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Abstract

Complexins play a critical role in regulating SNARE-mediated exocytosis of synaptic vesicles.
Evolutionary divergences in complexin function have complicated our understanding of the

role these proteins play in inhibiting the spontaneous fusion of vesicles. Previous structural

and functional characterizations of worm and mouse complexins have indicated the membrane
curvature-sensing C-terminal domain of these proteins is responsible for differences in inhibitory
function. We have characterized the structure and dynamics of the mCpx1 CTD in the absence and
presence of membranes and membrane mimetics using NMR, ESR, and optical spectroscopies. In
the absence of lipids, the mCpx1 CTD features a short helix near its N-terminus and is otherwise
disordered. In the presence of micelles and small unilamellar vesicles, the mCpx1 CTD forms a
discontinuous helical structure in its C-terminal 20 amino acids, with no preference for specific
lipid compositions. In contrast, the mCpx1 CTD shows distinct compositional preferences in its
interactions with large unilamellar vesicles. These studies identify structural divergences in the
mCpx1 CTD relative to the wCpx1 CTD in regions that are known to be critical to the wCpx1
CTD’s role in inhibiting spontaneous fusion of synaptic vesicles, suggesting a potential structural
basis for evolutionary divergences in complexin function.!
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Introduction

SNARE-mediated exocytosis of synaptic vesicles (SVs) is essential to the transmission

of chemical signals in neurons.=3 This process is tightly regulated by a number of

proteins both to facilitate evoked exocytosis in response to the proper stimuli and to

limit spontaneous exocytosis in the absence of such stimuli.#~> Complexins are a family

of proteins critical for regulating both spontaneous and calcium-mediated evoked SV
exocytosis.3-10 partial knock-outs and mutations in complexins induce neurological defects
and reduce lifespan in mammals,10-14 highlighting the centrality of complexins to proper
SV release. The excitatory function of complexin is well conserved throughout invertebrates
and vertebrates, but significant controversy remains over its inhibitory role.15-16 |nvertebrate
complexins strongly inhibit spontaneous fusion of SVs with the plasma membrane, 1719 but
this effect is much weaker or absent in mammals,2%-22 leaving lingering questions about the
mechanistic origins of these evolutionary divergences.

Studies of the structural and functional features of various complexins have established

that these proteins, though small, can be subdivided into four domains that play different
roles in regulating SV exocytosis (Figure 1(A-B)).15:20 The N-terminal domain (NTD)

is unstructured in solution and thought to play a significant role in Ca2* evoked fusion

in mammals,23 but not in worms.1® The subsequent accessory helical domain (AHD)
contributes to inhibition of vesicle release and is highly helical even in the absence of
binding partners in all complexins. This structure has been proposed to nucleate helicity in
the central helix domain (CHD),24-25 which binds to the SNARE proteins synaptobrevin
and syntaxin,24=28 or to interfere in SNARE mediated fusion via other mechanisms.2%-33
The CHD is essential for both the inhibitory and excitatory functions of complexins. Finally,
the C-terminal domain (CTD) is intrinsically disordered (ID) and has been shown in both
worm (C. elegans) and mouse (M. musculus) complexins to specifically interact with highly
curved membranes.34:35.66 The interactions between the CTD and membranes play a critical
role in tethering complexin to SVs and are critical for the inhibitory function of complexin
in worms.38 Recent studies suggest a potential role for CTD-membrane interactions in the
excitatory function of complexin as well.3’

Previous studies have indicated that differences in the CTDs of mouse and worm complexins
may be largely responsible for functional differences between the proteins.36:38-40 The
CTD of worm complexin 1 (wCpx1 CTD) has been extensively structurally characterized,
revealing that the multiple sub-domains exist within the larger domain3*41 (Figure 1(B)).
Though largely disordered in the absence of membranes, a short helical structure (AH2)
exists near the N-terminus of this region. The C-terminus of the domain interacts strongly
with membranes via an amphipathic helix motif (AH-motif) and a subsequent C-terminal
motif (CT-motif). The AH-motif forms an amphipathic helix only in the presence of highly
curved membranes.3441 Similar AH-motifs have been annotated in the CTDs of non-worm
complexins, suggesting this is a common structural motif conserved across evolutionary
space.35-36.42 The CT-motif remains unstructured even when bound to membranes. Both
sub-domains are essential for inhibition of spontaneous SV fusion in worms.38 Disrupting
the AH-motif decreases membrane binding locally in that region, while removing the CT-
motif abolishes membrane interactions of the CTD entirely.34:36

J Mol Biol. Author manuscript; available in PMC 2024 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grasso et al.

Results

Page 3

There are clear connections between the structural features of the wCpx1 CTD and

its inhibitory function, but similar information on complexins from other organisms

is lacking. The mouse complexin 1 (mCpx1) CTD has also been shown to interact
strongly with highly curved membranes34-35 and putative AH- and CT-motifs in the
mCpx1 CTD have been defined (Figure 1 (C)). However, replacing the wCpx1 AH-

or CT-motifs with the corresponding putative mCpx1 motifs does not restore inhibitory
function in worms,38 indicating a potential divergence of these structural motifs. A more
thorough characterization of the structural features of the mCpx1 CTD is thus essential to
understanding how it differs from invertebrate complexins.

The C-terminal 20 residues of the mCpx1 CTD interact with lipid micelles

We first examined the mCpx1 CTD in the presence of dodecylphosphocholine (DPC)
micelles, a membrane mimetic that was previously shown to recapitulate the structural
features of the wCpx1 CTD bound to small unilamellar vesicles (SUVs).3441 This approach
allowed us to apply solution nuclear magnetic resonance (NMR) spectroscopy, which would
be less applicable when using SUVs due to their larger size and the associated broadening of
NMR signals upon interactions with SUVs.

Comparison of 2D {15N-1H} HSQC spectra for free and DPC-bound mCpx1 CTD revealed
that spectroscopic changes between the two states are limited to specific residues in the
protein (Figure 2(A)). The majority of peaks in the spectra for free and micelle-bound
mCpx1 CTD overlay extremely well, suggesting that large regions of the CTD are not
interacting with the micelles in any significant capacity. To identify regions exhibiting
changes in the presence of DPC, we completed NMR backbone resonance assignments (see
methods) for the mCpx1 CTD in the absence and presence of DPC-micelles (Figure S1-2).
Residues that are significantly affected by the presence of micelles all fall in the C-terminus
of the CTD, specifically the terminal ~ 20 residues (114-134). These residues exhibit both
chemical shift perturbations (CSPs) (Figure 2(B)) and attenuated signal intensities (Figure
2(QC)) in the presence of micelles. Together, these data suggest that the C-terminus of the
mCpx1 CTD is interacting with DPC-micelles while the N-terminal regions of the CTD are
largely unaffected.

Both the AH- and CT-motifs form helical structure in the presence of DPC-micelles

Sequence analysis of the mCpx1 CTD defined putative AH- and CT-motifs in the C-
terminus of the mCpx1 CTD similar to those characterized for wCpx1.34:3841 We previously
reported that the last 6 amino acids of the mCpx1 CT-motif may form helical structure

in the presence of lipids,38 unlike the wCpx1 CT-motif, which remains unstructured even
when bound to micelles.34:3841 Here we report a more thorough characterization, using a
combination of circular dichroism (CD) and NMR spectroscopy, to define the structural
features of the entire mCpx1 CTD in the absence and presence of micelles.

