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Abstract

C2 domains are independently folded modules that often target their host proteins to anionic
membranes in a Ca2*-dependent manner. In these cases, membrane association is triggered by
Ca?* binding to the negatively charged loop region of the C2 domain. Here, we used a non-native
metal ion, Cd2*, in lieu of Ca2* to gain insight into the contributions made by long-range
Coulombic interactions and direct metal ion-lipid bridging to membrane binding. Using X-ray
crystallography, NMR, FRET, and vesicle co-sedimentation assays, we demonstrate that, although
Cd2* binds to the loop region of C2A/B domains of Synaptotagmin 1 with high affinity, long-
range Coulombic interactions are too weak to support membrane binding of individual domains.
We attribute this behavior to two factors: the stoichiometry of Cd2* binding to the loop regions of
the C2A and C2B domains and the impaired ability of Cd2* to directly coordinate the lipids. In
contrast, EPR experiments revealed that Cd%* does support membrane binding of the C2 domains
in full-length Synaptotagmin 1, where the high local lipid concentrations that result from
membrane tethering can partially compensate for lack of full complement of divalent metal ions
and specific lipid coordination in Cd2*-complexed C2A/B domains. Our data suggest that long-
range Coulombic interactions alone can drive the initial association of C2A/B with anionic
membranes, and that Ca2* further augments membrane binding by the formation of metal ion-lipid
coordination bonds and additional Ca2* ion binding to the C2 domain loop regions.
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Ca?*-dependent phospholipid-binding C2 domains 2 are integral structural elements of the
proteins involved in signal transduction and membrane trafficking.3-6 The regulation of
numerous cellular activities such as neurotransmitter release, cellular growth, and
transcription depends on the interaction of these effector proteins with membranes via C2
domains.”- 8 Therefore, understanding the mechanism of how C2 domains interact with lipid
membranes is a crucial step towards elucidating their molecular role in cellular signal
transduction. In this work, we used the C2A and C2B domains of Synaptotagmin 1 (Sytl), a
major Ca?* sensor of evoked neurotransmission,® to gain insight into the determinants of
C2-membrane interactions.

The core of C2A/B domains has a characteristic p-sandwich fold that consists of 8
antiparallel B-strands, connected by loop regions (Figs. 1A and 2A).10: 11 The Ca?*-sensing
function of Syt1 resides on the aspartate-rich loops at the tips of C2A/B domains that can
bind up to 3 (C2A) and 2 (C2B) Ca2* ions.12: 13 Ca2* binding triggers the peripheral
interaction of the C2 domains with membranes containing anionic phospholipids, such as
phosphatidylserine (PtdSer),14-17 but has a negligible effect on the average conformation of
the protein backbone.11. 18-20 Rather, interactions with metal ions attenuate the dynamics of
the loop regions that have considerable flexibility in the apo forms of C2 domains.21: 22

Calcium has been proposed to promote C2-membrane association by two different
mechanisms. First, Ca2* binding makes the C2 domain more electropositive, by neutralizing
the negatively charged loop region.18: 23 Second, Ca?* acts to bridge the C2 domain to
membranes by directly coordinating negatively charged lipid head groups.24-26 In the former
Ca?" acts as a general “electrostatic switch” to promote long-range Coulombic interactions
with negatively charged membranes. In the latter Ca2* plays a specific role that involves the
rearrangement of its coordination sphere. In addition to electrostatics, hydrophobic
interactions mediated by residues surrounding the loop regions contribute to the C2-
membrane interaction.2. 28

Although the dominant role of electrostatics in the C2-membrane interactions is well
established, the contributions made by these general and specific roles of Ca2* remain
unclear. For instance, mutations that disrupt Ca2* binding to the C2A domain of Syt1
implicate the Ca2*-induced change in the electrostatic surface potential as a major factor.2°
Alternatively, the finding that charge-reversal mutations mimicking Ca2* binding cannot
support membrane interaction of the C2 domain in PKCpII points towards the importance of
direct metal-lipid bridging.3° In this context, CaZ* surrogates in the form of non-native
divalent metal ions can be used as valuable tools to gain insight into the contribution of long-
range Coulombic interactions and metal ion-lipid bridging to membrane binding.

We previously demonstrated that toxic heavy metal ions, Cd2* and Pb2*, bind to the C2
domain of PKCa with higher affinity than Ca2*.31: 32 Both metal ions bind to the loop
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region of the C2 domain with the same stoichiometry as Ca2*. However, the functional
consequences are strikingly different: PbZ* supports the C2-membrane interactions, whereas
Cd2* does not. We attributed this behavior to the differences in Lewis acidity and
coordination preferences of Cd?* and Pb2*/Ca2*.31 We speculated that the preference for
low coordination numbers33 and soft ligands34 impairs the ability of Cd2* to directly
coordinate the oxygens of lipid head-groups. The implication of these findings is that the
long-range Coulombic interactions alone are not sufficient to drive membrane association of
the PKC C2 domain.

In the present work, we examined the two C2 domains of Sytl to determine whether the
behavior of the PKC C2 domain could be generalized to other Ca2*-dependent C2 domains.
The C2A and C2B domains share 38% sequence identity and occur in tandem in the
cytosolic part of Sytl where they are separated by an 8-residue linker. We demonstrate that
Cd2* serves as a good structural surrogate for CaZ* in the individual C2A and C2B domains,
but can support their membrane association only in the context of full-length Syt1. Our
results illustrate the significance of both, long-range Coulombic interactions and high
effective local lipid concentrations in the native protein environment, for the membrane
association of C2 domains.

EXPERIMENTAL PROCEDURES

Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (POPG), dimethyldioctadecylammonium (DDAB), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(5-dimethylamino-1-naphthalenesulfonyl) (dansyl-PE) were
obtained from Avanti Polar Lipids Inc. (Alabaster, AL). Residual divalent metal ions were
removed from all buffers with the ion-chelating resin, Chelex 100 (Sigma-Aldrich). The
stock solutions of metal ions were prepared using the following salts: Th(lll) chloride
hexahydrate (Acros Organics), Cd(1) nitrate tetrahydrate (Sigma-Aldrich), and standardized
1 M solution of Ca (1) chloride (Fluka Analytical). Sigmacote® and IgG from human serum
(both from Sigma-Aldrich) were used to coat quartz cuvettes for Th3* luminescence and
protein-to-membrane Forster resonance energy transfer (FRET) experiments, respectively.
The cDNA of murine Sytl was purchased from Open Biosystems (GE Life Sciences).

