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ABSTRACT: The C2A domain of synaptotagmin 7 (Syt7) is a Ca** and membrane
binding module that docks and inserts into cellular membranes in response to
elevated intracellular Ca®* concentrations. Like other C2 domains, Syt7 C2A binds
Ca’" and membranes primarily through three loop regions; however, it docks at Ca*
concentrations much lower than those required for other Syt C2A domains. To probe
structural components of its unusually strong membrane docking, we conducted
atomistic molecular dynamics simulations of Syt7 C2A under three conditions: in
aqueous solution, in the proximity of a lipid bilayer membrane, and embedded in the
membrane. The simulations of membrane-free protein indicate that Syt7 C2A likely
binds three Ca®" ions in aqueous solution, consistent with prior experimental reports.
Upon membrane docking, the outermost Ca’* ion interacts directly with lipid
headgroups, while the other two Ca** ions remain chelated by the protein. The
membrane-bound domain was observed to exhibit large-amplitude swinging motions
relative to the membrane surface, varying by up to 70° between a more parallel and a

more perpendicular orientation, both during and after insertion of the Ca®** binding loops into the membrane. The computed
orientation of the membrane-bound protein correlates well with experimental electron paramagnetic resonance measurements
presented in the preceding paper (DOI: 10.1021/acs.biochem.5b00421). In particular, the strictly conserved residue Phe229
inserted stably ~4 A below the average depth of lipid phosphate groups, providing critical hydrophobic interactions anchoring
the domain in the membrane. Overall, the position and orientation of Syt7 C2A with respect to the membrane are consistent

with experiments.

he synaptotagmin (Syt) family of proteins encompasses
17 human isoforms, including eight that are generally
characterized as key Ca®* sensors for membrane fusion during
exocytosis.”” Some well-documented actions of Syt isoforms
include Sytl regulation of neurotransmitter secretion and Syt7
dependence of insulin secretion in pancreatic # cells."”>* Syt
binds Ca®** and membranes through its two C2 domains,
denoted C2A and C2B. C2 domains are a ubiquitous
membrane binding motif and dock to lipid membranes
primarily through their three Ca®* binding loops [termed
CBL1-CBL3 (see Figure S1 of the Supporting Informa-
tion)].>® Coordination of Ca®* ions in the CBLs typically alters
the electrostatic surface profile of a C2 domain, allowing its
insertion into a target (in many cases anionic) lipid bilayer.
C2 domains exhibit varying degrees of electrostatic and
hydrophobic interactions with their target membranes.””"" In
particular, each isoform of Syt has evolved a precise function
suited to its physiological context. For example, the C2
domains of Sytl require high Ca®* concentrations for activation
and dock to membranes via primarily electrostatic interactions
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with fast kinetics of binding and release on time scales
necessary for neurotransmitter secretion.'™"? In contrast,
previous studies have shown Syt7 C2A and C2AB to have
kinetics much slower than those of their counterparts in
Syt1."'” Our recent measurements indicate that the membrane
docking of Syt7 C2A includes a contribution from the
hydrophobic effect much stronger than that of Sytl C2A,
even though the two closely related protein domains are very
similar in structure.'” This surprising finding leads us to
hypothesize that Syt7 C2A is likely more deeply embedded in
the membrane, a hypothesis that is tested by simulation and
experiment in this paper and the preceding paper (DOL
10.1021/acs.biochem.5b00421), respectively.

In the preceding paper, we use EPR spectroscopy to measure
the membrane docking geometry of Syt7 C2A to directly
compare it with a previously developed docking model of Sytl
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C2A."* A comparison of the docking models finds that like Syt1
C2A, Syt7 C2A binds membranes primarily through its CBL3
and secondarily through its CBL1. CBL1 of Syt7 C2A,
however, appears to penetrate deeper in comparison to Sytl,
which may suggest a greater role for this binding loop in Syt7
C2A. However, the uncertainty in our EPR model is such that
we cannot rule out the possibility of Sytl C2A and Syt7 C2A
binding at similar depths.

Here, we use molecular dynamics simulations with human
Sytl and Syt7 C2A domains to address the outstanding
questions from the experimental study mentioned above, as
well as to shed light on energetic factors underlying membrane
binding and insertion by Syt7 C2A. In particular, we aim to gain
insights into the following problems. (1) How many Ca*" ions
are most likely bound to Syt7 C2A? Experiments'> have shown
that, although Syt7 C2A can also bind three Ca®' ions, the
affinity for the third Ca®" is much lower than those for the first
two Ca®* ions. Moreover, detailed structural information [from
nuclear magnetic resonance (NMR) spectroscopy] is available
only for the Ca?*-free state of this domain.'® Given that binding
of Ca®" ions is necessary for Syt7 C2A membrane docking, it is
important to determine the most likely stoichiometry of
binding of Ca®" to Syt7 C2A. (2) What roles do the Ca®* ions
and the CBLs play in the process of Syt7 C2A approaching and
associating with the membrane? Most experiments report on
only equilibrium states of Syt7 C2A before and after membrane
docking. A qualitative picture of the dynamic nature of the
docking interaction is informative, particularly regarding how
the Ca™ ions and CBLs participate in transitions between the
solution and membrane-docked states. (3) What kinds of
equilibrium structures does Syt7 C2A adopt after docking into
a membrane? Here we have conducted simulations without
input from the experimental data reported in the preceding
paper (DOL: 10.1021/acs.biochem.Sb00421), i.e., membrane
insertion depths and orientations. This approach stands in
contrast to prior collaborative EPR/simulation studies and
allows us to make predictions to be compared with the
experimental measurements.

To facilitate comparisons with the EPR measurements, the
simulations were designed to replicate the experimental
conditions wherever possible, including equivalent lipid
composition and solution ionic strength. Repeat simulations
were performed from multiple initial starting geometries of the
Syt7 C2A domain relative to the lipid bilayer. Importantly, all
simulations were conducted naive to the final experimentally
determined Syt7 C2A docking geometry. Overall, the
simulations provide a detailed picture of the structure,
dynamics, and energetics of Syt7 C2A membrane docking
that is consistent with and complementary to the experimental
results.

B COMPUTATIONS

While our simulations of membrane docking focus on the Syt7
C2A domain, we also conducted certain calculations in the
absence of lipid on the Sytl C2A domain for the purpose of
comparison. A brief description of the models and computa-
tional methods is given below, with additional details provided
in section 1 and Tables S1—S3 of the Supporting Information.

Stand-alone Membrane. A phospholipid bilayer model
was built by mixing 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPS) at a molar ratio of 3:1 (Figure 1). The
model was constructed employing Membrane Builder in
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Figure 1. Structures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC, 1) and I-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS, 2).