In the absence of lipids, the CD spectrum of the mCpx1 CTD is consistent with the protein
being largely disordered in solution, but a slight decrease in signal around 220 nm that
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indicates the unbound protein contains some helical structure (Figure 3(A)). Importantly, the
mCpx1 CTD contains a single Tyr residue and a single Phe residue, making accurate protein
concentration determination, and proper normalization of CD data, exceedingly difficult

for this construct. Therefore, the CD data reported here are interpreted qualitatively. In the
presence of DPC-micelles, the signal around 220 nm is more pronounced and the minimum
observed for the free protein at 200 nm shifts to 205 nm. These changes are consistent with
the micelle-bound CTD having a higher helical content than the unbound protein.

Using our NMR backbone resonance assignments for the free and DPC-bound protein,
TALOS-N secondary structure predictions and ACa-ACp calculations indicate that there is
a substantial propensity for helical structure in a region encompassing approximately 10
residues (residue 76-86) near the N-terminus of the free CTD (Figure 3(B), Figure S3(A)).
A similarly helical, though somewhat shorter, region was identified in the wCpx1 CTD and
termed the amphipathic helix 2 (AH2) motif.41 There is also a short stretch of amino acids
around residue 120 (residues 120-124) that have a weak propensity for beta-strand structure,
with unclear significance. The remainder of the CTD exhibits no significant secondary
structure. In the presence of DPC-micelles, two distinct regions in the C-terminus of the
mCpx1 CTD, encompassing residues 116-124 and 128-133, form stable helical structure
(Figure 3(C), Figure S3(B-C)) that is not observed in the absence of micelles. The helical
structure observed in the AH2-motif is unchanged in the presence of micelles.

To further assess the propensity for structure formation in the presence of DPC-micelles, we
analyzed NH-NH NOEs from {H-15N-H} (Figure 3(D)) and {°N-1°N-1H} (Figure 3E)
NOESY experiments for the micelle-bound mCxpl CTD. Residues spanning the regions
from ~ 114-124 and 128-133 showed clear NH-NH NOEs from residue i to i + 1,
characteristic of helical structure, consistent with the regions defined as helical in the
TALOS-N predictions. Residues 125-127 consist of Pro-Gly-Pro, precluding the observation
of NH-NH i to i + 1 NOEs. However, this sequence is highly unfavorable for helical
structure and likely represents a break between the two helices, as indicated by the chemical
shift-based prediction.

These observations are further corroborated by ps-ns backbone relaxation data collected

on both free and micelle-bound mCpx1 CTD. In the absence of micelles, >N R;and R
measurements, along with heteronuclear {*H-15N} NOE (hetNOE) data are consistent with
the protein being disordered in solution (Figure 4, S4). The 15N R; and hetNOE data are
fairly uniform across the length of the protein with slight decreases at the N- and C- termini
and the values are consistent with a disordered protein at 10 °C (Figure 4, S4A). There

are slight variations in the R, rates across the length of the protein, with field dependent
increases in R, for the regions surrounding residues ~ 80 and ~ 120 that suggest these
regions may experience a slight degree of restricted motions and/or chemical exchange in
their free forms (Figure S4(B)).

In the presence of DPC micelles, there are notable changes in these ps-ns relaxation
measurements. The R; data show a slight global decrease in relaxation rates for the micelle-
bound protein relative to the free protein (Figure 4(A), S4 (C), S4E), though this is likely
due to changes in temperature between free (10 °C) and micelle-bound (40 °C) data. Both
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the R,and hetNOE data show significant changes in the presence of DPC micelles. R,
rates for the terminal 20 residues of the mCpx1 CTD are significantly elevated relative

to the free protein (Figure 4(B), S4(D), S4(F)); notably, the average R, relaxation rate
(10.2 £ 1.2) for the residues encompassing the AH-motif (115-124) is higher than the
average R relaxation rate (8.5 £ 0.9) for the residues encompassing the CT-motif (128—
133). Similarly, the hetNOE values for the terminal 20 residues of the mCpx1 CTD are
elevated relative to the free form of the protein (Figure 4(C)). Notably, residues 125-127,
constituting the non-helical PGP linker between the AH- and CT-motif helices, does not
exhibit indications of increase mobility, suggesting that in the micelle-bound conformation,
the linker conformation, while non-helical, may be relatively fixed.

Many of the peaks for the residues falling within the disordered regions of the micelle-bound
CTD are not visible, likely due to rapid solvent exchange at the temperature at which the
data were collected, but those that are visible are consistent with this region being highly
disordered. Interestingly, the elevated ~,values observed around position 80 in the unbound
CTD disappear in the micelle-bound state. This could potentially reflect an intramolecular
process involving the AH2-motif that is disrupted upon micelle binding. Together, the CD
and NMR data clearly indicate that the mCpx1 CTD forms two distinct, relatively rigid
helices at its C-terminus, corresponding to the AH- and CT-motifs, in the presence of
DPC-micelles.

The mCpx1 AH- and CT-motifs interact with SUVs

With convincing evidence that helical structure forms in the C-terminus of the mCpx1 CTD
in the presence of micelles, we sought to evaluate whether similar interactions occur with
lipid bilayers in the form of small unilamellar vesicles (SUVs). We chose SUVs similar

in size and charge to SVs, with which complexin interacts in cells. While the larger size

of SUVs relative to micelles makes direct observation of SUV-bound proteins by NMR
impracticable, NMR can still be used to detect and quantify SUV binding.

Comparison of 2D {15N-1H} HSQC spectra for the mCpx1 CTD free or bound to SUVs
with two different lipid compositions (60% DOPC/25% DOPE/15% DOPS and 85%
POPC/15% POPS) revealed significant attenuation of peak heights in the presence of SUVs
(Figure 5(A)), without detectable chemical shift changes. There is a global decrease in signal
intensity for all peaks in the SUV-bound spectra, but the C-terminal 20 residues show a
greater decrease in intensity for both SUV compositions (Figure 5(B)) indicating that this
region is interacting strongly with SUVs irrespective of their composition. The POPC/POPS
data closely resemble preliminary data reported previously using the full-length mCpx1.34

The lack of chemical shift changes in the presence of SUVs indicates that the exchange
of the mCpx1 CTD between its free and vesicle-bound states occurs in the slow-exchange
limit on the NMR time scale. In this case, the relaxation rates of the protein in the bound
state do not contribute significantly to the free state R, relaxation rate. Instead, assuming
the interaction between the mCpx1 CTD and SUVs occurs on a similar time scale to

that of R, relaxation of the free protein, the R, relaxation rates at sub-saturating SUV
concentrations will be the sum of the free protein /,and the on rate for vesicle binding.3
These experiments have previously been used to evaluate the association kinetics of worm
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complexin,34 as well as of the Parkinson’s protein alpha-synucelin with lipids.#3 R, values
for mCpx1 CTD at sub-saturating concentrations of SUVs composed of 60% DOPC/25%
DOPE/15% DOPS and 85% POPC/15% POPS are elevated at the N- and C-termini relative
to the free protein (Figure S5(A)). The change in /R,is more pronounced at the C-terminus
of the protein than the N-terminus (Figure S5(B)). These data corroborate an interaction
between the C-terminus of the mCpx1 CTD and SUVs, as observed with DPC micelles. In
contrast, the elevated R, rates at the N-terminus of the CTD in the presence of SUVs suggest
this region, encompassing the AH2-motif, may be involved in interactions with SUVs that
are not recapitulated in the micelle-bound state.

