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SUMMARY

Many neurotransmitters are organic ions that carry a net charge, and their release from secretory
vesicles is therefore an electrodiffusion process. The selectivity of early exocytotic fusion pores

is investigated by combining electrodiffusion theory, measurements of amperometric foot signals
from chromaffin cells with anion substitution, and molecular dynamics simulation. The results
reveal that very narrow fusion pores are cation selective, but more dilated fusion pores become
anion permeable. The transition occurs around a fusion pore conductance of ~300 pS. The cation
selectivity of a narrow fusion pore accelerates the release of positively charged transmitters such
as dopamine, noradrenaline, adrenaline, serotonin, and acetylcholine, while glutamate release may
require a more dilated fusion pore.
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In brief

For transmission, a fusion pore forms when vesicle and target membranes are brought together
by SNARE proteins. Delacruz et al. demonstrate that selectivity of the pore accelerates release
of positively charged transmitters such as dopamine, noradrenaline, adrenaline, serotonin, and
acetylcholine, while glutamate release may require a more dilated fusion pore.

INTRODUCTION

Release of hormones and neurotransmitters occurs by exocytosis, which is initiated by
the formation of a narrow fusion pore (Breckenridge and Almers, 1987; Sharma and
Lindau, 2018a). Although some fusion pores expand very rapidly, others remain stable
as a fusion pore of molecular dimensions, with a diameter of ~1-2 nm and a lifetime

on the millisecond timescale (Chow et al., 1992; Zhao et al., 2013; Shin et al., 2018).
Understanding how transmitter molecules permeate the early fusion pore is essential for
a mechanistic understanding of fast transmitter release in the nervous system. Many fast-
acting neurotransmitters, such as acetylcholine and glutamate, carry a net charge, which
requires charge compensation when they are released through the fusion pore. Therefore,
transmitter release through the fusion pore is a process of electrodiffusion (Gong et al.,
2007).

The flux of the positively charged catecholamine molecules from single vesicles can be
measured in chromaffin cells by a carbon fiber microelectrode (CFM) as an amperometric
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current spike that results from the oxidation (not the cationic net charge) of the released
molecules (Wightman et al., 1991). Such amperometric spikes are frequently preceded by a
so-called foot signal (Chow et al., 1992) that reflects the flux of catecholamines through the
fusion pore (Albillos et al., 1997).

Previous experiments have shown that in chromaffin cells early fusion pores have variable
conductance with a mean value of ~330 pS and that catecholamines permeate the fusion
pore at a rate that fluctuates proportional to its conductance (Albillos et al., 1997; Gong

et al., 2007). Although most of the vesicular catecholamines are bound to the vesicular
matrix, there is a fraction of free catecholamines at ~200-300 mM concentration that

is readily available for release through the fusion pore. Reducing the extracellular NaCl
concentration decreases the magnitude of foot currents, indicating that positive charge
carried by catecholamines out of the vesicle is compensated by influx of Na* ions into

the vesicle through the fusion pore and that there is no significant co-release of anions
(Gong et al., 2007). Chromaffin granules contain a high concentration of ATP, as the main
negatively charged ion. It is unknown if the apparent lack of ATP co-release through the
fusion pore is due to cation selectivity of the fusion pore or ATP’s being unavailable for
release via the fusion pore because it is bound to the granular matrix (Pollard et al., 1979)
or in a complex with bound catecholamines (Kopell and Westhead, 1982; Estévez-Herrera et
al., 2016). Cation selectivity of the fusion pore might be expected if the fusion pore is lined
by negative charges from lipids and/or proteins.

Acetylcholine, serotonin, and catecholamines carry a positive charge and would permeate a
cation-selective fusion pore. However, glutamate, the main fast excitatory neurotransmitter
in the brain, carries a negative charge, and if narrow fusion pores are cation selective,

this would imply that release of glutamate requires more dilated fusion pores, with
implications for the speed of synaptic transmission in the central nervous system. This
would fundamentally change present concepts of transmitter release through the fusion pore.

Electrodiffusion theory (Goldman, 1943; Alvarez and Latorre, 2017) predicts how the rate
of catecholamine release through a fusion pore depends on the free ion concentrations

in the extracellular medium and the vesicular lumen, the ionic permeabilities of the

fusion pore (Gong et al., 2007), and the voltage that is present across the fusion pore

(i.e., the intravesicular versus extracellular potential). To determine if fusion pores are
cation selective, we performed anion substitution experiments and measured the rate

of catecholamine release through fusion pores from chromaffin granules by quantifying
the magnitude of amperometric foot currents (%q0t) and compared the results with the
predictions from electrodiffusion theory. We also performed molecular dynamics (MD)
simulations to assess the ratio of anion to cation permeation through fusion pores.

Electrodiffusion calculations and predictions

Nernst-Planck electrodiffusion theory was applied assuming a constant field across the
fusion pores, as in Goldman-Hodgkin-Katz constant field theory (Goldman, 1943). For
permeant ions, we assume that their fusion pore permeabilities are proportional to their bulk
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diffusion coefficients (Gong et al., 2007), which seems justified because the fusion pore is
large enough to allow permeation of large organic cations such as adrenaline (MW183 D).

The current /g carried by ion Sthrough a cylindrical fusion pore with length /and cross-
sectional area ais given by

Iee Do .. VF* [Sy] - [Sglexp(-zsV F/RT)
ST TESTT S TRT 1 —exp(—zsVF/RT)

(Equation 1)

where Dgis the diffusion coefficient for ion S, zsis its valency, and [S\] and [ S are

its respective vesicular and extracellular concentrations. Vis the voltage across the fusion
pore, Fis Faraday’s constant, /R is the gas constant, and 7 is absolute temperature. The
conductance of the fusion pore can be used to substitute its geometric parameters

Gp=o-all, (Equation 2)
where a is the conductivity of the solution inside the fusion pore, giving

Ig= —-D Gr, 2. VF* [Sy] - [Sglexp(=zsV F/RT)
S = ST "*S'TRT 1 —exp(—zsVF/RT)

(Equation 3)

which is a more general representation for fusion pores with arbitrary non-cylindrical and
dynamically changing geometry (Lindau and Gomperts, 1991). For the NaCl-based bath
solution, the conductivity of the solution filling the fusion pore is approximately o =

15 mScm™1, and the quantity Go6 was calculated for a fusion pore conductance of Gp
=170 pS to be 1.13 x 1078 cm. The voltage dependence of the partial current carried

by catecholamines is shown as the red line in Figure 1A. The green line shows the
corresponding amperometric current, which is twice as large because for each monovalent
catecholamine (CA™) two electrons are transferred in the amperometrically measured
oxidation reaction.

The extracellular and intravesicular free ion concentrations and their diffusion coefficients
are listed in Table S1. Although the extracellular concentrations are well defined in the
experiment, the intravesicular concentrations of free Na* and K* were both assumed to be
~20 mM, and free Ca2* and Mg?* were assumed to be negligible (Haigh et al., 1989). The
intravesicular free anion concentrations are unknown, but previous experiments revealed that
during the amperometric foot signal (i.e., during release through a narrow fusion pore), there
is no co-release of anions with catecholamine release (Gong et al., 2007). Therefore, the
intravesicular free anion concentration was set to zero. The intravesicular free catecholamine
concentration [CA*]free Was set to 200 mM to reproduce approximately the mean /gt
measured in the 140 mM NaCl-based solution. The calculated voltage dependence of the net
current for a fusion pore that is permeable to all ions according to their diffusion coefficients
is shown as the solid blue line in Figure 1A.