CHARMM-GUI'"” and is described by the Charmm36'® force
fields and TIP3P'” water model. It contained 192 POPC lipids,
64 POPS lipids, 64 Na* counterions, and 9219 water molecules
(Table S1 of the Supporting Information). Using NAMD,”” the
model was equilibrated at 310 K and 1 bar for 160 ns under the
NpT ensemble with a periodic boundary.

Stand-alone Proteins. Structural manipulations were
performed using VMD,”* and the minimizations and MD
simulations were performed using NAMD,”’ with
Charmm22*'~** force fields. We began with the Sytl C2A
model, for which the Ca®>*-bound structure [Protein Data Bank
(PDB) entry IBYN™] is available. In this structure, the first
Ca® ion is coordinated by the side chains of D172, D178,
D230, and D232 and the backbone oxygen of residue F231; the
second Ca*" ion by the side chains of D172, D230, D232, and
D238 and the backbone oxygen of residue L171; and the third
Ca" ion by the side chains of D232, S235, and D238 and the
backbone oxygen of residue K236. After the missing hydrogen
atoms were added, the protein was solvated in a box of pre-
equilibrated TIP3P'’ water molecules. The system was
neutralized by substituting randomly selected water molecules
with CI” ions. The protein—solvent complex was then
minimized for 1000 steps, followed by a slow heating from 0
to 298 K over 440 ps and a final equilibration at 298 K and 1
bar for 200 ns.

The solvated Syt7 C2A domain was prepared using the same
protocol. However, for Syt7 C2A, only the Ca**-free
experimental structure (PDB entry 2D8K'®) is available. This
complicates the procedure as Syt7 C2A can also bind three
Ca”* ions, with a Ky of ~200 M for each of the first two Ca**
ions and a weaker affinity for the third Ca®* ion."® Therefore,
we conducted two different simulations for the solvated Syt7
C2A domain, in which we added two and three Ca®* ions to the
Ca’*-free Syt7 C2A structure (section 1.2 of the Supporting
Information). The compositions of the models are given in
Table S1 of the Supporting Information.

Figure 2A provides an overview of the Ca®" binding site in
Syt7 C2A, and Figure 2B—D shows a detailed view of the
bound Ca®" ions within the models of the Sytl and Syt7 C2A
domains after minimization. MD simulations of the stand-alone
C2A domains were initiated from these geometries, and the
data (details in Results) suggest that all model systems are
stable in the simulations. This implies that the Ca®'-free
experimental structure of Syt7 C2A is reasonably accurate for
building the Ca**-bound systems, allowing fast equilibrations in
solution. As described in the Results, Syt7 C2A appeared to be
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Figure 2. Ca®* coordination by Sytl and Syt7 C2A domains. (A) Overview of the Ca** binding region of Syt7 C2A. The three Ca** ions are
represented by small green spheres with labels 1—3. The protein is colored gray (34 in orange), with the residues belonging to Ca** binding loops
indicated by red, yellow, and blue spheres for CBL1—CBL3, respectively. The side chains of the two critical phenylalanine residues, F167 and F229,
are represented as licorice (white, H; cyan, C). (B—D) Detailed views of Ca®" ions after minimizations in the binding sites of the models of (B) Sytl
C2A with three Ca®" ions, (C) Syt7 C2A with two Ca*" ions, and (D) Syt7 C2A with three Ca*" ions. Ca®" ions are green spheres with surrounding
residues shown as licorice (cyan, C; blue, N; red, O), and the O atoms coordinating the Ca*" ions are shown as red spheres. For the sake of clarity,

protein H atoms are not shown.

somewhat more stable in the presence of three Ca®* ions than
in the presence of two Ca*" ions. Binding to three Ca** ions
was therefore deemed the more likely stoichiometry, so the
equilibrated Syt7 C2A domain with three Ca** ions was used
for construction of the protein—membrane complex models.
Snapshots of the stand-alone Syt7 C2A and Sytl C2A
simulations bound to three Ca** ions (at 6, 8, and 10 ns)
also served as the starting structures for EPR docking geometry
modeling as described in the preceding paper (DOI: 10.1021/
acs.biochem.5b00421).

In addition to MD simulations, we also conducted Poisson—
Boltzmann calculations of the surface electrostatic potentials
using the Adaptive Poisson—Boltzmann Solver™® for the NMR
structures of Sytl C2A and Syt7 C2A. Calculations were
performed for Ca*"-bound and Ca**-free forms (section 1.3 of
the Supporting Information).

Syt7 C2A Protein—Membrane Complexes. To prepare
Syt7 C2A—membrane complexes for simulation, structures
were manipulated using CHARMM®' and VMD, and
minimization and MD simulations were performed using
NAMD.” Two types of model systems were employed for
the Syt7 C2A—membrane complex, and two simulations were
conducted for each type of model system, for a total of four
500-ns simulations. First, we simulated two “pre-insertion”
complexes, in which the Ca*"-bound Syt7 C2A domain was
initially placed above the membrane in two different
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orientations: (i) a “lying-down” model in which the long axis
of the domain was tilted by 23° toward the membrane surface
(Figure 3A) and (i) a “standing-up” model in which the long
axis of the domain was more perpendicular (tilt angle of 36°) to
the membrane surface (Figure 3B). The definition of tilt angle
for the protein with respect to the membrane plane is given in
Figure 4. In the lying-down model, the Syt7 C2A tilt angle is
similar to the previously reported Sytl C2A experimental
docking geometry,'* while in the standing-up model, Syt7 C2A
was oriented such that loops CBL1 and CBL3 were similar
distances from the membrane. The a-carbon atom (C,) of
F229 of CBL3 was in the aqueous phase, above the average
phosphate plane of the membrane by 6.9 and 4.2 A in the lying-
down and standing-up models, respectively (Figure 3D). After
solvation, both models were minimized for 18000 steps using
NAMD with gradually relaxed harmonic restraints (Table S2 of
the Supporting Information). MD simulations were conducted
under the NpT ensemble at 298 K and 1 bar, first for 800 ps
with a frozen protein backbone and restrained Ca®* ion
solvation shells [harmonic restraints on the distances between
the Ca®" ions and their coordinating oxygen atoms (see Table
S3 of the Supporting Information)], then for 2 ns with only the
restrained Ca®" ion solvation shells, and finally for 500 ns
without any constraint or restraint.

Second, we simulated two “embedded” complexes, in which
the C2A domains were modeled in a membrane-inserted state

DOI: 10.1021/acs.biochem.5b00422
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Figure 3. Initial models used for simulation of protein—membrane complexes. In the preinsertion models, the protein was placed above the
membrane, and either (A) angled toward the membrane in the lying-down model or (B) approximately perpendicular to the membrane plane in the
standing-up model (initial penetration depths of F229 of CBL3, —6.9 A for the lying-down model and —4.2 A for the standing-up model). (C) In the
embedded models, CBL1 and CBL3 were inserted into the membrane by 1.8 A and the protein remained approximately perpendicular to the
membrane plane throughout the simulation. The protein is represented by a cartoon (/34 in orange); residues F167 and F229 are represented by van
der Waals spheres and the lipids by lines. (D) Distance d between a residue and the membrane measured from the C, position (yellow sphere) to
the average phosphate plane of the membrane (black horizontal line). Lipids are shown as lines except phosphate atoms as licorice. Color code: red,

O; cyan, C; blue, N; tan, P; white, H.