We next evaluated the secondary structure of SUV-bound mCpx1 CTD using CD
spectroscopy. Challenges in accurate protein concentration determination, combined with
increased noise due to light scattering from the SUVs, rendered CD analysis in the presence
of SUVs highly challenging. Nevertheless, there are clear decreases in signal around 220
nm and shifts in the signal minimum from ~ 200 nm to ~ 205 nm for the SUV-bound CTD
relative to the free protein (Figure 5(C)). Thus, the CD data are consistent with an increase
in helical structure for the SUV-bound mCpx1 CTD relative to the free protein. Together,
CD and NMR indicate that the terminal 20 amino acids of the mCpx1 CTD interact with
SUVs and this binding is accompanied by an increase in helical structure.

ESR indicates two AH- and CT-motifs are helical in SUV-bound mCpx1

To further characterize the SUV-bound state of the mCpx1 CTD, we performed electron
spin resonance (ESR) experiments using spin-labeled CTD in the presence of SUVs. These
experiments provide residue-specific information about the local environment of the CTD,
as well as distances between different sites. Spin labels were introduced by conjugation to
single cysteine mutants in a cysteine-free (C105A) background. We collected continuous
wave ESR (cwESR) power saturation data for mCpx1 CTD spin-labeled at each of the
terminal 22 residues of the protein in the presence of SUVs composed of 60% DOPC/25%
DOPE/15% DOPS and equilibrated with atmospheric oxygen or containing nickel(Il)
ethylenediaminediacetic acid (NiIEDDA) and purged with nitrogen gas (see methods). By
analyzing the partitioning of these spin-labels between O, and NiEDDA, we were able to
evaluate the depth parameter, Phi, a measure of the relative accessibility of the residue to
either the solvent or the membrane environment.

The ESR data revealed a periodic pattern of elevated partitioning to a membrane-like
environment that is consistent with that expected for an amphipathic helix interacting with
a membrane (Figure 6(A)). Fits to data from residues 113-134 to parameters consistent
with a continuous alpha helical structure, using either a fixed or a floating periodicity,
yielded poor R? values. Separately fitting the data in the AH-motif (residues 114-124,
Figure 6(B)) and the CT-motif (residues 128-134, Figure 6(C)) yielded improved fits.
Representing the sequence from residues 114-134 (Figure 6(A)) in a helical wheel format
revealed an amphipathic distribution of residues, but residues F132 and K134 cross the
boundary between the polar and apolar faces. Representing the AH- and CT-motif sequences
separately (Figure 6(B,C)) yields two shorter amphipathic helices without violations. These
data clearly demonstrate that the helical structure observed for the AH- and CT-motifs in
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micelle-bound mCpx1 CTD is also present in the SUV-bound state. While there is no clear
separation of the two regions in the cwESR data, two distinct helical motifs, as observed in
the DPC micelle-bound state, fit the data somewhat better in its C-terminus.

We then analyzed the relative distances between different regions of the CTD in its
micelle-bound and SUV-bound states using double electron—electron resonance (DEER)
experiments. We used the native cysteine (C105) in the mCpx1 CTD, which is in a region
that does not interact with membranes, and two positions in the C-terminus: 1121C, which
falls in the AH-motif, and F132C, which falls in the CT-motif. The average distance from
C105t0 1121C is 2.3 £ 0.2 nm in the presence of SUV and 2.3 + 0.1 nm in the presence

of DPC-micelles, indicating that the relative position of the AH-motif to C105 is likely
similar in the presence of either micelles and SUVs (Figures S6(A, C and E)). In contrast,
the average distance from C105 to F132C is 3.5 £ 0.1 nm in the presence of SUV and 4.3 £
0.1 nm in the presence of DPC-micelles (Figures S6(B, D and E)). These data indicate that
some aspect of the topology of the CTD, especially in the vicinity of the CT-motif, diverges
in its SUV-bound state from the micelle-bound structure. In particular, the CT-motif is less
co-linear with the AH-motif in the SUV-bound vs. micelle-bound state, supporting the idea
that the two helical motifs are formed independently from each other and suggesting that the
PGP sequence separating them may be flexible.

Fluorescence-based experiments corroborate two helical motifs in the presence of SUVs

The ESR methods detailed above are well-established for characterizing interactions
between proteins and membranes and have previously been used to characterize the
membrane-bound structural features of the wCpx1 CTD, as well as other proteins.*144 We
investigated whether similar results could be obtained using fluorescence-based methods.
Individual residues spanning the terminal 21 residues of the mCpx1 CTD were mutated to
tryptophan and fluorescence spectra (see methods) were measured for these variants in the
absence and presence of SUVs composed of 85% POPC/15% POPS. Spectra for SUV-bound
mCpx1 CTD showed a clear shift in the wavelength of maximum fluorescence relative to
the unbound mCpx1 CTD, with the shift being more pronounced for residues expected to
partition into the membrane based on the ESR data (Figure 7 (A), S7(A)). Data between
residues 113 and 124 showed oscillations with a 3—4 residue periodicity, which could be
reasonably fit with either a fixed periodicity of 3.6 (black: R2 = 0.67) or allowing the
periodicity to float (red, periodicity = 3.98, R? = 0.69, Figure 7(B), S7(B))). Data in the
CT-motif region (residues 128-134) exhibited only a weak periodicity, modulating a nearly
monotonic decrease in wavelength shift. This method relies on the stability of the structure
being assessed being sufficient to prevent perturbations due to the introduction of the probe
itself. In this case, it may be that the shorter CT-motif is not sufficiently stable or cooperative
to prevent perturbation by the introduction of Trp residues. Nevertheless, fits to the weak
periodicity of these data are consistent with a helical structure (Figure 7(C), S7(C)). Data for
residues 125-128, including the PGP sequence separating the AH- and CT-motifs, exhibited
higher frequency oscillations, inconsistent with helical structure, consistent with evidence
above from NMR and ESR suggesting that this region forms a break or kink between

the AH- and CT-motifs. Fits to the entire region (residues 113-134) to a fixed or floating
periodicity gave lower R2 values (Figure 7(D), S7(D)). Overall, these data suggests that
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the Trp-fluorescence agree well with the ESR data and accurately report on the membrane
interactions of the mCpx1 AH-motif, but are less clear, compared with the ESR data, in
reporting on CT-motif structure.

between the mCpx1 CTD and LUVs depend strongly on lipid composition

It has previously been established that the mCpx1 CTD senses curvature and preferentially
interacts with SUVs rather than large unilamellar vesicles (LUVs).34:35:38.66 |t has also been
shown that the wCpx1 CTD interacts preferentially with LUVs composed of lipids with
increased acyl chain disorder and that such lipids induce helical structure, as observed in the
presence of SUVs.34 We investigated whether the mCpx1 CTD shows similar preferential
binding to LUVs based on lipid composition. NMR 2D {!*N-1H} HSQC spectra of the
mCpx1 CTD in the presence of LUVs composed of 85% POPC/15% POPS showed only
minor differences (Figure 8(A)), with small decreases in the intensities of peaks from the
AH- and CT-motif regions of LUV-bound spectra relative to the free protein (Figure 8 (B)),
consistent with previously reported preliminary data obtained using full-length mCpx1.34
While CD spectra in the presence of LUVs were extremely noisy due to scattering, there was
no evident change in secondary structure in the presence of LUVSs relative to the free protein
(Figure S8).