Protein expression and purification

The following Sytl domains: C2A (residues 137-265), C2B (residues 271-421), and C2AB
(residues 137-421) were cloned into a pET-SUMO vector (Novagen, Madison, WI). To
improve the SUMO protease cleavage efficiency of the C2A-containing constructs, a serine
residue was added at the N-terminus using the QuikChange mutagenesis kit (Stratagene, La
Jolla, CA). The sole cysteine residue of C2B at position 277 was replaced with a serine to
eliminate the need for reducing agents that are known to form complexes with metal ions.
The C277S variant of C2B was used for all experiments with the exception of
crystallographic studies. For the EPR and vesicle sedimentation experiments, the cytosolic
Sytl constructs included: C2A (residues 96-265), C2B (residues 249-421) and C2AB
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(residues 136-421), which were modified, expressed and purified as described previously.3°
The full-length Syt1 from R. norvegicus (1-421) was previously cloned into a pET-28a
vector with an N-terminal 6xHis tag.36 Native cysteines (C73A, C74A, C76A, C78A, C82S,
and C277S) were mutated using the QuickChange site-directed mutagenesis Kit, and single
cysteine point mutations were introduced into the cysteine-free construct using the same
method at positions M173C or V304C. DNA sequences for all mutations were verified by
DNA sequencing (Genewiz, South Plainfield, NJ). Expression and purification of all protein
is described in the Sl (section S1).

Crystallization, structure determination and refinement

The crystallization samples contained: (i) 17 mg/mL C2A and 7 mM Cd(ll) nitrate in a 20
mM MES buffer at pH 6.0; and (ii) 21 mg/mL C2B, 5 mM Cd(Il) nitrate, and 0.8 mM TCEP
in a 10 mM HEPES buffer at pH 7.0. Automated screening for crystallization was carried
out using the sitting drop vapour-diffusion method with an Art Robbins Instruments Phoenix
system in the X-ray Crystallography Core Laboratory at UTHSCSA. Crystals for Cd2*-
bound C2A were obtained from Qiagen PEGs Il Suite condition #80 (0.1 M tri-sodium
citrate, 16% polyethylene glycol 6000) at 4 °C. Crystals for Cd%*-bound C2B were obtained
from Rigaku Precipitant Synergy condition #116 (13.4% polyethylene glycol 400, 10.05%
polyethylene glycol 1000, 0.15 M potassium phosphate dibasic/sodium phosphate
monobasic pH 6.5) at 22 °C.

Data collection and refinement statistics are given in Table S1. Difference Fourier map
analysis of both structures showed that the modeled Cd?* are indeed heavy atoms when
compared to the anomalous signal observed for sulfur atoms in the proteins. Anomalous
difference Fourier peaks were observed at 23.3 and 21.4 r.m.s.d. for C2A-Cd?* and C2B-
Cd?2*, respectively. The coordinates of the Cd2* complexes were deposited in the Protein
Data Bank under accession codes 5TOR (C2A) and 5T0S (C2B).

Th3* luminescence experiments

Purified recombinant C2A and C2B were buffer-exchanged into a decalcified solution of 10
mM Bis-tris at pH 7.0 and 100 mM KCI, using PD-10 desalting columns. The luminescence
measurements were carried out on a PC1 photon counting spectrofluorometer (ISS,
Champaign, IL) at 25 °C with an excitation wavelength of 280 nm, and 1 (2) nm slit widths
on the excitation (emission) channels. A 370 nm cut-on filter was used on the emission
channel to attenuate the Trp emission and water Raman peak. The Tb3* luminescence
spectrum consists of several peaks, with the highest-intensity peak having a maximum at
545 nm (Fig. S1). Th3* binding experiments were carried out by adding the aliquots of Th3*
stock solution (buffer) to the sample (reference) cuvettes containing 2 ml of 15 uM C2A or
C2B domains. The sample dilution at the end of the experiments never exceeded 10%. The
intensity of Th3* luminescence was monitored at the maxima of its most intense emission
peak, 545 nm, with averaging over 60 measurements. The post-acquisition processing
included the correction of all intensities for dilution and subtraction of the sample and
reference signals. The standard deviation of three independent replicates was used as an
estimate of experimental error. To obtain the apparent binding affinity of Th3* to the C2B
domain, the data were fitted with the following equation:
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1/2
1= (I /2P0) | (Ka+Po+Lo) — ((Ka+Po+Lo)? — 4PgLo)" "

where [ is the intensity of Th3* luminescence at 545 nm; Imay is the intensity reached upon
full C2B saturation; and Py and Lg are the total C2B and Th3* concentrations, respectively.
For the metal ion displacement experiments, Th3*-bound proteins were prepared by adding
240 pM Th3* to 15 uM C2A and 65 UM Th3* to 15 uM C2B. The Tb3* luminescence
intensity at 545 nm was monitored as a function of increasing [M2*], where M=Ca, Cd.

Nuclear Magnetic Resonance (NMR) spectroscopy

All binding experiments were conducted at 25 °C on a Bruker AVANCE 111 NMR
instrument, operating at *H Larmor frequency of 500 MHz and equipped with a room
temperature probe. The binding of M2 (M=Ca,Cd) to [U-1°N] enriched C2A and C2B was
monitored using H-1N HSQC or SOFAST-HMQC3' spectra. The protein concentration
was 100 pM in a buffer solution containing 20 mM MES at pH 6.0, 150 mM KCl, 0.02%
NaN3, and 8% D-,0. The spectra were acquired at Ca2* concentrations ranging from 25 pM
to 40 mM, and Cd2* concentrations ranging from 25 uM to 20 mM (C2A) and 40 mM
(C2B). The spectra were processed using NMRPipe3®® and analyzed using Sparky.3° The
cross-peaks assignments were obtained from BMRB entries #4039 (apo C2A), #4041 (Ca?*-
bound C2A), and #5194 (Ca2*-bound C2B). In addition, 3D HNCACB and CBCACONH
spectra® acquired on a VNMRS NMR instrument operating at *H Larmor frequency of 600
MHz were used to verify the assignments of apo C2A. The spectra at intermediate Ca2* and
Cd?* concentrations were assigned by monitoring the trajectory of the cross-peaks in the
NMR spectra at different concentrations of M2*. The chemical shift perturbation (CSP) due
to M2* binding, A, was calculated using the following equation:

1/2

A= [Mg +(0.152A8,, )2} )

where A8y and A8y are residue-specific H and 1°N chemical shift differences between the
apo and metal ion-bound states of the proteins. Cd2* binding curves were constructed by
plotting A as a function of total Cd2* concentration. The binding curves were globally fitted
with a single-site binding model described by Eq. (1) (vide supra), except that combined
chemical shift differences were used instead of fluorescence intensities.