Figure 4. Definition of the tilt angle of the Syt7 C2A domain with
respect to the average membrane phosphate plane M (green shaded
area), which is parallel to the x—y plane. A cross section of the protein
(plane P, the blue shaded area) is determined by the centers of mass
(yellow spheres) of three outermost f-strands (f3S, red; 36, blue; /38,
purple). Tilt angle 6 is calculated as the angle between &, (the normal
vector of plane P) and membrane plane M.

(Figure 3C). Two models were created, each with the protein
inserted into the membrane and three overlapping POPC lipids
deleted. In both embedded models, the C, atom for F167 of
CBL1 was positioned above the average phosphate plane by 1.4
A while the C, atom for F229 of CBL3 was below by 1.8 A on
average. However, both side chain phenyl rings were embedded
in the membrane (Table S4 of the Supporting Information).
The initial tilt angles were 48° and 35° for the first and second
embedded models, respectively. The starting protein con-
formations in the two embedded models were similar except for
one noticeable difference: the side chain of K184 was near the
membrane in the first model but oriented away from the
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membrane in the second model, as illustrated in Figure S2 of
the Supporting Information. Solvation, minimizations, and MD
simulations were performed for the embedded models as
described for the preinsertion models. On the basis of the
volume of the primary cell and number of ions, the effective
concentration of Na" in the solution was 120—140 mM in all
models, closely similar to the monovalent cation (K")
concentration of 150 mM used in the experimental study. To
test whether C2A membrane association depends on
monovalent cation identity, we additionally conducted a
simulation of the standing-up protein—membrane complex in
K" rather than Na'. The results are shown in the Supporting
Information (Table S8 and Figure S12) and are overall
consistent with those from the Na* simulations described here,
suggesting that specific ion effects are minimal. All models are
also described further in the Supporting Information (section 1
and Table S1).

B RESULTS

Simulation of the 3:1 PC/PS Membrane. First,
simulations were conducted with the membrane alone with
water and Na* ions. The area per lipid (APL) is plotted in
Figure S3A of the Supporting Information as a function of
simulation time for the 3:1 POPC/POPS lipid bilayer. The
value of APL dropped quickly within the first 8 ns but became
reasonably stable after simulation for 20 ns. Averaging over the
fully equilibrated final 120 ns (from 40 to 160 ns) yields an
average APL of 62.6 + 0.9 A%, which is very close to the value of
62.9 A? predicted from the literature values of pure POPC and
pure POPS membranes (Table 1). The membrane order
parameters for individual carbon positions obtained from our
simulations are displayed in Figure S3B. As expected, order
parameters for the palmitoyl chain 8generally fall between those
for pure POPC*” and pure POPS.”” For the oleoyl chain, there
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Table 1. Comparisons of Average Values of Area Per Lipid
(APL) of Simulated Membranes

APL (A?) pure POPC  pure POPS POPC/POPS (3:1)
experiment 64.3 + 1.37 N/A N/A
simulation 65.5 + 1.17 55 + 1.0° 629 + 09, 62.6 + 0.9°

“From ref 58. “From ref 59. “From ref 60. “Estimated as 0.7SAPLpopc
+ 0.25APLpops based on the values in refs 59 and 60. “This work,
average over the last 120 ns of the 160 ns simulation.

are no 7prior data for pure POPS and limited data for pure
POPC?” for comparison; our results agree reasonably well with
the available POPC data. Overall, the APL and order
parameters obtained from our simulations indicate that the
membrane model is reasonably accurate and was well
equilibrated after 40 ns.

Simulation of the Syt7 C2A Domain Alone and Bound
to Ca®*. The protein models of Sytl and Syt7 C2A domains
were based on the structures resolved by multidimensional
NMR spectroscopy.'®* Structures of Sytl C2A both Ca*'-
free”” and bound to three Ca?* ions™ are available, while the
single available structure of Syt7 C2A is Ca*-free.'® Ca®*-
sensitive C2 domains generally bind between one and four Ca**
ions, and Syt7 C2A has been shown to bind up to three Ca®*
ions (two with K, values of ~200 uM and one more
weakly).”'#*°7>* Therefore, we generated starting geometries
of the Syt7 C2A domain structure bound to two or three Ca**
ions as described in Computations, both to probe its Ca®*
binding stoichiometry and to prepare for simulations of
protein—membrane docking. Although the first and second
Ca®" ions were originally placed at the same locations in the
two-Ca** and three-Ca** models, minimizations led to different
coordination structures of the first and second Ca** ions in
those two models. The locations of the Ca®* ions after
minimizations in the three-Ca** model were similar to those in
the Ca?*-bound Sytl C2A experimental structure.”> The first
Ca® ion was coordinated by the side chains of D166, D172,
D225, and D227, the backbone oxygen of residue Y226, and
one water molecule; the second Ca** ion by the side chains of
D166, D225, D227, and D233, the backbone oxygen of residue
K165, and one water molecule; and the third Ca?* ion by the
side chains of D227, S230, and D233 and the backbone oxygen
of residue R231. In the two-Ca?* model, however, the second
Ca®* jon moved toward CBL3, and the side chains that

coordinated the Ca®" ions took somewhat different orienta-
tions. As a result, the first Ca®* ion was coordinated by the side
chains of D166 and D172, the backbone oxygens of residues
K165 and Y226, and two water molecules and the second Ca*"
ion by the side chains of D225, D227, S230, and D233.

Using the starting geometries described above, trajectories of
200 ns were generated for each of the three proteins (Sytl C2A
with three Ca** ions and Syt7 C2A with two and three Ca®*
ions). The protein conformations were overall quite stable, as
can be seen from the consistently small root-mean-square
deviation (rmsd) (with respect to the starting geometry) of the
protein backbone heavy atoms (N, C, O, and C,) during the
simulation in Figure S4A. The rapid equilibration confirms that
the initial models built from experimental structures are
reasonably accurate. The average rmsd of the protein backbone
was 1.1 A for Sytl C2A, substantially smaller than the value of
2.6 A for Syt7 C2A with two Ca®* ions and somewhat smaller
than the value of 1.8 A for Syt7 C2A with three Ca®' ions
(Table 2). Although all of these rmsd values are quite small, it is
perhaps not surprising that those of Sytl C2A were smallest; its
starting geometry was based on a Ca**-bound NMR structure,
whereas the Syt7 C2A starting geometries were built by adding
Ca’ ions to a Ca*'-free structure.