In contrast, NMR HSQC spectra of the mCpx1 CTD in the presence of LUVs composed

of 60% DOPC/25% DOPE/15% DOPS showed marked differences relative to the free
protein (Figure 8 (A)). There was both a global decrease in the intensities of peaks in

the LUV-bound spectra and more pronounced decreases in the intensities of peaks in both
the N- and C-termini (Figure 8(C)). The intensities decreased further with higher lipid
concentrations relative to protein concentrations. This global decrease is explained at least in
part by precipitation of some fraction of the LUV-bound complex in all samples, an effect
which was only ever observed under these conditions and was reproducible for multiple
LUV preparations and protein samples. The spectra of LUV-bound samples were stable over
stretches of a few days, however, suggesting that a stable equilibrium is formed within the
samples after an initial precipitation event. The global intensity changes were observable

at lower lipid concentrations, before effects specific to the C-terminal end appear, and
increased as lipid concentrations increased relative to protein concentrations (Figure S9).

These data suggest that two processes occur in with the mCpx1 CTD in the presence

of these LUVs. At lower lipid concentrations, there is a global interaction event that
induces aggregation or precipitation of a fraction of the protein and lipid in the samples,
possibly through multivalent interactions between the entire sequence of mCpx1 CTD and
the LUVs or through crowding of multiple proteins onto the vesicle surface (Figure S9(A)).
At higher lipid concentrations, the protein that remains in solution interacts with the LUVs
via specific motifs along the protein. The first 10-15 residues of the mCpx1 CTD, which
encompasses the AH2-motif region, and the terminal 35 residues, which encompass the
AH- and CT-motifs, all show more pronounced intensity changes in the presence of LUVs
(Figure S9(B)). These data suggest that the interactions between the mCpx1 CTD and LUVs
depends strongly on lipid composition and encompass more complex processes that require
further study.
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Discussion

Delineating the mechanisms by which complexins regulate SV exocytosis has remained

a significant challenge since these proteins were discovered and is complicated by the
evolutionary divergences of complexin function in preventing spontaneous SV release.1®
While previous work has been able to pinpoint the complexin CTD as critical to

these differences,36:38-40:45 their mechanistic and structural bases remain mysterious. We
characterized the structural and dynamical features of the mCpx1 CTD in the absence

and presence of lipid micelles and vesicles to begin to reconcile the differences between
vertebrate and invertebrate complexin function. Though largely unstructured in the absence
of lipids, the CTD forms two helical motifs spanning residues 115-124 (AH-motif) and
128-133 (CT-motif) in the presence of either micelles or SUVs. These two helices are
connected by a PGP sequence that likely deviates from helical structure and is somewhat
flexible, as indicated by secondary structure analysis in the micelle bound state, by
fluorescence measurements showing non-helical periodicity for the PGP linker and by
DEER measurements suggesting that the orientation of the helices with respect to each other
differs between the micelle-bound and SUV-bound forms of the CTD. Vesicle binding and
formation of these structural features in the C-terminus of the CTD is insensitive to changes
in lipid saturation (DO or PO lipids) or PC vs. PE content (50:35 or 85:0) for SUVSs. In
contrast, interactions between the mCpx1 CTD and LUVs depends dramatically on lipid
saturation levels, with only weak binding observed for LUVs composed PO lipids. For
LUVs composed of DO lipids, stronger binding is observed in both the C- and N-terminal
regions of the CTD, but this is accompanied by a process that results in precipitation of a
fraction of the sample. Notably, we previously observed that the AH-motif of wCpx1 bound
only weakly and without helix formation to LUVs composed of PO lipids, but bound more
strongly and formed helical structure in the presence of DO lipid LUVs. We interpreted

this to reflect an increase in lipid packing defects associated with the greater fraction of
unsaturated acyl chains in the DO lipid LUVSs. In contrast, in SUVs, the very high degree of
curvature creates ample packing defects irrespective of acyl chain saturation, thus binding is
observed for either PO or DO lipid SUVs.

A recent report3” noted the amphipathic nature of the C-terminal 21 residues of mouse
complexin 2, which are 95% identical to C-terminal 21 residues of mCpx1, and proposed
that this region forms a helix in the presence of membranes that is kinked by the PGP
sequence. This study suggested that this region could insert into the bilayer as a trans-
membrane helix, assemble into multimeric pores and remodel membrane curvature, and
that a similar process could contribute to regulation of fusion pore dynamics during SV
release. Our cwESR and fluorescence experiments are not inconsistent with this model. Our
pulsed ESR distance measurements, however, would be expected to exhibit both inter- and
intra-molecular distances in the case of an oligomer pore structure, and we do not observe
this. However, the pulsed ESR experiments were only performed using SUVs composed of
DO lipids, whereas Courtney et al.37 used LUVs or GUVs composed of DO lipids. Indeed,
for CTD samples with LUVs containing DO lipids, we observed sample precipitation,
which would be consistent with a membrane disruption/remodeling process. That we do not
observe this for SUVs composed of either PO or DO lipids may result from the already very

J Mol Biol. Author manuscript; available in PMC 2024 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grasso et al.

Page 10

high curvature of these vesicles, which appears to match the diameter of vesicles remodeled
from larger structures.3” The lipid composition and curvature dependence of such processes
remain to be characterized in greater detail.

There are both similarities and differences in the membrane-bound structures of the mCpx1
CTD and the wCpx1 CTD (Figure 9(A)). In the absence of lipids, both CTDs are largely
disordered outside of a helical AH2 region. The AH2-motif helix is significantly longer

in the mCpx1 CTD and is separated from the helical AH-motif by 25 residues vs. only

6 residues in wCpx1. It should also be noted that though the chemical shifts in the AH2-
motif region in the mCpx1 CTD are consistent with helical structure formation, the region
does not show inter-residue NOEs or strong indications of structure in ps-ns relaxation
measurements, suggesting that the region might be forming a transient or highly flexible
helix. At present, the role the AH2-motif in complexin function is unclear.

Both the mCpx1 wCpx1 CTDs feature a helical AH-motif when bound to micelles or SUVS,
but this helical structure is considerably shorter in the mCpx1 CTD (~10 residues) than

in wCpx1 (~27 residues).?! Helix formation by the wCpx1 AH-motif requires membrane
bilayers with high curvature or unsaturated acyl chains; mCpx1 binds only very weakly to
LUVs composed of PO lipids even at very high lipid concentrations (Figure 8(B)), with

CD data indicating no secondary structure formation (Figure S8), suggesting that helix
formation in the mCpx1 AH-motif may also depend on membrane curvature, likely because
of associated membrane packing defects.