Protein-to-membrane FRET experiments

Membrane interactions of C2A, C2B and C2AB in the presence of Ca2* and Cd2* were
monitored by FRET between the native tryptophan residues and vesicle-embedded dansyl-
PE fluorophores, as previously described.® 41 The lipid composition of the 100 nm large
unilamellar vesicles (LUVs) was POPC:POPS:dansyl-PE=73:20:7. The buffer solution
comprising 10 mM Bis-tris at pH 7.0 and 100 mM KCI was supplemented with 1 mM TCEP
in the case of C2AB to maintain the reducing environment.
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The C2A experiments were carried out in the metal-ion titration mode, where the aliquots of
metal ion stock solutions were added to 0.5 uM C2A pre-incubated with 150 uM total lipids.
The C2B and C2AB experiments were carried out in the LUV titration mode, where the
aliquots of the LUV stock solution were added stepwise to 0.5 uM proteins pre-incubated
with 0.5 mM Ca?* or Cd2*. Because C2B has a propensity to cluster LUVSs, which in turn
significantly increases the intensity of light scattering, the total lipid concentration was kept
below 70 pM.

The change in dansyl fluorescence was monitored at 495 nm using single-wavelength
intensity scans with averaging over 60 measurements. Protein-to-membrane FRET
efficiency, AF, was calculated by subtracting the signals from sample and reference cuvettes,
with the reference cuvette containing all components except protein. The experimental error
in AF was estimated as the standard deviation in the average dansyl fluorescence of three
replicate samples. The data were plotted as AF versus total metal ion or protein-accessible
POPS concentrations. The C2A data, for which the plateau region AF,3x could be obtained
experimentally, were fitted with the following equation;

i [M2H]"
AF=AF pax <[MQ+]H+U\'12+]?/2> ®)

where [M2*] is the concentration of metal ion and n is the Hill coefficient.

Vesicle co-sedimentation and dynamic light scattering (DLS) experiments

Vesicle co-sedimentation assays were conducted independently by two laboratories (T.I.1.
and D.S.C.), as described in the Sl (section S3). DLS experiments were carried out at 25 °C
using a Malvern Zetasizer™ Nano S instrument equipped with a 633 nm He-Ne laser
source. The samples contained a mixture of 0.5 uM C2B, 100 nm-diameter LUVs (100 uM
total lipids, POPC:POPS=80:20), and 1-2 mM of M2* (M=Ca, Cd) in a 10 mM Bis-tris pH
at 7.0 and 100 mM KCI. Prior to measurements, the samples were incubated for 30 min at
25°Cor 12 hoursat4 °C.

Electron Paramagnetic Resonance (EPR) measurements

For EPR measurements, LUVs were formed from POPC:POPS=80:20 in a CaZ* free buffer
(20 mM HEPES, 150 mM KClI, pH 7.4) and either 1 mM Ca2* or Cd?* was added as
needed. EPR spectra were recorded using a Bruker X-Band EMX spectrometer (Bruker
Biospin, Billerica, MA) equipped with an ER 4123D dielectric resonator. All EPR spectra
were recorded using a 100 G magnetic field sweep, 1 G modulation, and 2.0-milliwatt
incident microwave power at a temperature of 298 K. The measurements were performed on
10-pl samples in glass capillary tubes (0.60 mm inner diameter x 0.84 mm outer diameter
round capillary; VitroCom, Mountain Lakes, NJ). The protein concentrations used were
approximately 75 uM. The phasing, normalization, and subtraction of EPR spectra were
performed using LabVIEW software provided by Dr. Christian Altenbach (UCLA, Los
Angeles, CA). Progressive power saturation of the EPR spectrum was used to determine
nitroxide membrane depth and was performed as previously described.3% 42 In this case,
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samples were placed into TPX-2 capillaries, and the values of AP, obtained in air and in the
presence of Ni(I1)EDDA were used to calculate a depth parameter, ®.16 The spin label depth
was then estimated using the empirical expression:

®=3.4tanh(0.11(x — 8.56))+1.1 (4)

where x is the distance of the spin label from the phospholipid phosphate plane in the
bilayer.43

Structural analysis of Cd2*-complexed C2A and C2B domains

The C2A and C2B domains of Syt1 bind Ca2* ions at loop regions located at the tip of the
domains.11 13 The coordinating atoms are all-oxygen, with the majority of ligands provided
by the sidechains of aspartic acids in both mono- and bidentate coordination modes. Our
first objective was to identify Cd2* binding sites on C2A and C2B domains, determine their
coordination geometry, and evaluate the conformation of the loop regions. We were able to
crystallize both domains in the Cd2*-complexed states and obtain their high-resolution
structures using X-ray crystallography. The crystallization was carried out with protein
samples pre-incubated with concentrated solutions of Cd(Il) nitrate. In both structures, there
was a single Cd2* ion bound to Syt1 domains.

The backbone superposition of the Cd2*-complexed C2A with other available C2A
structures produced r.m.s.d. values ranging from 0.9 to 1.2 A (Fig. 1A and Table S2). The
largest deviation in backbone conformation was observed for loop 1, which is tilted away
from the metal ion-binding site in the ultra-high resolution structure of the apo C2A. The
reason for these conformational differences is evident from the expansion of the loop region
(Fig. 1B): Aspl172 is rotated *“out” of the metal-ion binding site in the apo form, while in the
Cd2*-bound form Asp172 is “in”, forming a coordination bond between its sidechain
oxygen and Cd?*.