When a fusion pore opens, there may be voltage present across the fusion pore because the
intravesicular potential may differ from the extracellular potential. This potential difference
is discharged by a current through the fusion pore with a time constant
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7=Cy/Gp,

(Breckenridge and Almers, 1987), where C)/is the vesicle capacitance. For a typical bovine
chromaffin granule with a capacitance of ~2 fF and an initial fusion pore conductance

>10 pS, the time constant is <200 ps. Thus, within less than 200 ps, the vesicle is
discharged. Following this discharge, the intravesicular potential is, however, not equal

to the extracellular potential but is set to the fusion pore zero current potential, which
equals the liquid junction potential between intravesicular and extracellular solutions. The
intravesicular potential can, accordingly, be calculated using the generalized Henderson
equation (Barry and Lynch, 1991). For the normal NaCl-based solution, the zero current
potential is =22 mV (Figure 1B, left panel) and is indicated by the solid blue vertical

arrow in Figure 1A. kot at this potential (Figure 1A, green line) is indicated by the
horizontal arrow labeled “I-foot 140 NaCl.” During the foot current, only a small fraction of
catecholamines is released from the vesicle, such that the intravesicular ion concentrations
and the intravesicular potential remain virtually constant during the duration of the foot.

When 140 mM NacCl in the bath solution is replaced by 140 mM NaGlu and the fusion

pore is anion permeable, the net current-voltage relation changes as indicated by the dashed
blue line in Figure 1A, and the zero current potential shifts to 8 mV (Figure 1A, dashed

blue vertical arrow) because the mobility of Glu™ is only one quarter the mobility of CI~
(Gerhardt and Adams, 1982; Ng and Barry, 1995; Hille, 2001). At this potential, %qqt iS
expected to be ~30% larger than at —22 mV (Figure 1A, horizontal arrow labeled “I-foot 140
NaGlu™). For an anion-permeable fusion pore, we thus expect that the foot currents increase
by ~30% when NaCl is substituted by NaGlu.

For a fusion pore that is completely impermeable to anions, the net current-voltage
relationship can be calculated setting the apparent diffusion coefficients for CI~ or Glu™ to
zero. In this case (Figure 1A, black line) the current-voltage relationship is unaffected by the
anion substitution. The zero current potential (Figure 1A, vertical black arrow) is constant
near +3 mV (Figure 1B, right panel), regardless of anion mobility. %o at this potential
(Figure 1A, horizontal black arrow labeled “cation selective fusion pore™), and thus the rate
of transmitter release, is expected to be 66% larger than that for an anion-permeable fusion
pore in normal Cl™-based solution (Figure 1A, horizontal arrow labeled “I-foot 140 NaCl”).
Cation selectivity of the fusion pore thus accelerates release of cationic neurotransmitters.

Amperometric foot current recordings reveal cation selectivity of small fusion pores

To determine if /%yqt increases when NaCl is substituted by NaGlu, individual release events
from bovine chromaffin cells were measured amperometrically using a CFM. Cells were
stimulated either by intracellular application of 10 uM free Ca2* through a whole-cell patch
pipette or by extracellular application of ionomycin from an ejection pipette. Results from

a whole-cell patch clamp experiment are shown in Figure 2. Amperometric spikes were
recorded in subsequent sweeps of 120 s duration. To avoid any long-term effects secondary
to substituting CI~ with Glu™, recordings were started in standard NaCl-based buffer (Figure
2A). In this cell, infusion of 10 uM free Ca2* stimulated a very large number of release
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events. During the second sweep, the batch solution was changed to the glutamate and the
recording continued (Figure 2B). During later sweeps the solution was changed again three
times to CI~, then to Glu™ and back to CI™.

Because of the high rate of release events, amperometric spikes were frequently overlapping,
such that individual amperometric events were only analyzed to determine /ot because
quantal size (integral of amperometric spike), amperometric spike amplitude, and half-width
could not be reliably quantified. /qq: was defined as the mean foot current during the
duration of the foot signal (Figures 2A and 2B) (Mosharov and Sulzer, 2005). The largest
foot current recorded in this cell is shown in Figure S1. The start of the foot signal is the

last time point before the current deviates from the background level. The end of the foot
signal is indicated by the transition to a steep rise of the amperometric current and quantified
by extrapolating the linear fit of the rising slope to the baseline of the spike (Mosharov and
Sulzer, 2005). kqot reflects the low rate of catecholamine release through a fusion pore with
conductance < 1 nS (Gong et al., 2007) and is proportional to the partial CA* current out of
the fusion pore. The rapid rise of the amperometric spike marks the transition from a fusion
pore to a large orifice, allowing more rapid transmitter release.

If a narrow fusion pore is cation selective, one would expect that a more dilated fusion

pore eventually becomes anion permeable and all ions will permeate according to their bulk
diffusion coefficients. We therefore constructed cumulative distributions of %qq in the two
different solutions for individual cells to avoid obscuring effects from cell-to-cell variability.
The cumulative distribution measured in Glu™-based solution (Figure 2C, red line) is shifted
to larger foot currents compared with that of foot currents measured in Cl™-based solution
(Figure 2C, blue line) for somewhat dilated fusion pores with foot currents >1 pA, but

for narrow fusion pores that generate foot currents < 1 pA, the cumulative distributions

are indistinguishable. Narrow fusion pores with low conductance and small foot current
therefore appear to be insensitive to anion substitution, suggesting that they are impermeable
to anions, while more dilated fusion pores become increasingly permeable to anions with a
transition from a cation-selective fusion pore to a fusion pore that allows anion permeation
beginning around 1 pA foot current.

On the basis of electrodiffusion theory, amperometric foot currents are expected to increase
by ~30% when extracellular CI™ is replaced by Glu™ (Figure 1A) if the fusion pore is fully
permeable to anions (Pc)/ Pk = 1). To determine the cumulative /ot distributions on the
basis of that expectation, all individual %o Values measured in CI~ were multiplied by a
factor of 1.3. The resulting expected cumulative distribution is shifted to higher /qqt values
(Figure 2C, green line). In contrast, amperometric foot currents would be unchanged if the
fusion pore is impermeable to anions (Pg)/ Pk = 0), and the cumulative distribution measured
in Glu™ (Figure 2C, red line) would be identical to that measured in CI~ solution (Figure
2C, blue line). Evidently, the frequency distribution of foot currents below ~1.2 pA (Figure
2C) is unchanged when CI™ is substituted by Glu™ (red line), but the distribution begins to
shift to larger foot currents above that threshold. For large foot currents, the shift approaches
that expected for an anion-permeable fusion pore (Figure 2C, green line). The distributions
obtained in Cl™-based solution and in Glu™-based solution were significantly different (p =
0.041, Kruskal-Wallis test).

Cell Rep. Author manuscript; available in PMC 2021 October 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Delacruz et al.

