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The neuronal cell death-promoting loss of cytoplasmic K* follow-
ing injury is mediated by an increase in Kv2.1 potassium channels in
the plasma membrane. This phenomenon relies on Kv2.1 binding to
syntaxin 1A via 9 amino acids within the channel intrinsically disor-
dered C terminus. Preventing this interaction with a cell and blood-
brain barrier-permeant peptide is neuroprotective in an in vivo
stroke model. Here a rational approach was applied to define the
key molecular interactions between syntaxin and Kv2.1, some of
which are shared with mammalian uncoordinated-18 (munc18). Armed
with this information, we found a small molecule Kv2.1-syntaxin-
binding inhibitor (cpd5) that improves cortical neuron survival by sup-
pressing SNARE-dependent enhancement of Kv2.1-mediated currents
following excitotoxic injury. We validated that cpd5 selectively dis-
places Kv2.1-syntaxin-binding peptides from syntaxin and, at higher
concentrations, munc18, but without affecting either synaptic or neu-
ronal intrinsic properties in brain tissue slices at neuroprotective con-
centrations. Collectively, our findings provide insight into the role of
syntaxin in neuronal cell death and validate an important target
for neuroprotection.

Kv2.1 | syntaxin | neurodegeneration | neuroprotection

herapeutic options to prevent, halt, or ameliorate neurode-
generative disorders remain critical areas of unmet medical
need despite more than 3 decades of aggressive research efforts
(1, 2). Central to this challenge is the fact that many neurologic
diseases are driven by proteins with highly flexible and un-
structured domains that bind multiple partners, making both
their mechanistic characterization and their pharmacologic target-
ing exceedingly difficult (3). Indeed, these intrinsically disordered
unstructured domains are quite common among various disease-
associated membrane-bound receptors and ion channels, espe-
cially in their regulatory cytoplasmic regions (4). One such protein is
the delayed rectifier potassium channel Kv2.1, which enables a well-
characterized neuronal cell death cascade through its cytoplasmic C
terminus domain (5). In the present study, we focused on a key
interactor of the Kv2.1 C terminus, syntaxin 1A (syntaxin), to fur-
ther unveil the molecular mechanisms involved in Kv2.1-dependent
neurodegeneration and to pursue a novel translational strategy.
Following an injurious stimulus, Kv2.1-mediated regulation of
intracellular K* is a critical convergent factor in neuronal cell
death programs. At normal physiological concentrations, cyto-
plasmic K* suppresses the catalytic activity of several proteases
and nucleases linked to cellular pathology (6); however, en-
hanced K* efflux in injured neurons facilitates rapid execution of
cell death cascades (7, 8). Kv2.1 mediates this cell death-promoting
cytoplasmic K* loss in a number of neuronal subtypes, including
cortical neurons (9), hippocampal pyramidal neurons (10, 11),
midbrain dopaminergic neurons (12), and cerebellar granule cells
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(13). The Kv2.1-dependent cell death pathway is normally initiated
by the oxidative liberation of zinc from intracellular metal-binding
proteins (14), leading to the sequential phosphorylation of
Kv2.1 residues Y124 and S800 by Src and p38 kinases, respectively
(15-17). The dual phosphorylation of the channel enhances its in-
teraction with syntaxin and increases its surface expression, inducing
the subsequent loss of intracellular K* (5, 9, 12, 18, 19).

The Kv2.1 domain responsible for the interaction with syntaxin
is located within the intrinsically disordered Kv2.1 proximal cy-
tosolic C-terminal, originally termed Cla (20-22). Overexpression
of a fragment containing residues 441-522 within the Cla region
(Kv2.1 rat sequence; GenBank accession no. NP_037318.1) is suf-
ficient to inhibit the injury-induced plasma membrane insertion of
Kv2.1 channels in neurons and provide neuroprotection in vitro
(23). Recently, we further narrowed down the amino acid se-
quence within Cla to 9 residues: H{LSPNKWKW, (ClaB; from
N to C terminus, corresponding to Kv2.1 residues 478-486 in rat
and 482-490 in mouse and humans; accession nos. NP_(032446.2
and NP_004966.1, respectively). Most importantly, blocking the
interaction between Kv2.1 and syntaxin using a blood-brain barrier-
permeable conjugated peptide (TAT-ClaB) effectively ameliorates
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acute neuronal ischemic injury, limiting infarct damage and im-
proving neurologic function in vivo (24).