With respect to the metal ion position, Cd2* binds to what was previously identified as the
Cal site in the first NMR structure of C2A that contains 3 CaZ* ions (Fig. 1A);18 only one
Ca®* populating Cal site is shown for clarity in Fig. 1C. The major difference is the
conformation of the Asp232 sidechain that coordinates the first (and second) Ca2* ions but
not Cd2*. In the Cd2*-bound structure, the Asp232 sidechain is rotated “out”, with its place
taken by a water molecule (Fig. 1D). Altogether, Cd2* has seven oxygen ligands in its first
coordination sphere. Asp230 and Aspl172 sidechains show bidentate coordination,
contributing 2 ligands each. The other three are the backbone oxygen of Phe231, one of the
Aspl78 sidechain oxygens, and the water molecule (Table S3).

Inspection of the Cd2*-complexed C2B structure revealed that Cd2* binding alters the
conformation of loop 3. This is evident from the backbone superposition of C2B structures
(Fig. 2A) and the expansion of loop regions (Figs. 2B and C). Similar to C2A, Cd2* binds to
the Cal site of C2B and has a coordination number of 7 (Fig. 2D). Asp303 and Asp363
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serve as bidentate ligands, contributing 4 oxygens total to the coordination sphere. Asp309
and Tyr364 contribute one sidechain and one carbonyl oxygen, respectively. The 7t ligand is
the water molecule, which takes the place of the Asp365 sidechain in the Ca2*-complexed
C2B (Table S5).

In summary, under crystallization conditions we observed a single hepta-coordinated Cd2*
ion bound to the Cal site of the C2A and C2B domains. Cd?* binding slightly alters the loop
conformation of the domains in the crystalline state.

C2A and C2B bind Cd2* with higher affinity than Ca2*

FRET between native Trp residues and protein-bound Th3* is a sensitive probe of metal ion
binding sites in proteins.#4 45 We used the displacement of Th3* by Ca2* and Cd2* to
evaluate the relative affinities of these metal ions for the C2A and C2B domains. The C2A-
Tb3* binding curve (inset of Fig. 3A) shows a linear increase in Th3* luminescence at high
total Th3* concentrations. This non-saturatable behavior occurs because FRET efficiency in
Th3*-complexed C2A domain is low and comparable to the luminescence of unbound
aqueous Th3* whose concentration builds up once the protein is saturated. Since the
stoichiometry of Th3* binding to C2A is not known a priori, it is difficult to obtain a reliable
apparent Ky 1, from these data. We therefore used this curve to guide our choice of Th3*
concentration needed for displacement experiments.

Displacement of Th3* from C2A by divalent metal ions manifests itself as a steady decrease
of Tb3* luminescence (Fig. 3A and S1). At high concentrations of Cd2*, the luminescence
reaches the level of aqueous Th3*, indicating full displacement. Ca2* can displace some, but
not all Th3* from C2A. This is evident from the plateau-like region at high calcium
concentrations; the intensity of this region exceeds that of aqueous Th3*. Overall, it takes ~8
times more Ca?* than Cd2* to decrease the luminescence of Th3*-saturated C2A by 50%,
indicating that Cd?* has higher affinity to C2A than Ca?*.

In the C2B domain, the FRET efficiency significantly exceeded the luminescence of
aqueous Th3*. This resulted in a binding curve with apparent saturatable behavior that could
be fit well with a single-site binding model (inset of Fig. 3B). We obtained a Th3*
dissociation constant of 4.3+0.2 uM and used it to conduct a Scatchard-type analysis*8 of the
Th3*/Cd2* displacement data. The analysis assumes a 1:1 metal ion replacement without
additional binding events, and is therefore inapplicable to Ca2* because it has 2 binding sites
on C2B. The Scatchard-type analysis produced the dissociation constant of the C2B-Cd2*
complex, 16.3+0.2 uM, which is considerably lower than the corresponding Ca2* values of
300-600 uM.11 In summary, Th3* displacement experiments demonstrate that C2A and C2B
domains bind Cd%* with higher affinity than Ca2*.

Solution NMR experiments report on the stoichiometry and affinity of Cd2* binding

To evaluate the residue-specific response of C2A/B to Cd2* binding, we collected 1H-15N
HSQC NMR spectra of [U-15N] domains in the presence of varying metal ion
concentrations. Binding of divalent metal ions to C2 domains alters the electronic
environment of the H and 1°N nuclei in the loop regions, resulting in chemical shift
changes. When binding kinetics falls in the fast exchange regime on the NMR chemical shift
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timescale, the dependence of the chemical shift on total ligand concentration can be used to
construct binding curves and obtain the dissociation constants.

We found that Cd2* binding kinetics is either fast or intermediate-to-fast for the majority of
metal-ion responsive residues in C2B and C2A. This is illustrated by the expansions of

the 15N-1H HSQC spectra of the C2A (Fig. 4A) and C2B (Fig. 5A), where several cross-
peaks follow a smooth trajectory in response to increasing Cd2* concentration. For both
domains, one can clearly discern the presence of two types of Cd2* binding events: one that
occurs in the “low” Cd2* concentration regime (< 1 mM, color-coded as a blue-red
gradient); and the other one that occurs in the “high” concentration regime (1-40 mM, color-
coded gray). For both binding studies, we used 100 uM C2A/B.

C2A has three Ca2* binding sites with affinities of 54-75 uM, 530 pM, and ~20 mM at pH
7.4/100 mM NaCl.13: 49 Under our experimental conditions (pH 6.0/150 mM KCI), the
dissociation constants of Ca2* increased ~4-5 fold due to competition with protons, to
230+11 uM and 1.59+0.05 mM for the first and second sites, respectively (section S5). Cd2*
binding curves constructed for the C2A domain in the low-concentration regime could be
fitted well with a single-site binding model, producing the K4 of 50+£2 uM (Fig. 4B). This
represents a ~5-fold increase in affinity to site 1 compared to Ca2*. At >1 mM Cd2*, we
observed chemical shift changes for a number of residues indicating the presence of low-
affinity Cd2* interactions with C2A (Fig. 4A). This is illustrated in the N-H chemical shift
perturbation plot that separates out low and high Cd?* concentration regimes (Fig. 4C). The
low-affinity binding data cannot be fitted reliably due to the absence of a plateau region.
Therefore, we can only provide an estimate of >10 mM for the Kgy. This represents a >6-fold
decrease in affinity of Cd2* to site 2 compared to Ca?™.

