, we believe these are just a few of sev-
eral yet to be identified. Since intrinsically disordered
proteins and protein regions are defined in part by
functional plasticity, it would not be much of a
stretch to ascribe multiple such roles to this disor-
dered domain of synaptotagmin.
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