Page 7

As an alternative stimulation method, chromaffin cells were stimulated by extracellular
application of 10 uM ionomycin from a puffer pipette. In these experiments the solution was
exchanged between recordings from individual cells, and amperometric spike distributions
were obtained pooling the data from multiple cells and multiple preparations. As for
intracellular Ca?* stimulation, the cumulative 4, distribution was unchanged when CI~
was substituted by Glu™ for small foot currents but deviated for larger foot currents. The
distribution was shifted to larger foot currents for more expanded fusion pores with a
transition point for divergence of the distributions at ~1.6 pA (Figure 3A), further supporting
the evidence that narrow fusion pores are cation selective but expanded fusion pores are also
permeable to anions. The shift again approaches that expected for an anion-permeable fusion
pore (Figure 3A, green line). These results indicate that that with both types of stimulation,
the narrow fusion pores are impermeable to anions, but anion permeability increases when
the fusion pores expand.

When amperometric spike parameters from multiple cells are pooled, the effect of cell-to-
cell variability must be taken into account. We therefore performed the statistical analysis
using the cell preparation and individual cell identifier as nested random variables. The
amperometric spike parameters and their statistical analysis are provided in Figure S2. The
mean /oot increased by ~35% from 3.23 + 0.36 to 4.45 + 0.36 pA (p = 0.02). When the

foot currents in the ranges below and above the 1.6 pA threshold are analyzed separately,
there are no differences between the mean values in the two different solutions for small
foot currents (Figure 3B), while for an anion-permeable fusion pore, /4qot Would be expected
to increase by ~30%. If this were the case, the mean foot currents in this range would be
expected to increase by 30% (Figure 3B, bar labeled CIx1.3). The mean /qq; Value in the
low range measured in Glu™-based solution is clearly inconsistent with this expected change,
providing further evidence that narrow fusion pores are impermeable to anions. For the more
expanded fusion pores, the mean /g increases in Glu™-based solution compared with that
in Cl™-based solution as expected for a nonselective fusion pore (Figure 3C).

Quantitative analysis of Iy distributions

To quantitatively account for the gradual transition from cation selective to unselective, the
results were fitted on the basis of a relation between anion permeability and fusion pore
conductance, or the equivalent %qqt. For this purpose, we assumed that the permeability of
CI™ relative to that of K* (/) depends on the fusion pore conductance Gpas

_ Par 1

- _ - - Equation 4
Pk 1+(Gy2/Gp)' (& :

Gy is the fusion pore conductance where R equals one-half and the exponent /7 determines
the steepness of the transition. Equation 4 provides a sigmoid curve for Rrising from zero at
small Gpto one at large Gp.

The relation between fqor in Glu™ solution (4ot lu) and koot in CI™ solution (gt cf) may
be approximated by the relation
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Ltoot, Giu =l foor,c1- (1 + R- (1.3 = 1)), (Equation 5)

which provides a transition of foot current scaling factor from 1 at small anion permeability
(no change) to 1.3 (30% increase) at high anion permeability.

With /oot ci being proportional to Gp, we rewrite Equation 4 as

R= 1
- : (Equation 6)
1+ (Io/1 foor, c1)"

Iy is the average foot current in Cl™-based solution where the permeability ratio /R equals
one-half. It should be noted that here Gpis the fusion pore conductance in normal CI™-based
solution and is as such a measure of fusion pore geometry. Substituting Equation 6 in
Equation 5, we obtain

Ifoot, Glu = Ifoot, Cl-

1+ 13-1 n]. (Equation 7)
1+ (To/1 01, c1)

According to Equation 7, /oot,giy Will be equal to koot ci for koot,c1 <K f and approach 1.3 3
koot,c1 for koot c1 > fo-

To determine how the cumulative frequency distribution relates to such a model, the
distribution obtained in Glu™ solution was fitted using a more general version of Equation 7.
In this generalized form (Equation 8), we allow the change in foot current for large fusion
pores to differ from the fixed factor of 1.3 because once the fusion pore allows for anion
permeation, the entry of Glu™ may further modify fusion pore properties

1 fo0t,Glu = 1 foot,C1 -

1+ S-1 n), (Equation 8)
1+ (IO/Ifoot, Cl)

where Sis the scaling factor of amperometric foot current for a larger fusion pore. Fitting
the data of Figure 2C on the basis of Equation 8 is not trivial, because essentially the
frequency distribution values for Glu™ solution are related to those measured in CI~ solution.
Equation 8 is of the form

Ifoot, Glu = F(Ifoot, Cl) . (Equation 9)

For the transformation of the distribution measured in CI™ solution to that measured in Glu™
solution, we need to determine the /oo cj Values that correspond to given /gt g1y Values. We
thus would need to solve for /oot c) to obtain an expression of the form

1 goor, c1 = G(I foor, G1u) - (Equation 10)
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As Equation 8 is a nonlinear equation that cannot be solved for ko4 cj analytically, the
koot c1 Values that correspond to given koot g1y Values were found numerically according to
Equation 8, using the FindRoots operation implemented in Igor Pro, which allowed fitting
the numerically inverted Equation 8.

The cumulative /o distributions obtained in Glu™ solution were fitted well on the basis of
Equation 8 (Figures 2C and 3A, black dashed lines). For intracellular application of 10 uM
free Ca2* via a patch pipette in the whole-cell configuration (Figure 2C), the resulting fit
provided a scaling factor S=1.35 + 0.02, close to the 1.3 expected from electrodiffusion
theory, a parameter f = 0.94 + 0.04 pA, and an exponent /7= 8.0 + 2.2, indicating a rather
steep transition. For ionomycin stimulation (Figure 3A), the fit provided a scaling factor S
= 1.26, again close to the 1.3 expected from electrodiffusion theory, a parameter /= 2.8
pA and an exponent 7= 2.7. The corresponding curve for the change in anion permeability
Rfrom 0 to 1 (Equation 6), shown in Figure 3D, is more shallow, presumably reflecting
cell-to-cell variability. On the basis of the average fusion pore conductance/catecholamine
flux ratio in bovine chromaffin cells of ~140 pS pA~1 (Gong et al., 2007), the relation
between anion permeability and /qqt Was converted to a relation between anion permeability
and fusion pore conductance with /= 2.8 pA corresponding to ~390 pS (Figure 3D, top
scale).

MD simulations reveal the mechanism of fusion pore selectivity

To obtain insight into the molecular mechanism of fusion pore cation selectivity, ion
permeation was analyzed in coarse-grained MD (CGMD) simulations of an arrangement

of four SNARE complexes bridging a nanodisc and a planar membrane, where fusion pores
formed spontaneously (Sharma and Lindau, 2018b) (Figure 4A). From these simulations,
the fusion pore permeation of cations (blue) and anions (red) was quantified. As shown in
the trajectories (Figure 4B), most anions do not traverse the narrow part (shaded yellow in
Figures 4A and 4B) of the fusion pore. In all simulations in which cation permeation was
detected, the number of permeating anions was either zero or much smaller than the number
of permeating cations (Figure 4C; Table S2). The experimental results revealed that fusion
pore selectivity varies with fusion pore conductance. We therefore investigated if such a
dependence is also evident in the simulations.

The conductance of a fusion pore appearing in the simulations can be estimated on the
basis of fusion pore geometry and the conductivity of the solution inside the fusion pore
(o = 15 mScm™1) (Sharma and Lindau, 2018b). The fusion pore geometry and therefore its
conductance fluctuate during the simulations. When the average fusion pore conductance
of individual simulations was estimated (Figure 4C, bottom axis) it became evident that
the permeability ratio /R = Panion/ Feation iNCreases with increasing fusion pore conductance
(Figure 5A, black markers). A fit with Equation 4 (black line) yielded Gy, = 587 = 15 pS
and a steepness exponent 7= 6.6 + 0.8.