C2B has two Ca?" sites whose affinities were estimated to be 300-400 and 500-600 pM at
pH 6.3/150 mM NaCl,11 and 600-700 and 700-800 puM at pH 6.0/150 mM KCI (section
S5). In our Cd?* binding experiments, we were able to discern two distinct binding events
(Fig. 5A). The first event occurred in the micromolar-low millimolar range of Cd2*. The
binding curves showed clear saturatable behavior and could be globally fitted with a single-
site binding model that produced a dissociation constant of 30+1 uM (Fig. 5B), in good
agreement with the K value obtained from Th3* displacement experiments. This exceeds
>20-fold the affinity of Ca2* to C2B. The second binding event occurred at high mM
concentrations of Cd?*. Several loop residues, including Met302, 11e367, and Gly368 (see
Fig. 5A), showed titratable behavior at high mM Cd2* with an estimated Ky of ~50 mM.
This represents a >60-fold decrease in affinity of Cd2* to site 2 compared to Ca?*,
Qualitatively, this behavior produced the same chemical shift perturbation pattern as in C2A,
with both high- and low-affinity events affecting mostly the loop region (Fig. 5C).

In summary, two Cd2* jons per domain bind to the loop regions of C2AB in solution, with
two of those sites (one in C2A, the other one in C2B) being higher-affinity, and the other
two sites being lower-affinity than Ca2*. We then asked if Cd2* could act as a functional
surrogate of Ca2* and mediate the interactions of Sytl domains with anionic membranes.
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Isolated Cd2*-complexed C2A does not associate with PtdSer-containing membranes

C2A-membrane interactions were probed using FRET between native Trp residues and the
dansyl-labeled lipid incorporated into LUVs containing 15-20% (molar) PtdSer as an
anionic lipid component. Ca2*-driven association of C2A with membranes resulted in the
increase of dansyl emission at 495 nm due to protein-membrane FRET (Fig. 6A). Fitting the
FRET binding curve with Hill equation produced [Ca%*]y/, = 24+1 UM (inset of Fig. 6A).
The n value, which reports on the cooperativity®? of the C2A Ca2*-binding sites in the
presence of lipids, is 2.1 £ 0.1. In contrast, we observed no increase in dansyl fluorescence
upon adding Cd?* to the C2A in the presence of LUVs (Fig. 6B). This is further
corroborated by the results of co-sedimentation experiments: while in the presence of
saturating Ca2* C2A is fully membrane-bound, there is no measurable membrane
association at 0.5 and 1 mM Cd2* (inset of Fig. 6B).

The significance of electrostatics in C2A-membrane interactions is illustrated by the results
of lipid-dependent co-sedimentation experiments. Increasing the salt concentration from 100
to 300 mM lowers the reciprocal molar membrane partition coefficient of the Ca2*-
complexed C2A domain (see Table S6) by 15 fold or 1.6 kcal/mole, and neutralizing the
PtdSer negative charge by including equimolar positively charged DDAB into the LUVS
completely abolishes any detectable binding (Fig. 6C). As a result, one might expect that
Cd2* binding would make C2A more electropositive and promote interactions with PtdSer-
containing membranes. However, even 10 mM total lipid is not sufficient to drive the
formation of the C2A-Cd%*-LUV complex (Fig. 6D).

We then tested whether or not Cd2* is able to compete Ca?* off C2A in the presence of
LUVs. We prepared a ternary C2A-Ca2*-LUV complex by combining LUVs, C2A, and
saturating Ca2*. Upon addition of Cd2* to this sample, FRET progressively decreased,
reaching zero at Cd%* to Ca%* concentration ratio of 5 (Fig. 7A and black trace of Fig. 7B).
We conclude that Cd2* displaces Ca2* through high-affinity interactions with a small
population of Ca?*-complexed C2A that is not membrane-bound and thereby shifts the
equilibrium towards a Cd2*-complexed form that is unable to interact with membranes. The
reverse is not true: Ca2* cannot readily displace Cd2* from site 1 of C2A even at 8-fold
molar excess. This is manifested in a negligible increase of FRET upon Ca2™ titration into
the C2A-Cd2* complex in the presence of LUVs (blue trace of Fig. 7B). These data are
consistent with two possible scenarios: (i) the binding of Cd2* to site 1 reduces the affinity
of Ca?" to sites 2/3 and thereby prevents the formation of mixed Cd2*/Ca2* C2A species that
could potentially associate with membranes; or (ii) the mixed Cd2*/Ca?* species are formed
in solution but their affinity to membranes is low because Cd2*(1) cannot effectively
coordinate the lipids.

Isolated Cd2*-complexed C2B neither appreciably associates with PtdSer-containing
membranes nor bridges LUVs

The next step was to determine if Cd2* has a similar effect on the membrane-binding
function of C2B. FRET and co-sedimentation experiments carried out in the lipid-titration
mode revealed the same pattern as seen for C2A: while Ca2* promotes C2B—membrane
interactions (Fig. 8A, C), weak membrane binding is observed for the Cd2*-complexed C2B

Biochemistry. Author manuscript; available in PMC 2018 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Katti et al.

Page 11

(Fig. 8B, C). Similar to C2A, neutralizing the negative membrane charge with the DDAB
membrane component abolished C2B binding to the membrane, indicating the dominant role
of electrostatic interactions.

Ca?*-complexed C2B has a well-known propensity to bridge LUVs in a manner that can be
reversed by EDTA treatment.51: 52 This behavior manifested itself in our FRET experiments
through the increase in scattering intensity at high concentrations of lipids. Basic residues
located at the bottom of the C2B domain (defined relative to the position of the loop regions)
have been shown to play an important role in vesicle bridging.>! Most likely, C2B interacts
with two membranes simultaneously through the Ca2* -binding loops at the top of the
domain and the basic region at the bottom. Dynamic light scattering experiments showed
that in contrast to Ca2*, Cd2*-complexed C2B did not alter the size distribution of LUVs
(Fig. 8D). We conclude that the interaction between the loop region of Cd%*-complexed C2B
and LUVs is too weak to result in appreciable membrane binding, which in turn hinders the
ability of C2B to bridge the vesicles.

In summary, our FRET and sedimentation data clearly illustrate that despite high-affinity
interaction of Sytl C2A/B domains with Cd2* in solution, neither protein-metal ion complex
is able to appreciably interact with PtdSer-containing membranes.