We previously reported that the CT-motif of the mCpx1 CTD likely forms helical structure
in its micelle-bound state based on chemical shifts and computational modelling.3438 Here
we substantiated this observation using measurements of NOEs and backbone dynamics,
and, most importantly, extended it to the SUV-bound protein using ESR and fluorescence
experiments. The mCpx1 CT-motif differs from that of wCpx1, which remains unstructured
when bound to membranes. Notably, the mCpx1 CT-maotif is unable to substitute for the
wCpx1 CT-motif in living worms.38 an observation that was somewnhat puzzling in the
absence of more complete structural information for the mCpx1 CTD.

In light of the new results presented here, the structural differences between the CTDs of the
mCpx1 and wCpx1 proteins suggest an intriguing possibility for the functional differences
between the proteins. We previously showed that the mCpx1 AH-motif cannot replace the
much longer wCpx1 AH-motif.38 We also noted that the helical structure of the wCpx1
AH-motif exhibits a pi-bulge centered around G116,3441 and that this bend or kink in the
longer AH-motif helix is functionally important.#> Our results now indicate that the mCpx-1
AH- and CT-motifs together form a nearly continuous helical structure. We posit that that
the PGP sequence separating the two helical motifs in the mCpx1 CTD may play a similar
role to that of G116 in wCpx1 by generating a kinked helical structure. This is supported

by our DEER measurements indicating that the SUV-bound CT-motif is not co-linear with
the AH-motif in the SUV-bound state. In this case, residues 115-134 of mCpx1 may in fact
constitute a single AH-motif analogous to that of wCpx-1, while the CT-motif of the worm
protein may be entirely lacking in the mouse protein. This would explain both the failure

of the mouse CT-motif to substitute for the worm CT-motif, as well as the failure of the
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previously delineated mouse AH-motif, which we now propose is incomplete, to substitute
for the worm AH-motif. Finally, we have shown that the worm CT-motif is critical for the
inhibitory function of wCpx1. If mCpx1 is lacking an analogous CT-motif, this may explain
the highly circumscribed inhibitory activity of the mouse protein.

Additional possibilities exist for how the structural features of the mCpx1 CTD underlie
functional divergence from the wCpx1 CTD. While the CT-motif is critical for both CTD
lipid binding and inhibitory function in wCpx1, disrupting the structural features of the AH-
motif generates a similar phenotypes /7 vivo3® but only disrupts CTD lipid binding within
locally.3* These data suggest that the AH-motif helix plays a role beyond contributing to
lipid binding, such as interacting with a binding partner. The dissimilarities in the structural
features of the mCpx1 AH-motif compared to that of wCpx1 may preclude such interactions
when the mCpx1 AH-motif is substituted in living worms.

There is a single dominant worm complexin, while there are two dominant splice isoforms
in flies and four isoforms in mammals,5:18:25.46-48 3| of which show wide sequence
variation in their CTDs (Figure 9(B)). Complexin CTDs also feature known isoform-
specific post-translational modifications (PTMs) with the potential to alter lipid or protein
interactions, including farnesylation and phosphorylation.3246-51 Fly complexin represents
a particularly intriguing target for future research in that its two dominant isoforms diverge
only in their C-termini, with one isoform (7A) containing a farnesylation motif while the
other isoform (7B) does not.#’~48 We previously analyzed the putative AH-motif of fly
complexin 7B (fCpx7B) and showed that it likely resembles the AH-motif of wCpx1,
being longer than that of mCpx1 and featuring a glycine residue that likely results in a
kinked helix.36:41 However, a potential fCpx7B CT-motif, demarcated by a proline residue
following the putative AH-motif (Figure 9(B)), bears some resemblance to the mCpx1
CT-motif (PLRNLF vs. PLOQDMFKK) and would form a highly amphipathic helix. Removal
of fly complexin results in a massive increase in spontaneous neurotransmitter release

at fly neuro-muscular junctions,17:3945 suggesting that fly complexin may more closely
resemble the worm protein, but the contributions of the individual fly isoforms, 7A and
7B, to inhibition of release is complex.4”49 Future studies of these differing isoforms and
comparison with other prenylated and unprenylated variants may help further bridge the
gaps in our understanding of the divergent functions of complexins.

Notably, phosphomimetic mutations of complexin at known phosphorylation sites modulate
the recently reported ability of the mCpx2 CTD to form or stabilize pores in membranes.3’
Different complexin variants and modifications offer opportunities to explore the
connections between CTD structure and membrane interactions and complexin function and
how these connections vary between vertebrates and invertebrates. The detailed structural
insights we have provided here for the mCpx1 CTD and comparison of these with similar
insights obtained previously for the wCpx1 CTD have begun to shed light on potential
structural bases for functional differences between these proteins.
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Materials and Methods

Protein expression and purification:

Proteins were expressed and purified as described previously.34 In brief, hiss-SUMO tagged
constructs were expressed at 37 °C in BL21 (DE3) cells in either LB or isotopically-
enriched minimal medium, induced with IPTG between O.D. ~ 0.6-0.8 and spun down after
3-4 hours. Cells were lysed by sonication and the cell lysate was centrifuged at 40,000

rpm for 30 min — 1 hour. The supernatant was then passed over a NiNTA column and the
hisg-SUMO tag was cleaved with SUMO protease. A second run of the NiNTA column
removed the hisg-SUMO tag. Proteins were then dialyzed into dH,O through multiple
rounds of dialysis, lyophilized, and stored at =20 °C. All isotopes were purchased from
Cambridge Isotope Laboratories.

Liposome preparation:

All lipids were purchased from Avanti Polar Lipids and stored at —20 °C. Lipids were mixed
and residual solvent removed under vacuum for 1-2 hours. To prepare SUVs, the lipid
mixtures were resuspended in buffer, clarified via bath sonication, and ultracentrifuged at
60,000 rpm for 1 hour. To prepare LUVS, the lipid mixtures were resuspended in buffer,
subjected to ten successive rounds of freeze—thaw in liquid nitrogen-warm water baths, and
extruded 21 times through polycarbonate films with a pore size of 200 nm in a 1 mL Avanti
Mini-Extruder (Avanti Polar Lipids). Lipid mixtures were stored at 4 °C and used within one
week of lipid preparation. Lipid concentrations are based on the amount of lipid added in the
initial mixture.

NMR assignments and data analysis:

NMR spectra were processed using NMRpipe,>2 analyzed using NMRFAM-sparky,>3 and
NMRbox.>* TALOS-N was used to generate secondary structure predictions.>> ACa.-ACP
calculations were performed by subtracting experimentally determined Ca and CP values
for the mCpx1 CTD from random coil values calculated using Poulsen IDP/IUP random
coil chemical shifts.56-80 The unbound mouse complexin CTD was assigned using triple
resonance data collected with 1.3 mM {1°N-13C} mCpx1 CTD (residues 71-134) at

10 °C on a Bruker Avance |11 spectrometer at 700 MHz (*H) (New York Structural

Biology Center) using HNCACB (16 transients, 144 (13C) x 64 (°N) x1024 (1H) complex
points), CBCA(CO)NH (16 transients, 144 (13C) x 64 (1°N) x1024 (*H) complex points),
HN(CA)CO (16 transients, 128 (13C) 64 (1°N) x1024 (H) complex points), and HNCO

(8 transients, 96 (13C) x 64 (15N) x1024 (*H) complex points) spectra. The micelle-bound
mouse complexin CTD was assigned using triple resonance data collected with 500 pM
{15N-13C} mCpx1 CTD (residues 71-134) + 60 mM DPC at 40 °C with {15N-13C} labeled
mCpx1 CTD on a Bruker Avance I11 spectrometer at 600 MHz (*H) (Weill Cornell NMR
core), using CBCA(CO)NH (16 transients, 128 (13C) x 70 (*N) x1024 (1H) complex
points), HNCA (16 transients, 96 (13C) x 70 (1°N) x1024 (*H) complex points), HNCACB
(16 transients, 128 (13C) x 70 (1°N) x1024 (*H) complex points), HN(CA)CO (16 transients,
94 (13C) x 74 (15N) x1024 (*H) complex points), HNCO (16 transients, 112 (13C) x 70
(15N) x1024 (*H) complex points), and HN(CACO)NH (32 transients, 60 (1°N) x 60 (15N)
x1024 (*H) complex points) spectra. HSQC-NOESY-HSQC and NOESY-HSQC spectra

J Mol Biol. Author manuscript; available in PMC 2024 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grasso et al.