The coordination shells for the Ca®* ions were largely
maintained during the entire simulations of Sytl and Syt7 C2A
bound to three Ca®* ions. However, both coordination shells
changed during the simulation of Syt7 C2A with two Ca’* ions.
The variations of the position of the Ca** ions and CBLs with
respect to their initial position are smaller in the simulations
with three Ca®" ions than in the simulation with two Ca®* ions.
Strikingly, the rmsd values for the first Ca>* (1.0 A) and second
Ca** (0.5 A) ions in the three-Ca** Syt7 C2A simulation were
similar to those (both 0.5 A) in Syt1 C2A with three Ca** ions
but are considerably smaller than those (3.2 and 1.8 A) in the
two-Ca** Syt7 C2A simulation. The differences in rmsd
between the three- and two-Ca** models, although moderate,
suggest that the binding of the third Ca®" ion stabilizes the
other two bound Ca®" ions and the backbone of the CBLs.

Coordination of three Ca®* ions is similar between Sytl and
Syt7 C2A, as illustrated by the distances between the Ca®" ions
and each coordinating oxygen atom from the protein (Figure
S). Plots of these distances as a function of simulation time
indicate a subtle conformational change in Syt7 C2A around 3

Table 2. Root-Mean-Square Deviations (rmsd) in Angstroms, Averaged over the Trajectories for Selected Atoms in the
Simulations of Stand-alone Proteins and Protein—Membrane Complexes”

backbone” first Ca** second Ca”* third Ca**
Stand-alone Proteins
Sytl 3-Ca?* 200 ns° 1.1 + 0.1 (L3) 0.5 + 02 (1.1) 0.5 + 02 (1.3) 4.1 + 03 (6.0)
Syt7 2-Ca** 200 ns® 2.6 + 02 (3.5) 32 +£0.7 (5.1) 1.8 + 0.5 (3.6) N/A
Syt7 3-Ca** 200 ns® 1.8 + 0.1 (24) 1.0 + 02 (1.8) 0.5 + 02 (12) 24 + 04 (4.0)
Protein—Membrane Complexes
preinsertion
lying-down 500 ns” 1.5 + 0.1 (22) 04 + 02 (12) 04 + 02 (14) 2.0 + 04 (47)
standing-up 500 ns? 14 + 0.1 (2.0) 0.4 + 02 (1.0) 04 + 02 (1.1) 24 + 03 (3.8)
embedded
first 500 ns? 1.1+ 0.1 (1.6) 0.5 + 02 (14) 0.5 + 02 (1.3) 11405 (28)
second 500 ns? 12 + 02 (1.9) 0.5 + 02 (1.3) 0.7 + 02 (1.6) L1+ 03 (23)

“The maximum rmsd values are given in parentheses. Mean + the standard deviation with respect to the initial structure. “Protein backbone heavy
atoms N, C, O, and C,,. “Calculated using the last 80 ns of trajectories from 200 ns stand-alone protein simulations. 9Calculated using the last 400 ns

of trajectories from 500 ns protein—membrane simulations.
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Figure 5. Distances between each Ca®" ion and its coordinating protein oxygen atoms, as a function of time in the 200 ns simulations of stand-alone
(A) Sytl and (B) Syt7 C2A with three Ca®* ions. In each column, the top, middle, and bottom panels are for the first, second, and third Ca®* ions,
respectively. Color code in panel A: L171 O, black; D172 OD1, red; D172 OD2, green; D178 OD2, gray; D230 OD1, blue; D230 OD2, purple;
F231 O, black with markers; D232 OD1, red with markers; D232 OD2, green with markers; S235 OG, gray with markers; K236 O, brown with
markers; D238 OD1, blue with markers; and D238 OD2, purple with markers. Color code in panel B: K165 O, black; D166 OD1, red; D166 OD2,
green; D172 OD2, gray; D225 OD], blue; D225 OD2, purple; Y226 O, black with markers; D227 OD1, red with markers; D227 OD2, green with
markers; $230 OG, gray with markers; R231 O, brown with markers; D233 OD1, blue with markers; and D233 OD2, purple with markers.

ns, which brought the D227 side chain nearer the first and
second Ca*' ions and weakened the coordination between the
third Ca** ion and the D227 and S230 side chains. The
conformational change stabilized the first and second Ca®* ions
and destabilized the third Ca’* ion to some extent. The Ca*'
coordination in Syt7 C2A became more similar to that in Sytl
C2A after the conformational change. Further analysis is
provided in Table 3, in which the average distances between the
Ca’" ions and their coordinating oxygen atoms from the CBLs
are calculated for the final 80 ns of the simulations of Sytl and
Syt7 C2A with three Ca** ions. The results indicate that, in
both Sytl and Syt7 C2A, the first and second Ca* ions are
tightly held by the loops, whereas the third Ca** ion binds less
tightly, primarily through interactions with an aspartate side
chain (D238 in Sytl and D233 in Syt7) and secondarily by an
oxygen in the backbone (K236 in Sytl and R231 in Syt7). The
resemblance between the Sytl and Syt7 results strongly
suggests that Syt7 C2A binds three Ca** ions in a manner
similar to that of Sytl C2A, in agreement with previous NMR
measurements;' > therefore, subsequent calculations were
conducted using this state of the Syt7 C2A domain.

The electrostatic potentials of Sytl and Syt7 C2A domains
from Poisson—Boltzmann calculations are shown in Figure 6
and Figure SS. As expected, the two C2A domains have overall
similar electrostatic potentials. For example, the Ca** binding
sites in both C2A domains have negative potentials in the Ca**-
free structures, because of the aspartate residues and the
exposed backbone oxygen atoms in the Ca** binding loops
(Figure 2). The binding of three Ca®* ions renders the
potentials of the membrane binding surfaces positive.
Furthermore, in both C2A domains, the 4 strand and adjacent
loops feature a cluster of lysine and arginine residues, giving rise
to positive potentials in that region even in the absence of Ca**

5701

Table 3. Means + the Standard Deviation for the Distances
(in angstroms) between Ca’* Ions and Their Coordinating
Oxygen Atoms from the Loops in the Ca®>* Binding Site,
Averaged over the Final 80 ns of the Simulations of Syt1 and
Syt7 C2A Domains”