C2AB fragment and full-length Syt1 associate with membranes in the presence of Cd%*

In full-length Syt1, an 8-residue linker connects C2A and C2B. We used the two-domain
fragment, C2AB, to determine how Cd2* binding to both domains affects its membrane-
binding properties. We found that under conditions of our FRET experiments, C2AB
associated with anionic membranes even in the absence of divalent metal ions (Fig. 9). The
membrane association was not due to residual Ca2*, because FRET efficiency did not
change upon the addition of EDTA to the sample. Addition of Cd?* resulted in moderate
increase in FRET efficiency, indicating that although the interaction of Cd%*-complexed
individual domains with membranes is very weak, the avidity effect due to having two
domains on the same polypeptide chain is significant.

To determine the conditions that support membrane insertion of the C2 domains in the full-
length protein, the spin labeled side chain R1 (Fig. 10A) was attached to one site in C2A
(173R1) and a second site in C2B (304R1) that are known to penetrate negatively charged
membranes in the presence of Ca2* in the soluble C2AB fragment. For the isolated C2AB
domain, these sites exhibit dramatic changes in EPR lineshape that are the result of
membrane insertion (Fig. 10B). This broadening of the EPR spectrum is due to slower
motion of the R1 label that is likely due to interactions between R1 and the protein that take
place in a membrane hydrocarbon environment.53. 54

For the full-length protein reconstituted into bilayers containing PtdSer, the EPR spectra in
the Ca?*-free state resemble those for the aqueous C2AB fragment (Fig. 10C). These EPR
lineshapes are characteristic of those seen for the R1 side chain in loop regions of proteins.
In the presence of Ca?*, the EPR lineshapes dramatically broaden, indicating that both C2A
and C2B have inserted into the membrane (red traces). The spectra for full-length protein in
the presence of Ca2* and PtdSer are virtually identical to those seen at the same positions for
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the C2AB fragment. No evidence for insertion of C2A and C2B is observed in the absence
of Ca?* or in the absence of PtdSer. However, membrane insertion does occur in the
presence of CaZ* to charge neutralized membranes formed from PtdSer and DDAB (blue
traces Fig. 10C), and line-shape changes indicating insertion of the domains is seen in the
presence of Cd2* to PtdSer containing bilayers (green traces, Fig. 10C).

For the C2A site, both the charge neutralized and Cd%* bound lineshapes are similar (inset
Fig. 10C), but slightly more mobile than the Ca2*/PtdSer case, suggesting that these
conditions produce a slightly shallower membrane penetration than does Ca2*. For the C2B
site, the spectra obtained for Ca2*-dependent insertion into PtdSer or charged neutralized
membranes is identical (red and blue traces, respectively), but the spectrum obtained for the
Cd2*/PtdSer state is more mobile, suggesting that first loop in C2B does not insert as deeply
when bound to Cd2*.

To confirm that these domains insert into the bilayer, and to determine whether the lineshape
differences reflect differences in membrane depth, we used progressive power saturation of
the EPR spectra and a collision-gradient approach (see Methods) to determine the membrane
depth of 173R1 and 304R1. Shown in Table 1 are depth parameters and membrane depths
under several conditions. In the presence of Ca2* and PtdSer, the spin label at 173 on C2A is
positioned at an average position of approximately 9 A into the bilayer below the level of the
lipid phosphates and the label at 304 on C2B is positioned at about 3.5 A. For the Cd?*-
bound and charge-neutralized states, 173R1 assumes a shallower position, and it is displaced
by as much as 10 A towards the aqueous phase for the charge-neutralized membrane. For
304R1, a similar position is seen for the Ca?*-dependent insertion into the PtdSer and
charge-neutralized membranes, but a more peripheral membrane association is seen for the
Cd2*/PtdSer case, where the label is displaced 6 to 7 A towards the aqueous phase. As seen
by a comparing Fig. 10 and Table 1, motional averaging of the R1 side chain and the EPR
spectra qualitatively follows the membrane depth of the label.

DISCUSSION

In this work, we explored the role of electrostatics in metal ion-mediated interactions of
C2A/B domains of Sytl with phosphatidylserine-containing membranes using a non-native
metal ion, Cd2*. The C2A and C2B crystal structures contain a single Cd2* ion bound to the
first calcium site of the C2A/B domains (Figs. 1 and 2). Cd2* has a near-identical
coordination sphere to that of Ca2*, and causes only moderate perturbation of the loop
regions. Our solution NMR data support the 1:1 binding stoichiometry: for both domains,
we observed only one high affinity Cd2* site (Figs. 4-5) that would be populated under the
conditions of our membrane-binding experiments. This is different from Ca?* that is
expected to populate 2/3 and 2 sites in the C2A and C2B domains, respectively. The
incomplete neutralization of the negatively charged loops of C2A/B by Cd2* is one possible
reason why we detected no appreciable interactions between Cd2*-complexed isolated
domains and the anionic membranes in protein-membrane FRET and vesicle co-
sedimentation experiments (Figs. 6 and 8). Another reason could be the inability of protein-
bound Cd2* to coordinate lipid head-groups. We previously demonstrated that the C2
domain of PKCa., whose loop region binds a full complement of Cd2* ions, does not
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associate with PtdSer-containing membranes.3! We speculated that the preference for low
coordination numbers33 and soft ligands34 prevents Cd?* from effectively coordinating the
oxygen atoms of lipid headgroups. When the C2A/B domains are present in tandem in the
C2AB fragment, the combined binding free energy is sufficient to result in weak but
measurable membrane association (Fig. 9). This is in general agreement with the previous
finding that Sr2*, which is known to bind C2B with 1:1 stoichiometry* (the C2A
interactions were not investigated), can promote the interactions between the cytoplasmic
domain of Syt1 and phosphatidylserine-containing vesicles.>®

In contrast to the isolated soluble domains, in full-length Syt1, Cd?* does mediate insertion
of the Syt1 C2 domains into PtdSer membranes, and Ca2* does mediate insertion into
charge-neutralized membranes (Fig. 10). As shown above (Figs. 6 and 8) these conditions do
not support binding for the isolated C2 domains. The simplest explanation for these
apparently contradictory results is that both generalized electrostatics (a long-range
Coulombic interaction) and metal ion coordination are important in promoting sytl C2
domain membrane attachment.