For narrow pores, however, there is a reduced water diffusion coefficient because of
interactions of the water molecules with the walls of the pore, reducing the conductance of
the pore. The reduction of water self-diffusion can be estimated by comparing the diffusion
distances of water inside the pore along its long axis with those of bulk water far away from
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the pore (Smart et al., 1998), an approach that was also applied to fusion pore simulations
(Sharma and Lindau, 2018b). This reduced diffusion of water and ions in a narrow pore
leads to a correction factor, reducing the fusion pore conductance estimate compared with
that based on bulk solution conductivity alone. Figure 5B (gray dots) shows the relation
between corrected and uncorrected fusion pore conductance (5 ns averages) from all four
independent fusion pore simulations with open time intervals >25 ns. The relation between
corrected Gp and uncorrected Gp was fitted (black line) using the function

_ GP, uncorrected
GP, corrected = > (Equation 11)

(1 + (GO/GP, uncorrecled)n)

which assumes that the correction factor approaches a value of 0 for infinitesimally small
fusion pores (no water/ion permeation) and a value of 1 for very large fusion pores (no
correction compared with bulk diffusion). The resulting fit parameters Gy = 1,305 + 41 pS
and n=1.43 £ 0.07 were then used to correct the averaged fusion pore conductance values
(Figure 5A, blue markers). The fit with Equation 4 (blue line) yielded G;» = 143 £ 8 pS and
n=3.0x0.4.

The CGMD simulations were performed using the Martini force field, which combines

four non-hydrogen atoms into one Martini bead. Martini water beads thus group four

water molecules into a single bead, which reduces thermal fluctuations, smoothens the
potential energy surface, and increases the simulation time step, enabling longer timescale
simulations. Although Martini-based CGMD simulations can capture all major bulk
properties of membranes, they may not be appropriate for narrow and constricted pores,

as studied here, because of the larger bead size, simpler interaction potential, and the loss
of entropy (Bennett and Tieleman, 2011). Two configurations from CGMD simulations were
therefore converted to an atomistic (AT) representation, and a 25 ns AT simulation was
performed for each of them, comparing the diffusion-corrected and uncorrected conductance
estimates from the last 19 ns of these simulations (Figure 5B, red circles). The fit with
Equation 11 provided the parameters Gy = 683 + 15 pS and 7= 3.4 £ 0.6, which were

then used to correct the fusion pore conductance values (Figure 5A, red markers). The fit
with Equation 4 (Figure 5A, red line) yielded Gyjp =236 20 pSand n=1.7 £0.2. It
should be noted that the fusion pores obtained in MD simulations have a relatively low
conductance because the small size of the nanodisc, which represents a small area of the
vesicle membrane, limits the ability of the fusion pore to expand. The larger fusion pores in
the simulations exhibit therefore still considerable cation selectivity. The fits using Equation
4 are nevertheless justified because in a widely expanded fusion pore, the permeating ions
do not interact significantly with the pore walls, and their diffusion can thus be assumed to
equal that in bulk solution.

In summary, the simulations also indicate that small fusion pores are cation selective and
that anion permeability gradually increases as the fusion pore expands. The estimates for
the transition where Pc)/ P« reaches 0.5 range from 590 pS for uncorrected conductance
to 240 pS for diffusion-corrected conductance and 140 pS for coarse-grained corrected
conductance.
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DISCUSSION

Understanding the transmitter electrodiffusion properties and permeation of the fusion pore
is necessary for revealing the dynamics for transmitter release, synaptic transmission, and
ultimately the function of the nervous system. Many neurotransmitters are organic ions,
which carry positive or negative charge, and their fusion pore permeation must therefore

be treated as an electrodiffusion process. It has been shown that for narrow fusion pores
there is no significant co-release of anions associated with catecholamine release from
chromaffin granules and that charge compensation occurs by entry of Na* ions via the fusion
pore (Gong et al., 2007). Here we show by ion substitution experiments in amperometric
recordings of individual fusion events as well as CGMD simulations of SNARE-mediated
fusion pores that narrow fusion pores are cation selective, while more dilated fusion pores
are not. Estimates from the experimental data for the fusion pore conductance where Pgy/ Pk
reaches 50% in the transition from a cation selective to a nonselective fusion pore are in

the range 140-390 pS, corresponding to an kqot range of ~1.0-2.8 pA in bovine chromaffin
cells.

The structural basis for cation selectivity of the fusion pore

To gain insight into the structural basis for the cation selectivity, ion permeation through
fusion pores involving four SNARE complexes was investigated using CGMD simulations,
complemented by AT simulations of selected fusion pore states. Consistent with the
experimental data, the analysis of the simulations revealed that fusion pores with small
conductance allow only for permeation of cations and that fusion pores with higher
conductance become progressively anion permeable. The estimates from the simulations
for the fusion pore conductance where P/ Pk reaches 50% in the transition from a cation-
selective to a nonselective fusion pore are in the range 140-590 pS, with 590 pS likely
being a considerable overestimate because this value did not take into account the reduced
diffusion in a narrow pore due to interactions of water molecules and ions with the pore wall
(Smart et al., 1998). The estimates obtained in the simulations are therefore in very good
agreement with those obtained experimentally.

The cation selectivity of narrow fusion pores is presumably due to the presence of negative
charges lining the fusion pore. It has become increasingly clear that the transmembrane
domains of the SNARE proteins synaptobrevin 2 and syntaxin 1 play an important role in
the formation of the fusion pore (Ngatchou et al., 2010; Chang et al., 2016; Dhara et al.,
2016), which is a highly dynamic proteo-lipid structure (Fang et al., 2008; Bao et al., 2016;
Sharma and Lindau, 2018b).

For a better understanding of the cation selectivity, the CGMD simulations were further
analyzed to identify the negative charges lining the fusion pore. The C termini of the
SNARE transmembrane domains pointing into the core of the fusion pore (Sharma and
Lindau, 2018b) contribute negative charges lining the fusion pore. In addition, about equal
amounts of negative charge are contributed from negatively charged lipids (Table S2).
About 50-70 lipid head groups line the fusion pore, contributing ~7-9 negative charges,
while the C termini of the SNARE TM domains contribute ~4—7 negative charges. These
results indicate that negatively charged lipids as well as the SNARE TM domain C
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termini contribute to cation selectivity. It should be noted, however, that the density of
negatively charged lipids lining the fusion pore will depend on the exact lipid composition.
In the simulations performed here, every effort was made to simulate a membrane with
physiological composition and leaflet asymmetry such that only few negatively charged
lipids were present in the extracellular and intravesicular leaflet (Sharma et al., 2015).