Page 13

were collected with 500 pM {3*N-2H} mCpx1 CTD + 60 mM DPC at 40 °C (24 transients,
96 (1°N) x72 (1°N) x1024 (*H) complex points, Ty = 150 ms) and 40 °C (16 transients,
256 (1H) x 64 (1°N) x 1024 (1H) complex points, tmix = 100 ms), respectively, on a Bruker
Avance spectrometer at 800 MHz (*H) (New York Structural Biology Center). Temperature
series of both free and micelle-bound mCpx1 CTD facilitated the transfer of assignments in
the lipid-binding region of the protein to spectra collected at different temperatures. CSPs
were calculated using standard equations,%! with a = 0.14:

46 = ,/%(5%{ +(a 5)%\,)

Intensity ratios for SUV-bound mCpx1 CTD relative to unbound mCpx1 CTD were
performed using 200 pM 15N-labeled mCpx1 CTD (32 scans, 174 (1°N) x2048 (1H)
complex points), 200 uM 15N-labeled mCpx1 CTD + 10 mM 60% DOPC/25% DOPE/15%
DOPS (32 scans, 174 (1°N) x2048 (1H) complex points), 200 uM 1°N-labeled mCpx1

CTD + 10 mM 85% POPC/15% POPS (32 scans, 174 (1°N) x2048 (*H) complex points)
collected at 10 °C with on a Bruker Avance 111 spectrometer at 600 MHz (*H) (Weill Cornell
NMR core). Intensity ratios for LUV-bound mCpx1 CTD relative to unbound mCpx1 CTD
were performed using 200 uM 1°N-labeled mCpx1 CTD (32 scans, 174 (1°N) x2048 (*H)
complex points), 200 uM 15N-labeled mCpx1 CTD + 20 mM 60% DOPC/25% DOPE/15%
DOPS (32 scans, 174 (1°N) x2048 (*H) complex points), 200 pM 1°N- labeled mCpx1 CTD
+0.5mM, 1 mM, 5 mM or 20 mM 85% POPC/15% POPS (32 scans, 174 (1°N) x2048
(*H) complex points), 50 uM 1°N-labeled mCpx1 CTD (256 scans, 174 (1°N) x2048 (1H)
complex points), and 50 uM 15N-labeled mCpx1 CTD + 15 mM 85% POPC/15% POPS
(256 scans, 174 (1°N) x2048 (1H) complex points) collected at 10 °C with on a Bruker
Avance |11 spectrometer at 600 MHz (XH) (Weill Cornell NMR core).

NMR relaxation experiments:

NMR ps-ns relaxation experiments were collected with 200 uM 15N-labeled mCpx1 CTD
with and without 71 mM DPC micelles (Avanti) in 20 mM phosphate, pH 6.1, 100 mM
NaCl, 1 mM TCEP, 5% D,0O. Experiments were collected at 10 °C (free) and 40 °C
(micelle-bound) on a Bruker Avance Spectrometer at 800 MHz (*H) and on a Bruker Avance
Spectrometer at 900 MHz (*H) (New York Structural Biology Center). Data were analyzed
using NMRFAM-sparky®3 and the sparky2rate script in NMRbox>* to analyze the data in
CurveFit.62

R; measurements were collected at 800 MHz (*H) using delays of {0.001, 0.08, 0.2, 0.4, 0.6,
0.8, 0.9, 0.2}s with recycling delays of 1.5 s, 32 scans and 148 (1°N) x 1024 (1H) complex
points for the free protein and {0.001, 0.08, 0.1, 0.2, 0.4, 0.6, 0.7, 0.1}s with recycling
delays of 1.6 s, 32 scans and 200 (1°N) x 1024 (*H) complex points for the micelle-bound
protein. R; measurements were collected at 900 MHz (*H) using delays of {0.001, 0.08,
0.1,0.2,0.4, 0.6, 0.8, 0.2}s with recycling delays of 2.5 s, 16 scans and 240 (1°N) x 1024
(*H) complex points (900 MHz) for the free and micelle-bound proteins. R, measurements
were collected at 800 MHz (*H) using delays of {0, 0.016, 0.032, 0.064, 0.096, 0.112, 0.128,
0.032}s with recycling delays of 2 s, 32 scans and 200 (1°N) x 1024 (*H) complex points
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for the free protein and {0, 0.016, 0.032, 0.064, 0.080, 0.096, 0.112, 0.032}s with recycling
delays of 2 s, 32 scans and 200 (1°N) x 1024 (1H) complex points for the micelle-bound
protein. £, measurements were collected at 900 MHz (*H) using delays {0, 0.016, 0.032,
0.064, 0.08, 0.096, 0.112, 0.032}s with recycling delays of 2.5 s, 24 scans (free) or 32

scans (micelle-bound) and 240 (1°N) x 1024 (*H) complex points (900 MHz). {°N-1H}
heteronuclear NOE experiments were collected at 800 MHz (1H) in triplicate with saturation
periods of 4 s with an additional 2 s recycling delay for a total interscan delay of 6 s and
control experiments were collected with a total interscan delay of 7 s with 48 scans and 192
(15N) x 1024 (*H) complex points for both free and micelle-bound proteins.

SUV-bound R, measurements were collected at 800 MHz (*H) with 190-200 uM 15N-
labeled mCpx1 CTD and 2.8 mM SUV composed of 60% DOPC/25% DOPE/15% DOPS or
3 mM SUV composed of 85% POPC/15% POPS in in 20 mM phosphate, pH 6.1, 100 mM
NaCl, 1 mM TCEP, 0.1 mM EDTA, 5% D,0. Experiments were collected using delays of
{0.016, 0.032, 0.064, 0.080, 0.096, 0.112, 0.032}s with recycling delays of 2.4 s, 32 scans
and 214 (*>N) x 1024 (*H) complex points. Relaxation rates for the SUV-bound protein
were subtracted from the free protein to evaluate the change in £ upon SUV binding.

CD spectroscopy:

CD spectra were collected at 25 °C using an AVIV Biomedical Model 410CD Spectrometer
with one nm wavelength steps from 300 nm to 190 nm, 1 scan with a 5 second averaging
time, and a two minute temperature equilibration. The CD buffer was 20 mM sodium
phosphate, pH 6.1, 100 mM NaCl. Protein concentrations were calculated using A280
values, with an extinction coefficient of 1,490 M~1 cm~1 based on the CTD amino acid
sequence, and all spectra were collected with an estimated protein concentration of 80-200
UM.