In the full-length protein, the C2 domains of Sytl are tethered to the membrane through a
long juxta-membrane linker, and much of this linker is associated with the interface, which
may limit how far the C2 domains extend from the membrane.36 As a result, the C2 domains
will experience a high local lipid concentration in the native protein. For example, if the C2
domains are tethered within 4 A of the membrane interface, the effective lipid concentration
presented to the domains will be near 1 M. By comparison, the highest lipid concentrations
that can be reached in co-sedimentation experiments are almost two orders of magnitude
lower. As a result, weak interactions (for example, interactions that would yield a membrane
partition coefficient of 20 M~1) would not be sufficient to observe membrane binding for the
isolated domain, but would be sufficient for the domains to bind membranes in the context
of the full-length protein. The substitution of Cd%* for Ca2* or the neutralization of the
membrane surface potential should diminish the contributions made by lipid-metal ion
coordination24 31 or long-range Coulombic interactions,3 23 respectively, to the binding of
these domains. Neither of these interactions alone produces a strong interaction; however,
since the free energy contributions are additive and partition coefficients multiply, both
interactions together become significant. The slightly shallower penetration of the domains
with Cd%* or with charge-neutralized membranes seen in the full-length protein is consistent
with a significantly reduced binding energy. In addition, for C2B, Cd2* and PtdSer only
allow for a peripheral association of this domain. This might be the result of a reduced
electrostatic polarization of the C2B domain and reduced Coulombic attraction due to the
fact that only one Cd2* ion binds with high affinity to this domain (Fig. 1).

In conclusion, our results demonstrate that even if the loop region of C2A/B domains does
not contain a full complement of divalent metal ions, long-range Coulombic interactions
alone — enhanced by high effective local concentration of the domains — can drive the
association of the cytoplasmic domain of Sytl with anionic membranes. In view of this
finding, the Sytl-membrane interaction may initially be driven only by Ca%* populating site
1 of C2A/B domains. The formation of CaZ*-lipid coordination bonds and binding of
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additional Ca2* ions to the loop region may occur after the formation of the shallow
“encounter” complex, as was proposed for the C2 domain from protein kinase C.56
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loop 1

Figure 1.
Structural analysis of Cd2*-complexed C2A. (A) Backbone superposition of four C2A

structures: Cd?*-complexed (this work, 5TOR, orange), apo (4WEE, blue), Ca?*-complexed
(1BYN/NMR,18 cyan), and Mn2*-complexed (3F05, tan). (B, C) Pairwise comparison of
loop regions of Cd2*-complexed C2A with those of the apo and Ca?*-complexed C2A
(shown with transparent representation) highlights the differences between the conformation
of loops and coordinating residues. In the ultra-high resolution structure of apo C2A, D178
and D232 are modeled as two conformations. In (C), only one Ca* ion and protein ligands
of Cd?* are shown for clarity. (D) Coordination geometry of the Cd?* site. Cd?* has 7
oxygens ligands in its first coordination sphere, 6 contributed by C2A and 1 by a water
molecule.
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A C2B of Syt1 B Cd2?*vs apo C Cd2?*vs Ca?*

Cd?* apo Sr2+ Ca?*

Figure 2.
Structural analysis of Cd2*-complexed C2B. (A) Backbone superposition of four C2B

structures: Cd?*-complexed (this work, 5T0S, orange), apo penta-mutant (5CCJ,*8 blue),
Ca%*-complexed (1TJX,*" cyan), and Sr2*-complexed (1TIM,*” tan). (B, C) Pairwise
comparison of loop regions of Cd2*-complexed C2B with those of the apo and Ca?*-
complexed C2B highlights the differences between the conformation of loops and
coordinating residues. The structural elements of apo and Ca2*-complexed C2B are shown
with transparent representation. Only one Ca2* ion and protein ligands of Cd%* are shown
for clarity in (C). (D) Coordination geometry of the Cd2* site. Cd2* has 7 oxygens ligands in
its first coordination sphere, 6 contributed by C2B and 1 by a water molecule.
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Figure 3.
C2A and C2B domains of Syt1 bind Cd2* with higher affinity than Ca%*. (A) Displacement

of bound Th3* from C2A by Ca?* and Cd?*. C2A and Th3* concentrations are 15 and 240
UM, respectively. Inset: C2A-Th3* binding curve that has non-saturatable behavior due to
comparable contributions of FRET and luminescence of free Th3* to the observed signal.
(B) Displacement of bound Th3* from C2B by Ca?* and Cd?*. C2B and Th3* concentrations
are 15 and 65 UM, respectively. Inset: C2B-Tb3* binding curve that shows saturatable
behavior and produces Kq 1, of 4.3+0.2 uM when fitted with a single-site binding model.

Biochemistry. Author manuscript; available in PMC 2018 June 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Katti et al.

Page 21

A C2A [Cd?*], mMm

QN
120,
106 119
V%% 122
108
2 124

110
= 6/5‘90 S 126
S112p 1230, | :
S 88 86 84 82 80 ; : 7 85 96 92 88
z
3123?‘%" 117

) : %ﬁb D : ( 113
124 74? 118) (O o a\
125@( J 119/\; 0@, |15

e ) 2 % < q
1265 &, 12008 \ %

) (X N

127 4 121 e [y Szt

85 83 81 79 83 81 79 77 92 90 88 8§

H (

(o]
A
o
o
v
0.0& . . . . .
0.0 0.2 0.4 0.6 0.8 1.0
[Cd2*], mM
A(0.5 mM-apo)
C 1 2Cd2+ = A (40 mM-0.5 mM)
’ loop1 Io&)Z loop3
1.0f I
AO.B -
£
S 06
<
04
0.2 n‘
0.0“&4 fein L LLIT I

150 160 170 180 190 200 210 220 230 240 250 260
Residue number

Figure 4.
Cd2* populates two types of sites on C2A with drastically different affinities. (A)