The electrostatic potential inside the fusion pore

For a more mechanistic understanding of the cation selectivity, we investigated the
electrostatic potential, the locations of negative charges lining the pore, and the locations

of ions inside two fusion pores with different conductances (Figure 6), one with very small
conductance (Figure 6A, 290 pS uncorrected, 13 pS diffusion corrected) and the other with
larger conductance (Figure 6B, 630 pS uncorrected, 290 pS corrected). In the simulations
we find a region around the extracellular mouth of the fusion pores with a high negative
charge density, contributed primarily by the C termini of the SNARE TM domains and three
PIP2 head groups that are located in the same area (Figures 6A and 6B, top panels, arrows).
The electrostatic potential along the pores (Figures 6A and 6B, bottom panels) contains
contributions from both, the negative charges from SNAREs and lipids, and the ions present
in the fusion pore.

The locations of the charges from lipids and proteins in the two fusion pores are shown

in Figure 7A. As expected, the negative charges from the SNARE C termini and PIP2

are located in a region around the extracellular mouth of the fusion pore (z=45-90 A).
Negative charges from PS lipids are rather homogeneously distributed along the fusion pore.
No negative ions are present inside the pore. Cations are accumulated around the cluster

of negative charges. In the low-conductance fusion pore, a sharp peak in cation density is
specifically colocalized with the negative charges from Stx1 and PIP2 (Figure 7A, panel
cations). The sharp peak indicates that the cations (and water) in the fusion pore are rather
immobile on the timescale of 10 ns, explaining the very low diffusion-corrected conductance
estimate of ~13 pS.

These results suggest that PIP2 headgroups and the Stx1 C termini contribute to the
selectivity filter. The simulations show that PIP2 contributes to the stabilization of cations

at the extravesicular mouth of the fusion pore. Absence of phosphatidylinositol-4-phosphate
5-kinase (PIPKIvy) caused a reduction of PIP2 levels in chromaffin cells and a delay in
fusion pore expansion (Gong et al., 2005), suggesting that PIP2 accelerates fusion pore
expansion, but a possible dependence of the magnitudes of foot currents in PIP2 has not
been studied. It would be interesting to investigate if a reduction of PIP2 levels in chromaffin
cells changes the cation selectivity of narrow fusion pores.

The mean electrostatic potential profile (Figure 7A, bottom panel) includes the field from
the ions present in the fusion pore, as in the single snapshot (Figure 6, bottom panel). When
the electrostatic potential is calculated omitting the contributions from the dissolved ions,
the profiles shown in Figure 7B are obtained. It should be noted that these are hypothetical
curves because fusion pores immediately collapse when the ions are removed and the
simulation is continued in their absence. Nevertheless, the curves show a pronounced
negative potential well inside the fusion pores, which is much deeper for the fusion
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pore with low conductance than for that with higher conductance, consistent with the
accumulation of cations in this region (Figure 7A, panel cations).

A possible function of cation-selective fusion pores

An anion-impermeable fusion pore has a more positive zero current potential accelerating
release of positively charged transmitters, as shown here for chromaffin cells which release
positively charged catecholamine (Figure 1). Revealing the characteristics of the fusion
pore through models of electrodiffusion calculations can enhance our predictions and
understanding of different physiological conditions releasing charged transmitter. Fusion
pore formation in small synaptic vesicles is achieved by the same molecular machinery
composed of synaptobrevin 2, syntaxin 1, and SNAP-25, and the fusion pore selectivity
features described here will thus also apply to fusion pore formation and transmitter release
from small synaptic vesicles. A consequence of cation selectivity will be an acceleration of
acetylcholine release through a narrow fusion pore at the neuromuscular junction, thereby
maximizing the speed of release, or a more rapid elevation of catecholamine levels in blood
to quickly respond to stress. On the other hand, release of glutamate, the major excitatory
transmitter in the brain, may require a more extended fusion pore. In chromaffin cells, a
subset of fusion pores expands very rapidly, possibly those formed at locations of SNAP-25
clusters (Zhao et al., 2013; Shin et al., 2018). Alternatively, it may require less net negative
charge in the fusion pore. The net negative charge could be modulated by the number of
SNARE TM domains involved in fusion pore formation as well as lipid composition or by
other molecules that contribute positive charges and may increase the rate of release of these
negatively charged neurotransmitters.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the Lead Contact, Manfred Lindau (ML95@cornell.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Amperometry and computational data reported in this paper
will be shared by the lead contact upon request. DOIs are listed in the key resources table.
Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Buffer A contained (in mM) 118 NaCl, 3.3 KCI, 1 NaH,PO,4 H,0 (CHEBI: 37585, cat
no.: 7892, Mallinckrodt Chemicals), 1 MgS0O,4.7H,0 (CHEBI:32599, cat no.: M63-500,
Fisher Scientific), 10 glucose, 25 HEPES-NaOH, 2 L-Glutamine (CHEBI: 18050, cat
no.: 25030-081, GIBCO), 100 units-mg/mL Pen-Strep (cat no.: 15140-122, GIBCO), 0.1
mg/mL Gentamycin (CHEBI: 102135, cat no.: 15750-060, GIBCO), supplemented with
MEM vitamins (cat no.: 11120-052, GIBCO) and MEM amino acids (cat no.: 11140-
050, GIBCO) according to manufacturer’s instructions. Buffer B was equal to buffer A
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supplemented with 0.1% Bovine Serum Albumin Fraction V (BSA, cat no.: A7906, Sigma-
Aldrich) and “collagenase buffer” was equal to buffer B supplemented in addition with 1
mg/mL collagenase.

Bovine chromaffin cells were prepared as described (Parsons et al., 1995; Huang et al.,
2019) in accordance with an IACUC approved protocol (1999-0015). Adrenal glands were
obtained from a freshly slaughtered cow and placed in buffer A on ice for transportation.
After arrival at the lab, fat was immediately cut away with sterile surgical blades, and the
glands perfused, digested, and cells prepared as described (Huang et al., 2019). Depending
on cell concentration, a volume of the dissociated chromaffin cell suspension was plated on
8 mm diameter glass coverslips treated with 0.02% poly-D-lysine, to achieve an average cell
separation distance > 25 um. Pyrex cell culture Petri dishes held 5-7 glass coverslips, and
after cells adhered to the glass coverslips, 1.5 mL of cell media was added to cover the entire
Petri dish. The cells were kept in an incubator with 8% CO», in culture media containing

(in mL) 200 Dulbecco’s modified eagle medium/nutrient mixture F-12 (cat no.: 10565-018,
GIBCO), 200 Ham’s nutrient mixture F-12 (cat no.: 11765-054, GIBCO), 40 fetal bovine
serum (cat no.: 16000-044, GIBCO), 4 Pen/strep, 4 L_Glutamine (0.2 M), 9 HEPES/NaOH
(1M), 4.6 Insulin-Transferrin-Selenium-Ethanolamine (100X, cat no.: 51500-056, GIBCO).
Cells were used for amperometric recordings 24 hours after preparation for up to one week.
Generally, the most active days for chromaffin cell batches were 2 days after preparation.

For experiments, individual coverslips with cultured cells were removed from the incubator
and placed in a recording chamber with extracellular bath solution. Bath solutions contained
either 140 mM NaCl or 140mM Na D-Glutamate (NaGlu) plus (in mM) 5 KCI, 5 CaCl,,

1 MgCly, 10 HEPES/NaOH, with a pH of 7.3 and osmolarity adjusted to ~325mmol/kg
with ~20 mM D-glucose. Solution exchange was performed using a suction pump while
new solution was provided to the recording chamber via gravity flow. Some loose cells were
removed from the dish by the bath perfusion. Remaining healthy cells firmly attached to the
coverslip were chosen for single cell recording. After transfer to the set-up cells were used
for up to 1 hour. Experiments were performed at room temperature.