Sytl 3-Ca* Syt7 3-Ca**
ion residue  atom distance residue  atom distance
first Ca®* D172 OD1 2.6 +02 D166 OD1 22+ 0.1
D172 OD2 2.1 +0.1 D166 OD2 25+02
D178 OD2 2.1 +0.1 D172 OD2 21 +0.1
D230 OD1 2.1 +£0.1 D22§ OD1 2.1 +£0.1
F231 O 23 +0.1 D225 OD2 3.1+02
D232 OD1 22 +0.1 Y226 (e] 23 +0.1
D227 OD1 42 + 0.1
D227 OD2 22 +0.1
second L171 (e} 23 +0.1 K165 (¢] 23 +0.1
Caz+
D172 OD1 22 + 0.1 D166 OD2 22 +0.1
D230 OD1 39 +0.1 D225 OD1 39+0.1
D230 OD2 2.1 +£0.1 D22S§ OD2 2.1 +£0.1
D232 OD1 2.5 +£ 0.2 D227 OD1 22 +0.1
D232 OD2 22 +0.1 D227 OD2 25+0.1
D238 OD2 2.1 +£0.1 D233 OD2 2.1 +0.1
third Ca?* D232 OD2 6.0 + 0.2 D227 OD2 6.6 + 0.2
$235 oG 69 + 0.8 $230 oG 5.7 £ 0.9
K236 O 4.8 + 0.7 R231 O 49 £ 09
D238 OD1 2.1 +£0.1 D233 OD1 21 +0.1
D238 OD2 42 + 0.2 D233 OoD2 3.7 +£02

“Corresponding atoms in the two proteins are shown on the same
line.
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Ca?*-bound

Sytl C2A Ca*-free

Side view

Bottom view

Syt7 C2A Ca?-bound  CaZ*-free

Side view

Bottom view

Figure 6. Electrostatic potential isosurfaces for the C2A domains of
Sytl (top) and Syt7 (bottom). In the left panel, the protein is shown
as a cartoon with 4 colored orange, Ca®" ions as green spheres, and
the two hydrophobic residues at the tips of CBL1 and CBL3 (M173
and F234 in Sytl C2A and F167 and F229 in Syt7 C2A) in ball-and-
stick representation (N, blue; O, red; S, yellow; C, cyan; H, white).
The middle and right panels display the potential maps computed with
and without the three Ca®" ions, respectively. Blue for positive (+1.5
mV equipotential contour) and red for negative (—1.5 mV
equipotential contour). Note that a portion of the Ca’* binding site
in Sytl C2A, but not Syt7 C2A, retains negative potential after Ca®*
binding (green arrows).

ions. The positive potentials of this region are enhanced
somewhat in the Ca**-bound state. For the isolated C2A
domains, the positive potentials offered by the 4 strand and
adjacent loops may contribute to an electrostatic attraction
between the protein and negatively charged lipids (e.g., POPS)
in the membrane. However, the influence of the Ca®* ions on
the electrostatic potentials clearly confirms experimental results
that show that the Ca’" ions are critical to tri§3gering C2A
domain association with anionic membranes.'**%"

Beyond the overall similarity, subtle differences exist between
the electrostatic potentials of the Sytl and Syt7 C2A domains.
For example, the overall electrostatic potential of Sytl C2A is
more negative than that of Syt7 C2A. A portion of the Ca®"
binding site in Sytl C2A retains negative potential after Ca**
binding (green arrows in Figure 6), whereas the entire CBL
region in Syt7 C2A becomes positive upon binding Ca** ions.
This suggests that Syt7 C2A may have a greater number of
Ca’-dependent electrostatic interactions with anionic mem-
branes.

Simulation of Protein—Membrane Docking. The
structures and orientations of membrane-bound C2 domains
have been the subject of many previous studies."”**™* One
parameter frequently used to simplify characterization of
docking geometry is the tilt angle between the protein and
the membrane, although the definition of this tilt angle has
varied among different studies.’ Here, we use the tilt angle
defined in Figure 4 as one parameter for characterizing four
independent simulations of Syt7 C2A membrane docking (see
Computations).
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In the first two simulations, the Syt7 C2A domain was
initially placed above the membrane in a preinsertion state
(Figure 3), with its long axis either approximately perpendicular
to the membrane (standing-up model) or tilted farther toward
the membrane surface similar to the reported orientation of
Sytl C2A™* (lying-down model). In both models, the C,, atom
of F229 was placed in the aqueous medium above the lipid
phosphate plane, by 6.9 A for the lying-down model and 4.2 A
for the standing-up model. Figure 7 plots the tilt angle together
with the penetration depths of (1) the protein center of mass,
(2) F167, and (3) F229 over the simulation time. In both the
lying-down and standing-up models, the protein center of mass
moved rapidly toward the membrane, from approximately —30
to approximately —20 A within the first S0 ns (~0.2 A/ns),
even though no artificial force was used to guide the protein
toward the membrane. (Note that we have adopted the sign
convention of EPR experimentalists, in which more positive
values indicate deeper penetration into the membrane.) During
the first SO ns, F229 started making contact with lipid
headgroups, and the protein began to insert into the
membrane. F229 was largely inserted into the membrane by
100 ns, with the average C, position 0.8 A below the lipid
phosphate plane in the lying-down model and 2.8 A below in
the standing-up model.

The proteins in the two preinsertion model simulations did
not converge to the same orientation during the 500 ns
simulations, and it is possible that neither insertion is complete
over this time scale, as the depths for the protein center of mass
continue to increase slowly (~0.01 A/ns) in the standing-up
model and negligibly in the lying-down model after the first 100
ns. During most of the simulation time, the C2A domain in the
lying-down model remained nearly parallel to the membrane
plane, whereas the standing-up model retained more
perpendicular orientations. The average tilt angles over the
final 400 ns of simulation are 13.5 + 10.0° for the lying-down
model and 37.1 & 9.5° for the standing-up model (Table 4).
The more parallel lying-down orientation is presumably less
favorable for penetration than the more perpendicular standing-
up orientation. Interestingly, both simulations produced large-
amplitude swinging motions of the protein between a more
parallel and a more perpendicular orientation. The swinging
motion was observed both before and after insertion of CBL3
and CBLI into the membrane. The trend was especially
prominent for the standing-up model, whose tilt angle
fluctuated from 30° to 60° and back five times over the 500-
ns simulation.

The plots of penetration depth in Figure 7 show that F229
stayed at or below the membrane phosphate plane after
insertion into the membrane at ~100 ns (blue traces). In
contrast, F167 did not remain stably inserted in the membrane
(red traces). In the lying-down simulation, F167 stayed above
the phosphate plane during the entire 500 ns. In the standing-
up simulation, its penetration depth fluctuated between S and
—12 A for the final 400 ns, although it penetrated as deeply as
F229 for a brief period around the 385 ns mark.

One striking feature of these data is an approximate
anticorrelation between the tilt angle and the F167 penetration
depth (Figure 8 and also Figure S6 of the Supporting
Information). We hypothesize that these motions of CBLI
(which contains F167) result from competition between two
types of interactions: (1) electrostatic attraction of the
positively charged residues in the 4 strand and adjacent
loops for the negatively charged PS headgroups and (2) the
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Figure 7. Tilt angles of the protein (black) and penetration depths of the protein center of mass (gray), F167 (red), and F229 (blue) for the
indicated Syt7 C2A—membrane complex simulations over the simulation time.