Fluorescence Experiments:

Tryptophan fluorescence emission spectra were collected as described previously.83
Tryptophan fluorescence was excited at 295 nm and emission spectra were collected from
300-500 nm on a SpectraMax M5 plate reader (Molecular Devices). Each well contained
20 pM mCpx1 CTD and 1 mM 85% POPC/15% POPS in 50 mM Tris-Cl, pH 8.0, 150

mM NaCl, 5 mM EDTA. The wavelength of maximum fluorescence was determined by
fitting individual tryptophan fluorescence spectra from four data sets as described in.54 The
shift in maximum fluorescence was calculated by subtracting the maximum fluorescence
for lipid-bound mCpx1 CTD from the maximum fluorescence of unbound mCpx1 CTD for
individual datasets. The change in the wavelength of maximum fluorescence was fit to the
following equation.

AWavelengtho f Max Fluorescence = A * sin|2 * z * L +B|+C
periodicity

where N is the residue number, A is a scaling factor, B is a phasing correction, C is an offset
and periodicity is the periodicity of the sin wave. The periodicity was either fixed to 3.6
or globally fit for all the data sets. B was globally fit among all the data sets, while A and
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C were set as local parameters for fits of each data set. Data were fit using Mathematica
software (Wolfram).

Power saturation ESR:

The CW-ESR spectra were collected on an ELEXSYS ESR spectrometer (Bruker
Instruments, Billerica, MA) at X-band (9.5 GHz) at RT. The proteins were spin labeled using
MTSL (S-(2,2,5,5-tetramethyl-2, 5-dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate)
as previously described.34 The power saturation continuous wave ESR measurements were
performed as reported previously.* All experiments were done at least in duplicate or
triplicate to ensure reproducibility. Phi parameters were fit using the following equation.

N

= A*si ook Y
@=A*sin|2% 7 periodicity+B)+C

where N is the residue number, A is a scaling factor, B is a phasing correction, C is an offset
and periodicity is the periodicity of the sin wave. A, B and C were floated during the fit,
while the periodicity was either fixed to 3.6 or floated during the fit. Data were fit using
Mathematica software (Wolfram).

Double electron—electron resonance (DEER) spectroscopy.

Approximately 50 uM double spin-labeled proteins were incubated with 10 mM SUVs
(60% DOPC/25% DOPE/15% DOPS) or DPC micelles for 10 minutes at 25 °C. Deuterated
glycine was added to reach a final concentration of 20% (w/v). The samples were transferred
to an ESR tube and rapidly frozen in liquid nitrogen. Standard four-pulse DEER ESR
experiments were performed using a Bruker 34 GHz Q-band ELEXSYS ESR spectrometer
(Bruker Instruments, Billerica, MA) at 60 K. A pulse sequence with w/2-r - = pulse widths
of 16 ns, 32 ns and 32 ns, respectively and a 32 ns it pump pulse was routinely used or
adjusted by the standard setup experiments. Typical evolution times were 6 us with signal
averaging from 8-10 hours. The distances were reconstructed from the baseline-subtracted
signals using the singular value decomposition (SVD) method.5% The distance distribution

is further fitted by a Gaussian distribution to obtain the position and width of the peak. The
data were analyzed using Origin (OriginLab Inc.). All DEER experiments were done at least
in triplicate to ensure reproducibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used:

SVs synaptic vesicles

NTD N-terminal domain

AHD accessory helical domain

CHD central helix domain

CTD C-terminal domain

ID intrinsically disordered

wCpx1 worm (Caenorhabditis elegans) complexin 1
AH amphipathic helix

CT C-terminal motif

mCpx1 mouse (Mus musculus) complexin 1

SUvV small unilamellar vesicle

LUV large unilamellar vesicle

NMR nuclear magnetic resonance

CD circular dichroism

ESR electron spin resonance

CcWESR continuous wave ESR

DEER double electron—electron resonance

DPC dodecylphosphocholine

POPC 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
DOPC 1,2-dioleoyl-sn-gly cero-3-phosphocholine
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoe thanolamine
DOPS 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
DO 1,2-dioleoyl
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Figure 1. The complexin CTD isessential for complexin regulation of SNARE-mediated
exocytosis.
(A) Complexin is comprised of four domains, all of which play specific roles in the

function of the protein. (B) Through its interactions with and ability to preferentially bind
highly curved membranes, the CTD is thought to tether complexin to synaptic vesicles
(left) to facilitate its regulatory interactions with the SNARE complex (right). The CTD
has been shown to have sub-domains that facilitate its interactions with highly-curved
vesicles. Previous structural characterizations of worm complexin 1 (wCpx1) indicate that
an amphipathic helix (AH) forms in the presence of highly curved vesicles, while the C-
terminal (CT) motif also binds to vesicles but remains unstructured. A second amphipathic
helix (AH2) retains structure even in the absence of vesicles. (C) The sequences of the
CTDs of worm complexin 1 (above) and mouse complexin 1 (below) reveal little or no
conservation between the two, but putative AH- and CT-motifs have been identified in the
mCpx1 CTD (underlined), in analogy to the motifs previously characterized for the worm
protein (bold).3441
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Figure 2. NMR spectra of mCpx1 CTD exhibit changesfor theterminal 20 residuesin the
presence of DPC micelles.
(A) Clear differences in the C-terminus of the mCpx1 CTD are evident in 2D {!°N-1H}

HSQC spectra in the absence (black) and presence (red) of DPC micelles. Spectra were
collected with 200 pM 15N-labeled mCpx1 CTD in the absence or presence of 71 mM DPC
micelles at 600 MHz (H) at 10 °C. (B) Chemical shift perturbation (CSP) plots for free

vs micelle-bound mCpx1 CTD emphasize that the C-terminal ~ 20 residues constitute the
only region of the protein with significant changes. (C) In addition to a global decrease in
resonance intensity for the micelle-bound mCpx1 CTD, the C-terminal ~ 20 residues show
greater intensity decreases. Residues with significant degeneracy impacting the intensity
ratio are indicated by pink stars and prolines are indicated by purple stars.
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Figure 3. The mCpx1 CTD formshelical structurein both the AH- and CT-motifsin the
presence of DPC-micelles.
(A) CD spectra of free mCpx1 CTD (black, 90 uM) and mCpx1 CTD in the presence of 65

mM DPC (red) indicate that the micelle-bound CTD has a higher helical content than the
free protein, with shifts in signal near 208 nm and 220 nm consistent with an increase in
helical structure. (B) TALOS-N predicts helical structure near the N-terminus of free mCpx1
CTD, indicating a motif corresponding to the AH2-motif previously observed for worm
complexin 1. There is a region with slight propensity for beta-strand secondary structure
for residues 120-124. (C) TALOS-N predicts the formation of two helical regions in the
CTD in addition to the helical AH2 region in the presence of DPC-micelles. These helices
correspond to the putative AH- and CT-motifs. Clear NOEs between i and i £ 1 residues
are present in (D) {*H-15N-1H} NOESY and (E) {**N-15N-1H} NOESY spectra for the
micelle-bound mCpx1 CTD from residues 113-124 and 128-133, consistent with expected
NOEs for a-helices.
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Figure4. The mCpx1 CTD formshelical structurein both the AH- and CT-motifsin the
presence of DPC-micelles.