METHOD DETAILS

Intracellular calcium stimulation—Cells were stimulated by intracellular application
of 10 um free Ca2* in the whole cell patch clamp configuration with a pipette solution
containing (in mM) 110 CsGlutamate, 8 NaCl, 20 diethylenetriaminepentaacetic acid
(DTPA), 5 CaCly, 2 MgATP, 0.3 NayGTP, 40 HEPES, adjusted to pH 7.4 with CsOH,

and osmolarity of ~325mmol/kg. Patch pipettes were fabricated from borosilicate glass
capillaries (1.8 mm o.d., Hilgenberg GmbH, Germany) with a P-97, pipette puller (Sutter
Instrument, Novato, CA) and fire polished to a resistance of 3-5MQ. Cells were voltage
clamped at a constant holding potential between —60 and =70 mV (without liquid junction
potential correction) using an EPC10 double amplifier (HEKA, Lambrecht, Germany) and
amperometric current and whole cell holding current were recorded simultaneously. The
reference electrode was an agarose bridge electrode filled with 3M KCI.

After establishing the whole cell configuration in standard NaCl based buffer, the recordings
were started with repeated sweeps of 120 s duration. Bath solution was changed to NaGlu
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based buffer using the gravity-based system. According to the time course of a small change
of holding current during the solution exchange, the solution change took less than 10 s.

To ensure complete solution exchange, the wash was performed for 20-50 s. Solution was
switched multiple times until the rate of amperometric spikes became negligible or the
holding current increased indicating that the seal became leaky.

Extracellular ionomycin stimulation—For ionomycin experiments, the extracellular
solution was changed every 10 minutes, altering between control (NaCl) and NaGlu based
solution. Recordings were performed positioning the CFM near (< 2 um) a chromaffin cell
and applying +650 mV versus an Ag|AgCl reference electrode with an EPC-8 amplifier
(HEKA, Lambrecht, Germany) filtered at 1 kHz using the built-in filter. Fusion events were
stimulated by pressure ejection of NaCl based bath solution containing 10 pM ionomycin
from an ~5 um diameter micropipette tip located ~25 um away from the cell using an
MPCU bath handler (Lorenz, Katlenburg-Lindau, Germany). To allow for sufficient dilution,
solution flow was directed to pass the cell on the side and very low pressure was applied

(5 cm H,0), generating a measured flow rate of ~300 pL/s. Amperometric recordings

were started 60 s before stimulation, followed by 120 s of recording during ejection of the
ionomycin solution and continued for another 280 s after ejection was stopped.

Amperometric recordings—Amperometry was performed using custom made CFMs
(Berberian et al., 2009). A single carbon fiber (5 um diameter) was inserted in a borosilicate
glass capillary (1.8 mm o.d., Hilgenberg GmbH, Germany), which was then pulled using

a P-97 pipet puller. CFM tips were dipped in melting wax (Sticky Wax, Kerr Corporation,
Brea, CA) for 2 min and subsequently cut using a blade (no. 10, Feather Safety Razor

Co., Japan). For experiments, CFMs were backfilled with 3 M KCI solution. Recordings
were analyzed by a customized macro (Mosharov and Sulzer, 2005) for Igor software
(WaveMetrics, Lake Oswego OR) determining for each event maximum current amplitude,
half-width, and quantal size measured as the area underneath the spike of interest. Pre-spike
foot currents were quantified as mean of foot current magnitude (/o) and foot duration
(%001)- Analysis of fusion pore foot signals was restricted to /oot > 0.5 pA and oot > 2 ms.
All experiments were performed at room temperature.

Coarse-grained molecular dynamics simulation—The starting configuration for
fusion pore simulations was a MARTINI coarse-grained representation (Marrink et al.,
2007; Monticelli et al., 2008) composed of a ~29 nm x 29 nm planar bilayer and a

~13 nm nanodisc (ND) mimicking a patch of the synaptic vesicle membrane, bridged

by four partially unzipped trans-SNARE complexes based on PDB entry 3HD7 (Stein et
al., 2009), generated as described (Sharma and Lindau, 2018b). The composition of the
planar plasma membrane was based on the experimentally determined lipid composition
of rat brain synaptosomal plasma membrane (Breckenridge et al., 1972) with asymmetric
lipid composition in the two leaflets formed by a self-assembly approach (Sharma et al.,
2015). The nanodisc (ND) was prepared using a scaffold protein based on variant MSP1E2
of membrane scaffold protein 1 (MSP1) (Borhani et al., 1997) and filled with a patch

of self-assembled membrane with lipid composition based on synaptic vesicle (SV) lipid
composition (Takamori et al., 2006).
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All simulations were carried out using GROMACS 4.5.x (Van Der Spoel et al., 2005) and
visualized using VMD (Humphrey et al., 1996). The CG simulations used standard martini
CGMD parameters. Non-bonded interactions were cut off at 1.2 nm distance. The Lennard
Jones potential was shifted from r = 0.9 nm to the cutoff distance. The time step used to
integrate the equations of motion was 20 fs. Temperature was maintained at 310 K using

a relaxation time of 1 ps and pressure at 1.0 bar using semi-isotropic coupling, with 1 ps
relaxation time using Berendsen methods (Berendsen et al., 1984).

Atomistic molecular dynamics simulation—To investigate in more detail the
properties of nascent pore suggested by CGMD simulations, two atomistic simulations were
performed. The starting structures of the simulations were taken from two different CGMD
simulation trajectories (sim1, 1250 ns and Sim 11, 1152 ns). These states were converted to
all-atom (atomistic, AT) structures using a fragment-based protocol (Stansfeld and Sansom,
2011). The generated atomic system was energy minimized and further subjected to three
rounds of equilibration of 5 ns each. The first round was done for 5 ns to equilibrate water
with all other heavy atoms restrained (force constant = 100 kJ/mol/AZ2). In the next round of
a 5 ns equilibration, only the protein Ca atoms and the lipid head groups were restrained. In
the last round of equilibration only the head groups of lipids that lined the pore region were
restrained using a weaker force constant of 10 kJ/mol/A2. This was subsequently followed
by an unrestrained production run of 25 ns. The atomistic simulations were carried out using
the GROMOS96 force field (Scott et al., 1999) with the 53a6 force field (Oostenbrink et

al., 2004). The force field parameters for glycolipids were taken from (Gu et al., 2017) with
the head group parametrized based on the GROMOS hexopyranose force field (Lins and
Hinenberger, 2005; Pol-Fachin et al., 2012). The parameters of other lipids were taken from
(Kukol, 2009).

Atomistic simulations were performed using GROMACS 4.6.5 (Van Der Spoel et al., 2005;
Hess et al., 2008). All simulations were carried out at 310 K constant temperature using
V-rescale algorithm (Bussi et al., 2007) and semi-isotropic pressure coupling (1 bar) using
the Parrinello-Rahman barostat (Parrinello and Rahman, 1981). Long-range electrostatic
interactions were computed using the particle mesh Ewald (PME) method (Darden et al.,
1993). All bonds were constrained employing the LINCS algorithm (Hess et al., 1997). The
time step used for the simulations was 2 fs and the trajectories were saved every 20 ps. Most
analysis can be performed using standard GROMACS tools and the visualized in VMD
(Humphrey et al., 1996).