Table 4. Statistics of Tilt Angle and Penetration Depth for F167 and F229, from the Simulations of Protein—Membrane

Complexes”

preinsertion embedded
lying-down standing-up first model second model

tilt angle (deg) final 400 ns 13.5 + 10.0 371 £9.5 32.8 + 144 322 +9.1
depth (A) final 400 ns F167 —9.8 + 2.5 -3.1+33 —2.0 = 3.0 —2.6 + 2.7
F229 02 +22 22 +20 28 + 1.6 24+ 1.8

final 100 ns F167 —10.9 + 2.1 —22 + 1.7 38+ LS —-32+26

F229 00+ 1.6 3.7 £ 09 41+ 1.1 19+ 14

“Mean + the standard deviation. For the penetration depths, positive values indicate insertion deeper than the average phosphate plane while

negative values indicate positions above the phosphate plane.

hydrophobic interactions between the phenyl ring of F167 and
the lipid tails. For smaller values of the tilt angle, the positively
charged residues were in the proximity of the lipid headgroups
and F167 was not inserted. At larger tilt angles, the polybasic
region was farther from the membrane and F167 was inserted.
The competition and balance between the stabilization of F167
by the hydrophobic lipid tails and the electrostatic attraction of
the positively charged residues by the lipid headgroups
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appeared to lead to a seesaw-like movement of the C2A
domain with F229 at the fulcrum.

Embedded Protein—Membrane Complexes. Interest-
ingly, the seesaw-like movements of the C2A domain were also
observed for two simulations starting with the protein
embedded in the membrane. Visual inspection of the
trajectories reveals geometries similar to those after 200 ns in
the preinsertion simulation with standing-up geometry. As
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Figure 8. Penetration depths of F167 (red) and F229 (blue) vs the tilt angles of Syt7 C2A associated with the membrane, for each simulation of the

protein—membrane complex.

illustrated in Figure 7, the tilt angles fluctuated notably with an
amplitude of 10—30° and a frequency of roughly once per 100
ns, again showing an approximate anticorrelation with the
penetration depth of F167 (see also Figure S6). Again, while
F229 remained embedded below the phosphate plane, F167
sampled positions above and below the phosphate plane during
the simulations. The average tilt angles of the protein and
penetration depths of F167 and F229 are comparable to those
for the preinsertion standing-up model (Table 4), suggesting
the hydrophobic—electrostatic competition is also present in
these simulations. In both embedded simulations and the
standing-up simulation, the rates of penetration after 300 ns are
either very slow (~0.01 A/ns, first embedded model and
standing-up model) or undetectable (second embedded
model), suggesting that the protein reaches a stable or
metastable penetration depth on the time scale of these
simulations.

In both embedded models, CBL1 and CBL3 produce most
of the contacts with the membrane. The total contacts between
heavy atoms of the membrane and individual residues of the
protein are plotted in Figure S7. Table § lists the 10 residues
that have the most contacts with membrane lipid molecules in
both simulations combined, and Table S5 provides a more
complete list for each individual simulation. Overall, the contact
numbers agree well between the first and second embedded
simulations and indicate that residues from CBL1 and CBL3
have predominant interactions with the membrane. The only
residue that showed substantial differences between the two
embedded simulations is K184, which had more contacts with
lipid headgroups in the first simulation. Visual inspection of the

5704

Table 5. Residues with the Largest Numbers of Lipid
Contacts, Averaged from the Two Embedded Simulations”

no. of lipid contacts depth (&)
residue headgroups acyl chains last 400 ns” last 100 ns®
F167 46.9 19.9 -2.3 + 2.0 =35+ 15
R231 39.3 7.4 -1.8 + 1.3 -1.1 + 09
G265 323 0.1 —49 + 1.5 —45+13
R228 28.1 3.8 -0.3 + 1.2 0.1 + 0.9
$230 20.5 8.6 L0+ 12 13 + 09
S264 18.8 0 —6.5 + 1.8 —6.8 + 14
F229 18.5 45.5 26 + 1.2 3.0+ 09
S168 17.8 1.4 =35+ 21 =50+ 1.5
K194 14.8 0.1 -84 + 1.6 -92+12
D166 12.7 0 —45 + 1.6 53 +12

“Numbers of contacts are averaged over the last 400 ns of the
simulations of the first and second embedded models. A cutoff of 5.0 A
was used in counting the heavy atom contacting pairs; ie., if the
distance between a heavy atom of the protein and a heavy atom of the
lipids was less than 5.0 A, this pair was counted. Entries for residues
that average more than three interactions with acyl chains are shown in
bold. The penetration depths are measured from the average
phosphate plane to the C, position for a given residue; a positive
value indicates that the C, atom is located below (deeper than) the
phosphate plane. For a more extensive list of the residues, see Table S5
of the Supporting Information. “Averages over the final 400 ns of the
trajectories of the first and second embedded models. “Averages over
the final 100 ns of the trajectories of the first and second embedded
models.
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Figure 9. Radial distribution functions (RDFs) gxy(r) with corresponding integrated coordination numbers (ICN, dotted curves). (A) RDF and ICN
from the stand-alone protein simulations. X = Ca®*, and Y = oxygen of protein (red, top panel) or of water (blue, bottom panel). Averaged over the
last 80 ns of each 200 ns simulation. (B) RDF and ICN from the embedded models. X = Ca®*, and Y = oxygen of protein (red, top panel), of water
(blue, middle panel), or of lipid (green, bottom panel). Averaged over the last 400 ns of both embedded simulations.

trajectories revealed that the flexible side chain of K184 was model (Figure S2). The residues in the CBLs that stayed near
oriented toward the membrane in the starting structure used for the phosphate plane (F167, S168, R228, $230, and R231) had
the first simulation but away from the membrane in the second >15 contacts with the lipid headgroups. F229 had the greatest

5705 DOI: 10.1021/acs.biochem.5b00422

Biochemistry 2015, 54, 5696—5711


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00422/suppl_file/bi5b00422_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00422

Biochemistry

hydrophobic interaction with the lipid tails (45 contacts), and
this residue also penetrated deepest (2.6 A) into the membrane.
F167 had the second-largest number of acyl chain contacts,
even though its average penetration depth was above the
membrane plane. However, the large standard deviation (2.9 A)
of its penetration depth reflects its frequent travel into and out
of the acyl chain region during the simulations because of the
seesaw-like movement of the C2A domain described above. By
contrast, while R228, S230, and R231 had penetration depths
similar to or greater than that of F167, they do not interact
favorably with the hydrophobic tails and thus had small
numbers of contacts with the acyl chain carbons.