(A) Ry, (B) R and (C) heteronuclear NOE data for free (black, 10 °C) and DPC micelle-
bound (red, 40 °C) mCpx1 CTD collected at 800 MHz (*H) are consistent with increased
rigidity in the terminal 20 residues of the protein in the presence of micelles.
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Figure 5. The C-terminus of the mCpx1 CTD interactswith SUVs.
(A) 2D {1*N-1H} HSQC spectra reveal significant changes in the C-terminal region of

the mCpx1 CTD in the presence of 10 mM 60% DOPC/25% DOPE/15% DOPS (blue)

and 10 mM 85% POPC/15% POPS (cyan) relative to the free protein (black). All spectra
were collected using 200 pM protein at 600 MHz (H) at 10 °C. (B) Peak intensities of
SUV-bound mCpx1 CTD were specifically attenuated for the ~ 20C-terminal residues of
the protein in the presence of both vesicle compositions, consistent with the effects seen in
DPC-micelle bound spectra. Smaller changes are also evident near the N-terminus. Residues
with significant degeneracy impacting the intensity ratio are indicated by pink stars and
prolines are indicated by purple stars. (C) CD spectra for the mCpx1 CTD in the absence
(black) and presence of either 10 mM 60% DOPC/25% DOPE/15% DOPS (blue) and 10
mM 85% POPC/15% POPS (cyan) indicate the formation of additional helical structure in
the presence of SUVs, with alterations in signal near 208 and 220 nm consistent with a shift
from random coil structure to helical structure.
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Figure 6. Power saturation continuous wave ESR data are consistent with the formation of two
helical structuresin the CTD in the presence of SUVs.

(A) Power saturation continuous wave ESR analysis of residues 113-134 of mCpx1 CTD
are consistent with a.-helical structure. The insertion depth parameter, @, is shown for
individual residues in the CTD labeled with MTSL and indicates the ratio of accessibility for
that residue to O, or NiIEDDA (@ = In(Tlp»/TInjeppa), With higher values indicating greater
partitioning to the membrane. Sine function fits are shown using either a fixed periodicity of
3.6, characterstic of ideal a-helical structure (black, R? = 0.41) or a floating periodicity (red,
periodicity 3.84, R2 = 0.61). Helical wheel representations of the last 20 amino acids of the
CTD partitions the nonpolar residues (yellow) from the polar and charged residues (blue),
with a hydrophobic face of the helix flanked by prolines (orange), although a few polar and
apolar residues cross the boundary. (B) Sine function fits to the AH-motif alone (residues
114-124) using a fixed periodicity of 3.6 (black, R2 = 0.64) or allowing the periodicity

to float (red: periodicity = 4.09, RZ = 0.90) give improved R? values, and constraining

the helical wheel representation to the AH-motif region alone generates a well-defined
hydrophobic face. (C) Similar fits of the CT-motif alone (residues 128-134) using a fixed
periodicity of 3.6 (black, R2 = 0.86) or allowing it to float (red, periodicity = 3.67, R =
0.86) also yield improved R? values and this region also produces an amphipathic helical
wheel plot.
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Figure 7. Trp-fluorescence captures membrane inter actions of the mCpx1 CTD
(A) Shift in maximum fluorescence (Max Fluorescence Free — Max Fluorescence SUV-

bound) for the mCpx1 CTD shows a clear periodicity, particularly for residues 115-125,
suggesting that the Trp fluorescence captures the partitioning of residues into membrane or
solvent. Data are shown for a representative dataset using SUVs composed of 85% POPC/15
%POPS. (B) The combined data sets for the AH-motif are well fit to helical structure (red:
floating periodicity = 3.98, R2 = 0.69, black: fixed periodicity = 3.6, RZ = 0.67), as are the
data for the CT-motif (C) (red: floating periodicity = 3.68, R2 = 0.76, black: fixed periodicity
=3.6, R2=0.76). (D) The data for the entire AH- and CT-motif region are not fit as well
using a continuous helical structure (red: floating periodicity = 3.83, R? = 0.50, black: fixed
periodicity = 3.6, R2 = 0.43).
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Figure 8. Interactions between mCpx1 CTD and L UVsdepend on lipid composition
(A) 2D {1°N-1H} HSQC spectrum of the mCpx1 CTD in the presence of LUVs composed

of 85% POPC/15% POPS (cyan) did not reveal discernable differences relative to the
mCpx1 CTD in the absence of any lipids (black). In contrast, in the presence of LUVS
composed of 60% DOPC/25% DOPE/15% DOPS (blue) there is a significant attenuation
of peak intensities, particularly for peaks corresponding to residues near the C-terminus
of the mCpx1 CTD. Spectra were collected with 200 uM 1°N-labeled mCpx1 CTD in the
absence or presence of 20 mM 85% POPC/15% POPS (cyan) or 20 mM 60% DOPC/25%
DOPE/15% DOPS (blue) at 600 MHz (*H) at 10 °C. (B) Small differences in peak

intensity ratio are observed for the C-terminal ~

20 residues of mCpx1 CTD bound to

LUVs composed of 85% POPC/15% POPS relative to the free protein, indicating a weak
interaction in this region. (C) Peak intensities of mCpx1 CTD in the presence of LUVs
composed of 60% DOPC/25% DOPE/15% DOPS are significantly attenuated relative to the
free protein for nearly all residues. In the presence of either 20 mM (lighter blue) or 10 mM
(darker blue) 60% DOPC/25% DOPE/15% DOPS LUVs, there is both a global decrease in
peak heights, as well as a specific attenuation of signal in the C-terminus of the protein that
is concentration dependent. Interestingly, there is also a significant reduction in peak heights
in the AH2 region, suggesting a possible interaction between this region and the LUVs.
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Figure9. The CTD of mCpx1lisstructurally distinct from the CTD of wCpx1.
(A) In the absence of highly curved membranes, both the wCpx1 and the mCpx1 CTDs

are largely disordered, though both feature a helical AH2-motif, which is longer in mCpx1.
In the presence of micelles, both wCpx1 and mCpx1 CTDs form helical AH-motifs. This
structure is shorter in the mCpx1 CTD and is separated from the AH2 region by a longer
sequence of amino acids. The CT-motif in wCpx1 remains disordered when it binds to
membranes. In contrast, the CT-motif of the mCpx1 CTD adopts helical structure in the
presence of membranes. It is also possible that the AH- and CT-motifs of mCpx1 may form
a single functional unit that corresponds to the wCpx1 AH-motif, and that mCpx1 does

not contain a functional equivalent of the wCpx1 CT-motif. (B) There are both differences
and similarities between the sequences of complexin CTDs across evolutionary space. An
AH-motif (pink where confirmed, underlined where predicted) appears to be conserved

in many species, while the presence of AH2- (purple) and CT-motifs (maroon) are less
clear.36:38 The presence of CAAX-box farnesylation motifs (e.g. fly complexin 7A and
mouse complexin 3 and 4) may offer an alternative to the wCpx1 CT-motif and suggests
sub-families in which conservation between different isoforms remains to be more carefully

explored.
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