Fusion pore conductance estimates—In CG simulations fusion pore conductance
was determined for all time periods where a continuous fusion pore existed for > 25 ns.

In AT simulations fusion pore conductance was analyzed for the last 19 ns of the 25 ns
production run. For both, CG and AT simulations, a cylindrical region of radius 3 nm was
defined at the start of each nanosecond of analysis, with its z axis passing through the center
of mass (COM) of T91 residues of all four Syb2 molecules. The upper bound of the fusion
pore was defined by using the COM of Ca atoms (for AT simulations) or backbone beads
(for CG simulations) of the membrane scaffold protein of the nanodisc, respectively, while
the lower bound of the fusion pore was described using the COM of G288 residues of all
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four Syntaxins. The fusion pore geometry was defined by the waters present inside this
region. For both, CG and AT simulations, the mean square displacement (MSD) of waters
was calculated using the GROMACS utility g_msd, at 1 ns intervals for each 0.45 nm slice
along the z axis in the fusion pore region. The MSD of the waters inside the fusion pore was
calculated and conductance determined using relations as described previously (Sharma and
Lindau, 2018b).

Quantification of ion permeation in CGMD simulations—Analysis of ion
permeation was done on the trajectory with frames dumped at time steps of 1 ns. The
trajectories of the putative fusion pore boundaries, defined by the center of mass of
backbone atoms (C-alpha in case of AT) of MSP (upper bound) and Gly100 residues of
syntaxin 1 (lower bound), were saved. For all the ions that were within 2 nm of any T91
residue of synaptobrevin 2, at any point during the simulation, their z-coordinates along the
trajectory were extracted and saved. The trajectory of each ion was then compared to the
trajectory of the upper and lower bounds of the pore. An ion with z-coordinate below that
of the upper bound was considered to enter the pore from the intravesicular region, provided
that its z-coordinate was greater than the upper bound in the preceding frame. An ion with
z-coordinate greater than that of the lower bound, with its z-coordinate less than the lower
bound in the previous frame, was considered to enter the pore from the extracellular region.
An ion that entered the pore was considered to permeate the pore if at any subsequent time
point its z-coordinate was found to be outside the pore bound opposite to the side from
which it had entered the pore.

Electrostatic potential calculations—The electrostatic potential was calculated using
the last 10 ns of atomistic simulation trajectories of a large (292 pS) and a small (~13 pS)
fusion pore (diffusion corrected conductances). The electrostatic potential was calculated
for individual frames, 200 ps apart, and was performed employing the PMEPot module

of the visualization program VMD (Humphrey et al., 1996) with a grid resolution of 1 A
and Ewald factor value of 0.25 A~1. For the panels shown in Figure 7, the 50 electrostatic
potential maps of these snapshots were then averaged along the z axis over the pore. To
define the pore for each frame, at first a rectangular volume of 6 x 6 x 17.7 nm3, centered
at the x- and y- coordinates of the center of mass of the SNARE C-termini, was considered.
Next, within this volume the pore was further described by determining the solvent (water
and ions) cluster in the fusion pore using single linkage algorithm with a cut-off of 7.5

A. The solvent cluster was then also used to calculate the ion distribution along the fusion
pore using a bin width of 1 A. The distribution of lipid head group charges in the pore was
calculated by considering their counts in the same rectangular volume.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cumulative distributions of amperometric spike parameters were generated to determine
possible differences in distribution of values and frequency with ion substitution.
Cumulative foot current distributions in CI~ and Glu™ solutions from single cell patch clamp
experiments (Figure 2C) were compared using Kruskal-Wallace test (IGOR Pro).
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For ionomycin stimulation, data were pooled from multiple cells and cell preparations

to obtain a large sample size of fusion events. To account for different cell batches and
cell-to-cell variability, p-values for test of significance were determined through least

square regression in JMP software (SAS, Cary, NC), with random effects accounted for

by unique single cell identification nested in its respective animal adrenal gland source

(cell preparation). kqq: distributions were independent of anion substitution for small foot
currents (i.e., narrow fusion pores) but were changed for larger foot currents (more dilated
fusion pores) with a threshold of ~1.6 pA. Therefore, foot currents in the range below 1.6 pA
were elected for small foot currents, and foot currents greater than the respective threshold
for large foot currents. These ranges were selected for separate statistical analysis using JMP
software. Statistical data are expressed as mean + s.e.m

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Exocytotic transmitter release is an electrodiffusion process
Narrow fusion pores are cation selective

Fusion pore ion selectivity decreases as the fusion pore expands
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Figure 1. lon selectivity of the fusion pore affects its zero current potential, catecholamine flux,

and | foot

(A) Nernst-Planck electrodiffusion calculations using Equation 3. Current-voltage relations
calculated for an anion-permeable fusion pore for Cl™-based solution (solid blue line)
and Glu™-based bath solution (dashed blue line) and for a cation-selective fusion pore
(black line). Zero current potentials are indicated by vertical arrows. The amperometric

current (green line) is twice the fractional CA™ current (red line) because two electrons are

transferred per detected monovalent CA* molecule.

(B) Schematic illustrating that for a nonselective fusion pore, which anions can permeate,
the negative zero current potential reduces efflux of catecholamines compared with a cation-
selective fusion pore (right panel), where regardless of the anion present in the solution,
anions will not permeate the fusion pore, and efflux of catecholamines is increased because

of the more positive intravesicular potential.
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Figure 2. Comparison of I oot in CI™- and Glu™-based solutions measured in an individual cell
stimulated by intracellular application of 10 uM free ca? using a whole-cell patch pipette

(A and B) Amperometric recordings obtained in ClI™-based solution (A) and Glu™-based
solution (B). The gray bar indicates the time during which the solution was changed.
Amperometric spikes during this period were excluded from the analysis. Individual
amperometric spikes indicated by an asterisk are shown on expanded scale in Ai and Bi
and the respective foot currents further expanded in Aii and Bii, respectively.

(C) Cumulative frequency distributions of /gt in CI™ solution (blue) and Glu™ solution
(red). The black dashed line is the fitted curve transforming the blue curve on the basis of
Equation 8. The green curve shows the cumulative distribution that is obtained when the
foot current values measured in CI~ are multiplied by a factor of 1.3, as expected for an
anion-permeable fusion pore.
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Figure 3. Comparison of |yt in CI™- and Glu™-based solutions measured with ionomycin
stimulation

(A) Cumulative distribution of kot in Cl™-based (blue line), and Glu™-based (red line)
solutions. For comparison, the curve for ClI™ is scaled to 30% larger foot current values,
stretching the CI™ curve by a factor of 1.3 along the abscissa (green line), as expected for an
anion-permeable fusion pore when CI™ is replaced by D-glutamate™. The black dashed curve
is the fitted curve transforming the blue curve on the basis of Equation 8.

(B and C) Mean foot currents in CI~ solution and Glu~ solution in the range 0.5-1.6 pA (B)
and >1.6 pA (C). The bar labeled CIx1.3 shows the value obtained when the foot current
values measured in CI™ are multiplied by a factor of 1.3, corresponding to the green curve in
(A). Statistical data are expressed as mean = SEM and p values for test of significance were
determined through least square regression in JMP software as described in STAR Methods
section “Quantification and statistical analysis.”