For a closer look at how the F167 and F229 side chains
interact with the fatty acyl tails of POPC and POPS, we have
quantified the lipid contacts of these two phenyl rings as a
function of the carbon number of the palmitoyl and oleoyl lipid
chains (Figure S8). As expected, the contact numbers for F167
decrease monotonically from C2 to the lipid methyl ends,
reflecting its dominant position near the phosphate plane.
Interactions of F229 with C3—CS5 were also substantial,
consistent with its deeper penetration. Interestingly, while
F167 and F229 had similar contacts with palmitoyl chain
carbons, F229 had approximately twice the number of contacts
as F167 with oleoyl chains. We suspect that the bent oleoyl
chain is better able to accommodate the bulky insertion of
CBL3, similar to a g)revious description of another deeply
inserted C2 domain.”

Ca** Coordination in Stand-alone and Membrane-
Bound Syt7 C2A. The binding of Ca** ions is critical to
association of Syt7 C2A with membranes. As described above,
our simulations of individual proteins support a stoichiometry
of three bound Ca®* ions for both Syt7 and Sytl C24, in
agreement with measurements by Maximov et al."* To further
illustrate the roles that the Ca** ions play in lipid coordination,
we plot the radial distribution function (RDF) and the
integrated coordination number (ICN) in Figure 9A for the
stand-alone Syt7 C2A with three Ca* ions and in Figure 9B for
the embedded protein—membrane complexes. RDF describes
how the density of a particular coordinating atom (here,
oxygen) varies as a function of the distance from the central
atom or ion (here, Ca**), and ICN counts the total number of
these coordinating atoms as a function of the distance from the
center. Together, the RDF and ICN provide critical
information about the coordination structures of the Ca*
ions. For comparison, the RDF and ICN for the simulations
of Syt1 C2A and the two-Ca®* Syt7 C2A are given in Figure 9A,
as well; the corresponding RDF and ICN for the preinsertion
lying-down simulation are shown in Figure S9.

In the stand-alone simulations of Sytl and Syt7 C2A with
three Ca" ions, the first solvation shells of the Ca®" ions were
all located near r = 2.2 A with a relatively narrow distribution of
~0.2 A, where r is the distance between a Ca®" jon and the
surrounding O atoms. The total coordination numbers were 8
for the first Ca®" ion and 7 for the second and third Ca®" ions
(Table 6), in agreement with previous experimental and
computational studies that show coordination numbers of 6—8
depending on the salt concentration.”~** In both three-Ca?*
stand-alone models, the first and second Ca®* ions were mostly
solvated by the negatively charged side chains and the polar
backbone carbonyl groups of the flexible CBL1—CBL3, with
only one water coordinated to each Ca**. The third Ca®" ion,
which was water-free in the starting geometries (Figure 2B—D),
became heavily solvated by four water molecules after
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Table 6. Coordination Numbers of the First Solvation Shell
for the Ca®" Ions in the Binding Region of Syt7 C2A for the
Stand-alone Protein and Protein—Membrane Complexes”

first Ca®* second Ca®* third Ca?*

Syt7 3-Ca®* stand-alone

protein oxygen 6.9 6.0 3.3

water oxygen 1.0 1.0 3.8

sum 7.9 7.0 7.1
embedded complexes

protein oxygen 6.9 6.0 3.5

lipid oxygen 0 0 13

water oxygen 1.0 1.0 2.5

sum 7.9 7.0 7.3

“Taken to be the integrated coordination number at 3.25 A. Values are
averages over the final 80 ns of the simulations for the stand-alone
protein and the final 400 ns of the simulations for the embedded
complexes. Table S6 provides a more extensive list.

equilibration. For comparison, the stand-alone two-Ca*" Syt7
C2A had prominent contributions of water molecules to the
solvation shells of both ions, with approximately half of the
coordinating O atoms coming from water. The variations in the
participation of water in the first and second Ca®* coordination
shells suggest that the binding of the third Ca** modifies the
solvent coordination of the first two Ca®* ions.

Compared with the membrane-free Syt7 C2A, the
membrane-embedded Syt7 C2A has lipid headgroup O atoms
in the coordination shell of the third Ca®>" ion (coordination
number of 1.3), but no change for the first or second Ca* ion
(Table 6 and Figure 9B). For the third Ca®", the lipid O atoms
replaced water molecules, whereas the contributions of protein
O atoms were largely identical between the two simulation
conditions. The variations in the components of the solvation
shell clearly indicate that the third Ca** ion not only helps to
create a more favorable electrostatic environment for
membrane association but also directly participates in C2A—
lipid binding. Although the results presented here are obtained
for Syt7 C2A, we suspect that the interaction between the
outermost Ca** and membrane lipid may also exist in Sytl1 C2A
and other C2 domains and may contribute to the reported
cooperativity in Ca** and membrane binding by many C2
domains.”” ™' For example, such an interaction would be
consistent with the observation of Nalefski et al. that Ca®*
dissociates more rapidly from a membrane-free C2 domain
than from a deeply membrane-inserted C2 domain.*’

B DISCUSSION

Summary of the Main Findings. Our simulations of
binding of Syt7 C2A to Ca®" and membranes support and
extend the experimental measurements of its docking geometry
reported in the preceding paper (DOIL 10.1021/acs.bio-
chem.5b00421). The four most significant findings of the
present study are as follows. (i) Syt7 C2A likely binds three
Ca?" ions, in agreement with NMR measurements,'> and the
third Ca** is coordinated by a combination of protein residues
and water and/or lipid. (ii) When bound to Ca®" ions and
oriented with loops CBL1—CBL3 facing an anionic membrane,
Syt7 C2A spontaneously approaches and inserts into the
membrane. (iii) Three of four simulated geometries of the
protein—membrane complex (all but the lying-down model)
are qualitatively consistent with the orientation derived from
EPR depth parameter measurements, even though the
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Figure 10. Comparison between experimental and computational membrane penetration depths of selected residues. The computational depths of
a-carbons were averaged over (A) the last 400 ns and (B) the last 100 ns trajectories of both the first and second embedded models. Horizontal error
bars indicate experimental statistical errors, and vertical error bars indicate computational statistical standard deviations. Bottom panels show side-by-
side comparisons of penetration depths for each residue (red, experimental; blue, computational).

simulations were performed naive of our EPR results. (iv)
CBL1 appears to insert and retract dynamically in short
simulations, suggesting low energy barriers for its initial
insertion.