Expansions of 15N-1H HSQC C2A spectra for the Cd?* concentration range of 0-40 mM.
C2A residues of the loop region respond to either one (e.g., G175, Y180, K200) or both
(e.g., L142, D178, R199) binding events. Peak displacement due to the first and second
binding events is shown as a blue-red gradient and monochromatic gray, respectively. (B)
Representative NMR-detected binding curves constructed for the high-affinity Cd2* sites(s).
Solid lines represent the global fit of 14 residues for the high-affinity site with a K4 of
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50+2uM. (C) Chemical shift perturbation plot for the low- and high-concentration regimes
of Cd?*,
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Figure 5.
Cd2* populates two sites on C2B with drastically different affinities. (A) Expansions

of 1°N-1H HSQC C2B spectra for the Cd?* concentration range of 0-40 mM. C2B residues
of the loop region respond to either one (e.g., Y311, K327, T334) or both (e.g., M302, 1367,
G368) binding events. Peak displacement due to the first and second binding events is shown
as a blue-red gradient and monochromatic gray, respectively. (B) Representative NMR-
detected binding curves constructed for the high-affinity Cd2* sites(s). Solid lines represent
the global fit of 30 residues for the high-affinity site with a K4 of 30+1uM. (C) Chemical
shift perturbation plot for the low- and high-concentration regimes of Cd2*.
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Figure 6.
Cd2*-complexed C2A domain does not associate with PtdSer-containing LUVs. (A) Ca%*-

dependent fluorescence emission spectra showing an increase in the intensity of the dansyl
band due to protein-membrane FRET. Inset: Ca2*-dependent C2A lipid-binding curve
constructed using FRET intensity at 495 nm. (B) Cd2*-dependent fluorescence emission
spectra demonstrating that no increase in dansyl emission intensity in the C2A-LUV system
is observed upon addition of Cd2*. Inset: the results of vesicle sedimentation experiments
that were conducted at 5 uM C2A and 1.5 mM total lipids. (C, D) C2A-lipid binding curves
obtained using vesicle co-sedimentation experiments. The increase in ionic strength and
neutralization of the negative charge by DDAB significantly weakens the interaction
between Ca2*-complexed C2A and membranes (C). No binding of Cd2*-complexed C2A to
PtdSer-containing vesicles is observed (D). In both (C) and (D), Ca2* and Cd2* are added to
a concentration of 1 mM.
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Figure 7.
Cd2* competes Ca2* off C2A, resulting in protein dissociation from the membrane. (A)

Fluorescence emission spectra of C2A (0.5 uM) in the presence of LUVs (150 uM) and
saturating [Ca2*] (160 pM) collected at increasing [Cd2*]. The intensity of the dansyl band
decreases, with the concomitant increase of the intensity of the Trp emission band,
indicating C2A displacement from the membrane. (B) FRET-monitored competition
experiments between Ca?* and Cd2* in the presence of LUVs. The intensity of dansyl
emission band plotted as a function of Cd2*/Ca?* (black trace; [Ca2*]=160 uM) and
Ca2*/Cd2* concentration ratios (blue trace; [Cd2*]=160 pM). While Cd?* displaces Ca2*
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from the protein and results in membrane dissociation, Ca* cannot displace Cd2* from C2A
and support membrane association.
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Figure 8.

Cd2*-complexed C2B domain does not appreciably associate with PtdSer-containing LUVS.
(A) PtdSer-dependent fluorescence emission spectra showing an increase in the intensity of
the dansyl band due to FRET between Ca2*-complexed C2B and LUVs. Inset: PtdSer-
dependent C2B lipid binding curve constructed using FRET intensity at 495 nm. (B) PtdSer-
dependent fluorescence emission spectra demonstrating that no significant increase in dansyl
emission intensity in the Cd2*-C2B system is observed upon addition of LUVSs. Inset: the
results of vesicle sedimentation experiments conducted at 5 pM C2B and 1.5 mM total
lipids. (C) C2B-lipid binding curves obtained using vesicle sedimentation experiments. The
neutralization of the negative charge by DDAB abolishes the interactions between Ca2*-
complexed C2B and membranes. Ca2* and Cd?* are present at concentrations of 1 mM. (D)
Dynamic light scattering data show that while Ca?*-complexed C2B can reversibly cluster
100 nm LUVs, the Cd2*-complexed C2B cannot, due its inability to interact with the
membranes through the loop regions.
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Figure 9.
Metal-ion free and Cd%*-complexed C2AB associates with PtdSer-containing LUVs.

Fluorescence emission spectra showing the C2AB-to-membrane FRET efficiency under
different metal-ion conditions. The C2AB and total lipid concentrations are 0.5 pM and 15
UM, respectively. C2AB associates with PtdSer-containing membranes in a metal-ion
independent manner. This interaction is slightly enhanced by Cd2* based on the increase in
FRET efficiency. Ca2* data are shown for comparison.
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Figure 10.
EPR spectra reveal membrane contact and insertion of C2A and C2B. (A) The spin labeled

side chain R1 is attached to cysteines using a sulfhydryl specific MTS label. (B) EPR spectra
for the Sytl C2AB fragment with R1 at position 173 in C2A or position 304 in C2B in
solution (black traces) or in the presence of Ca?* and PtdSer containing vesicles (red traces),
(PC:PS=85:15). (C) EPR spectra from R1 at sites 173 and 304 in full-length Sytl
reconstituted into PtdSer in the absence of Ca2* (black trace), in the presence of 1 mM Ca2*
(red trace), in the presence of 1 mM Cd2* (green trace) (PC:PS=85:15) or in the presence of
1 mM Ca2* when reconstituted into charge neutralized membranes of PtdSer and DDAB
(blue trace) (PC:PS:DDAB=70:15:15). Shown in the insets are expansions of the low-field
resonance.
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Table 1

Depth parameters for full-length membrane reconstituted Syt1.

protein lipid conditions metal | depth Position from lipid
variant added | parameter (®) | phosphate (A)2
FL SYT 173R1 PCb Ca?t -1.9+0.05 aqueous
PC:PS(15%) Ca?* 1.03 +0.05 9.29
Cdz+ -06+0.1 3.38
PC:PS:DDAB(15%) Ca?* -14+02 -1.32
FL SYT 304R1 | pco Ca?t | —20£0.05 aqueous
PC:PS(15%) Ca -0.54 +£0.05 3.53
Cd** | -1.7x0.1 -3.32
PC:PS:DDAB(15%) | ca?* | -0.9+0.2 1.85

Page 30

a . " . . "
Negative depths are positioned on the aqueous side of the membrane phosphate plane; positive values are positioned towards the hydrocarbon

interior. Depths were estimated using the calibration curve reported in Frazier et al.16 Both ca2* and Cd2* are added to 1 mM.

bThese depth parameters place the spin label on the C2A or C2B binding loops in the aqueous phase 5 Angstroms or further from the lipid

phosphates. Full length Syt1 is present at approximately 75 uM concentration with a total lipid concentration of 15 mM to yield a protein:lipid ratio
of approximately 200.
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