(D) Gradual change in anion permeability as a function of foot current (bottom scale) and
fusion pore conductance (top scale).
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Figure 4. lon permeation through a fusion pore traversing a nanodisc and a planar membrane in

CGMD simulation

(A) Snapshot of fusion pore with surrounding cations (blue), anions (red), SNARE proteins

(orange), and MSP nanodisc scaffold protein (green).

(B) Selected trajectories of anions attempting to permeate the fusion pore from Sim 1. In
most cases they do not pass the narrow center of the pore (shaded yellow in A and B).

(C) Number of fusion pore permeations of cations (blue) and anions (red) from individual
simulations (top axis). Average uncorrected fusion pore conductances are given in bottom

axis.
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Figure 5. Anion/cation permeability ratio increases with fusion pore conductance in molecular
dynamics simulations

(A) Permeability ratios as a function of uncorrected structure-based fusion pore conductance
(black symbols) and as a function of diffusion-corrected conductance on the basis of coarse-
grained (blue symbols) and atomistic (red symbols) simulations. Continuous lines are fits

with Equation 4.

(B) Correction of structure-based fusion pore conductance for reduced water self-diffusion.
Conductance values (5 ns averages) from all CGMD trajectory segments with open fusion
pore and lifetime >25 ns (gray dots) and from the last 19 ns of two 25-ns-long atomistic
simulations (1 ns averages) (red dots). Lines are corresponding fits using Equation 11.
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Figure 6. Electrostatic potential inside two fusion pores with different conductance in the
presence of ions from a single snapshot of the simulation trajectory

Fusion pores had diffusion-corrected conductance of 13 pS (A) and 292 pS (B), respectively.
The middle panels show the fusion pores in a surface representation, colored according to
the electrostatic potential at each grid point of the mesh. The top panels show zoomed-in
views of the fusion pores. The SNARE proteins are represented as ribbons (Syb2, blue; Stx1,
red). The phosphates of the lipid headgroups are shown as brown spheres. Each pore has
three PIP2 lipids. The phosphorous atoms of the phosphodiester linkage are shown as yellow
spheres (and marked with arrows), while each of phosphorus atoms of the two inositol-PO4
groups are shown as magenta spheres. The waters in the pore are shown as thick lines
(oxygen in red and hydrogen in white), and the lipids are represented as gray lines. The
bottom panel shows the calculated potential inside the pore along the z axis.
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Figure 7. Charge distributions and electrostatic potential in the low-conductance (red) and
high-conductance (blue) fusion pore averaged over 10 ns
The yellow box indicates the location of the fusion pore region shown in the top panels of

Figure 6.

(A) Distributions of charges and electrostatic potential in the fusion pore. From top to
bottom: the locations of the carbon atoms of Stx1 and Syb2 C-termini, the three atoms of
PIP2 (one from the phosphodiester linkage and the two from the inositol-PO,4 groups), the
two atoms of PS lipids (a phosphorous atom and a carboxyl atom), the cations, the anions,
and the mean electrostatic potential are shown.
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(B) The mean electrostatic potential in the pore excluding the charges from cations and
anions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
Healthy bovine chromaffin primary cell Owasco Meat Co Inc. N/A

line culture

Chemicals, peptides, and recombinant
proteins

NaH,PO, H,0
D-Glutamic Acid
L-Glutamine
Pen-Strep

MEM vitamins

MEM amino acids

0.1% Bovine Serum Albumin Fraction V

0.02% poly-D-lysine
lonomycin calcium salt

MgATP

Mallinckrodt Chemicals
Sigma-Aldrich

GIBCO

GIBCO

GIBCO

GIBCO

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

CHEBI: 37585, cat no.: 7892

cat no.: G1001

CHEBI: 18050, cat no.: 25030-081
CHEBI: 102135, cat no.: 15750-060
cat no.: 11120-052

cat no.: 11140-050

cat no.: A7906

cat no.: P7280

cat no.: 10634

cat no.: A9187

Software and algorithms

GROMACS v. 4.6.5
53A6 force field
MARTINI force field

Visual Molecular Dynamics (VMD) v.
193

PMEPot Plugin v. 1.0
Fragment-based protocol (CG2AT)

IGOR Pro 8

Quanta Analysis 8.20, IGOR Procedure
File

JMP Pro

Van Der Spoel et al., 2005
Qostenbrink et al., 2004.
Marrink et al., 2007
Humphrey et al., 1996.

Aksimentiev and Schulten, 2005

Stansfeld and Sansom, 2011

WaveMetrics, Inc.

Mosharov and Sulzer, 2005

SAS Institute

http://www.gromacs.org/Downloads_of_outdated_releases
https://onlinelibrary.wiley.com/doi/10.1002/jcc.20090
http://cgmartini.nl/index.php/force-field-parameters

https://www.ks.uiuc.edu/Development/Download/
download.cgi?PackageName=VMD

https://www.ks.uiuc.edu/Research/vmd/plugins/pmepot/

https://bitbucket.org/claughton/cecam-setup/wiki/
MemProtMD%20Pipeline

https://www.wavemetrics.com/downloads/current

https://cumc.columbia.edu/dept/neurology/sulzer/
download.html

https://it.cornell.edu/softwarelicensing/jmp-licensing

Other

Borosilicate glass capillary

Carbon fiber 5 zm diameter

Hilgenberg GmbH, Germany

Amoco Performance Products,
Inc.

1.8 mmo.d.

Thornel T650/42 6K

Cell Rep. Author manuscript; available in PMC 2021 October 08.


http://www.gromacs.org/Downloads_of_outdated_releases
https://onlinelibrary.wiley.com/doi/10.1002/jcc.20090
http://cgmartini.nl/index.php/force-field-parameters
https://www.ks.uiuc.edu/Development/Download/download.cgi?PackageName=VMD
https://www.ks.uiuc.edu/Development/Download/download.cgi?PackageName=VMD
https://www.ks.uiuc.edu/Research/vmd/plugins/pmepot/
https://bitbucket.org/claughton/cecam-setup/wiki/MemProtMD%20Pipeline
https://bitbucket.org/claughton/cecam-setup/wiki/MemProtMD%20Pipeline
https://www.wavemetrics.com/downloads/current
https://cumc.columbia.edu/dept/neurology/sulzer/download.html
https://cumc.columbia.edu/dept/neurology/sulzer/download.html
https://it.cornell.edu/softwarelicensing/jmp-licensing

	SUMMARY
	Graphical Abstract
	In brief
	INTRODUCTION
	RESULTS
	Electrodiffusion calculations and predictions
	Amperometric foot current recordings reveal cation selectivity of small fusion pores
	Quantitative analysis of Ifoot distributions
	MD simulations reveal the mechanism of fusion pore selectivity

	DISCUSSION
	The structural basis for cation selectivity of the fusion pore
	The electrostatic potential inside the fusion pore
	A possible function of cation-selective fusion pores

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	METHOD DETAILS
	Intracellular calcium stimulation
	Extracellular ionomycin stimulation
	Amperometric recordings
	Coarse-grained molecular dynamics simulation
	Atomistic molecular dynamics simulation
	Fusion pore conductance estimates
	Quantification of ion permeation in CGMD simulations
	Electrostatic potential calculations

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	KEY RESOURCES TABLE