Overall, our results are consistent with a membrane docking
mechanism triggered by an electrostatic switch of Ca** binding
and stabilized by hydrophobic interactions between the
membrane and the protein, primarily through CBL3 and
secondarily through CBL1. Such a complex binding scenario of
C2A domains mirrors the amphipathic nature of the
phospholipid bilayer, as described earlier by Gerber et al.>

Comparison of Simulation and Experiment: Penetra-
tion Depths of Critical Residues in CBL1 and CBL3. The
membrane docking geometry of a peripheral protein is
described by (1) its angular orientation with respect to the
membrane and (2) its depth of membrane penetration. Figure
10 shows a comparison of penetration depths for critical
residues of Syt7 C2A between the simulations of the embedded
protein—membrane complexes and the EPR experiments
presented in the preceding paper (DOI: 10.1021/acs.bio-
chem.5b00421) (see also Table S7 of the Supporting
Information). Generally, the orientation of the protein domain
agrees well with the experimental models as shown by the linear
correlation between the experimental and simulated depths;
however, the simulated depths are overall shallower in the
simulations by ~4 A (Figure 10). We emphasize that the
experimental and computational determinations of the depths
were conducted in parallel: the EPR docking geometry models
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used only the NMR protein structures'® and the aqueous
protein structures from our stand-alone protein MD
simulations (section 3.2 of the Supporting Information),
without input from our simulations of the protein—membrane
complex. Conversely, the simulations of the protein—
membrane complex were based on the available Syt7 C2A
NMR structure and approximations to the published docking
geometry of Sytl, rather than the EPR docking geometry
reported in the preceding paper (DOIL 10.1021/acs.bio-
chem.5b00421). This approach differs from some prior
simulations of C2 domain membrane docking, which have
started from the EPR-derived docking geometry.”* From this
point of view, the comparison presented here is a verification of
predictions rather than a verification of fitting.

Depth differences between the EPR models and the
simulations could arise, in principle, from several sources.
The EPR-measured depths are associated with relatively large
uncertainly, because of the dependence on the protein structure
model and parameters chosen for the fitting procedure;
however, the measurements clearly show higher depth
parameters for residues in Syt7 C2A compared to equivalent
positions in Sytl C2A. In the simulations, systematic error
could arise if the trajectories are not accurate representations of
the highly dynamic and complex system; nevertheless, we
observe that depths are stable and consistent among three
trajectories (standing-up and two embedded) after simulation
for 200—300 ns. Indeed, this observation seems to indicate that
the standing-up simulation completed the insertion process
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Figure 11. Probability distribution histograms (blue) and potential of mean force (PMF) curves (red) for the penetration depths of F167 and F229
from the indicated simulations of Syt7 C2A—membrane complexes. The results are based on the last 400 ns of each simulation.

after 300 ns, although this seems unexpectedly rapid for full
insertion of this slow-acting Syt isoform. Rather, it is possible
that the C2A domain did not fully reach equilibrium with
respect to its penetration depth in the standing-up and two
embedded model simulations. We have previously hypothe-
sized a two-step model for Syt7 C2A membrane docking,
including initial binding at a depth similar to that of Sytl C2A
and subsequent deeper penetration on an unknown time
scale.” It is possible that the simulated model systems are
trapped in a local minimum that corresponds to such an initial
insertion state, while full insertion takes microseconds or
longer. This would provide a possible explanation for the
differences between the simulated depths and the EPR data,
which were acquired on a time scale of minutes (Figure 10).
Substantially deeper embedding of the Syt7 C2A domain
than in our present simulations would, however, present an
interesting problem: it would require the first solvation shell of
the third Ca’* ion to be either partially or completely
embedded in the membrane, which would involve losing its
contacts with lipid headgroup oxygen atoms. Presumably, such
a penetration would have to involve a structural rearrangement
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of either protein or lipids to maintain coordination of the third
Ca”" ion. The 500 ns simulations presented here do not suggest
significant conformational changes of C2A, as evident from the
similar rmsd values of the protein backbone between the
membrane-free and membrane-bound C2A (Figure S4 of the
Supporting Information). The minor decrease in average rmsd
(Table 2) from 1.8 A in the protein alone (bound to three Ca®*
ions) to 1.5 A in the simulations of preinsertion models to 1.2
A in the embedded simulations is likely due to the increased
number of restraints from interactions with the membrane. Of
course, we cannot rule out substantial larger changes in the
C2A or lipid conformation over longer time scales. In principle,
it is also possible that the third Ca*" is shed during the
penetration process along with a structural rearrangement of
protein and/or lipid. We are not aware of any explicit
experimental measurement of Ca®* stoichiometry for mem-
brane-bound Syt7 C2A. However, we note that a recent
computational study on Sytl C2AB suggested that the C2A
domain may stably bind only two Ca®* ions.*® Further studies
are needed to resolve whether structural rearrangements may
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accommodate or remove the third Ca®* to facilitate deeper
membrane penetration for Syt7 C2A.

Dynamics of CBL1 and Forces Favoring Different
Modes of Docking. Our simulations suggest that the Syt7
C2A domain docks to the membrane in a dynamic manner, in
that the protein orientation fluctuates considerably over time
with respect to the membrane. The average tilt angle is a
simplified characterization for this dynamic insertion. Figure
S10 displays the histogram of the tilt angles for all protein—
membrane complexes as well as the associated potential of
mean force (PMF) curves, which were computed through
Boltzmann inversion on the basis of the probability
distributions. The PMF curves for the embedded and
standing-up models each exhibit a flat-bottom well >30° in
width and roughly centered at 35°. The preinsertion lying-
down model featured a narrower well (spanning ~20°), whose
center was at a smaller angle of 15°. As discussed earlier, the
broad wells suggest a competition between the electrostatic
attraction of the positively charged residues by the lipid
headgroups and the stabilization of F167 by the hydrophobic
lipid tails. The lying-down position favors the former
interaction, giving rise to the smaller tilt angle and narrower
distribution. Even so, at 298 K, the protein in the lying-down
simulation still had substantial probability of sampling a large
tilt angle.

The penetration depths of F167 and F229 also illustrate the
dynamic nature of the docked state. Figure 11 shows
histograms of the depths of their C, atoms and the associated
PMF profiles. Qualitatively, the plots indicate that the
simulation of the preinsertion lying-down model differs from
the other three simulations (standing-up and two embedded);
in the latter, F167 could almost freely enter and leave the
membrane while F229 was stabilized 4 A below the phosphate
plane. It should be kept in mind that PMF curves are most
reliable at the bottom of the well because of poor sampling in
regions far from the minimum. Nevertheless, qualitatively, the
plots clearly indicate that F229 is critical in anchoring the C2A
domain to the membrane. This finding echoes the strict
conservation of this residue among mammalian Syt C2A
domains. By contrast, the residue at the tip of CBL1 is Phe in
Syt7, Met in Sytl, and variable among other isoforms (Figure
S1).

Finally, we note that the competition between electrostatic
attraction of the p4 strand with PS headgroups and the
insertion of CBL1 can be resolved if the target membrane
contains negative curvature. Although induction of curvature by
Syt7 C2A has not been reported, Sytl C2B has been reported
to curve membranes and negative Gaussian curvature is present
in the exocytotic fusion pore.”” Simultaneous stabilization of
both electrostatic and hydrophobic interactions could possibly
overcome free energy barriers associated with coordination of
the third Ca®* upon deeper insertion of Syt7 C2A. More
broadly, further studies are needed to describe the relationship
between membrane penetration and curvature for the
synaptotagmin family as a whole.
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