The chemical disruption of protein—protein interactions in-
volving intrinsically disordered regions such as the Kv2.1 C ter-
minus is a unique challenge for pharmaceutical intervention, as
these domains not only undergo structural rearrangements on
binding, but also involve selectively promiscuous sites that reg-
ulate multiple interactions (25). This task is further hindered by
the fact that the syntaxin site for Kv2.1 binding has not yet been
resolved. To address these challenges, we developed a rational
approach that combines molecular modeling, biophysics, and
cell-based experimental validations. This approach led us to
elucidate the molecular actors essential to the Kv2.1-syntaxin
interaction, predicting it to exist within the complex binding site
previously resolved for the cocrystal structure between syntaxin
and mammalian uncoordinated 18 (muncl8), a critical compo-
nent in exocytotic processes (26). We then began translating
these results by a virtual screening of small molecule libraries,
with the goal of inhibiting the Kv2.1-syntaxin interaction while
minimally interfering with munc18 function. This process led to
the identification of a first-in-class protein—protein interaction
inhibitor and lead compound that can prevent neuronal injury.
These findings reveal mechanistic insight into syntaxin’s role in
cell death functions and validate a novel target for the devel-
opment of neuroprotective therapeutics.

Results

Structural Modeling of Kv2.1 C1aB H,LSPNKWKW, Peptide and Its
Interactions with Syntaxin. Syntaxin binding to the Cla region of
Kv2.1 is largely restricted to within a 9-aa sequence of the
channel that we previously defined as ClaB (H;LSPNKWKWj).
We had observed a rapid dropoff in syntaxin binding when
C-terminal ClaB residues were removed in a large avidity panel of
Kv2.1 Cla-derived 15-mer peptides (24), alerting us to the pos-
sibility that the essential interactions of the syntaxin-binding
domain could be further refined. We thus carried out molecu-
lar dynamics simulations of Kv2.1-derived peptides containing
partial or complete ClaB sequences to analyze the stability of
these peptides. Fig. 1 4 and B show both a representative snapshot
and the conformational ensembles entailed by the ClaB K6W7
sequence motif for 4 different peptides. Two of the strongest
syntaxin-binding peptides (24), pep-22 and pep-28, consistently
show a fully solvent-exposed W7 residue with the preceding K6 in
the opposite #rans direction. In contrast, the 2 weakest syntaxin-
binding peptides, pep-20 and pep-21, show increasing occlusion of
W7 by interactions with the K6 side chain on deletion of either the
K8W?9 residues or just the W9 from the corresponding ClaB se-
quence. This is evidenced by the increasing probability of K6 to be
in the interfering cis positions when the 2 anchoring residues are
removed in the weakly binding peptides (Fig. 1B). The observed
stability of the free W7 in strongly binding peptides suggests that
this residue plays a critical role in the recognition of syntaxin,
whereas deletion of W9 could have an impact on binding affinity by
inducing the occlusion of W7; however, as suggested by our pre-
vious work (24), the shorter peptide would still able to bind the
SNARE protein to some extent.

The Kv2.1 C1aB W7 Syntaxin-Binding Structural Motif Is Shared with
munc18 W28. The cocrystal structure of the closed form of
syntaxin and muncl8 (Protein Data Bank [PDB] ID code 4JEH)
(26, 27), a known modulator of synaptic transmission essential
for the proper assembly of syntaxin with other SNARE compo-
nents (28), is stabilized by multiple hydrogen bonds and nonpolar
interactions encompassing both the syntaxin regulatory Habc
and core SNARE H3 domains. This includes a specificity de-
terminant aromatic stacking between muncl8 W28 and syntaxin
F34 on the first helix of the Habc domain (Fig. 24). Structural
similarities between our simulated Cla peptides (Fig. 14) and
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the corresponding motif in muncl8 bound to syntaxin (Fig. 1C),
which also has an adjacent lysine residue (K29), led us to per-
form unbiased docking of a ClaB peptide on syntaxin’s binding
surface with munc18. Using SMINA software (29) with default
settings, we obtained the ClaB docked pose shown in Fig. 2B.

Experimental Validation of C1aB-Syntaxin Interactions. All the in-
termolecular interactions in our ClaB-syntaxin-binding model
(detailed view in Fig. 2D) are not only chemically favorable, but
also strikingly consistent with an alanine scan mutagenesis of
individual ClaB amino acids in a syntaxin-binding peptide array
assay (Fig. 1D). In particular, 1) W7 stacking interaction with
syntaxin F34 is eliminated in W7A, but nonpolar contacts re-
main; 2) W9 hydrophobic contacts with syntaxin 1115 are absent
in W9A, thereby significantly decreasing binding affinity; 3) the
ClaB K6 backbone, whose side chain is opposite to W7, interacts
via hydrogen bonds with Q119, a property retained in K6A; 4)
L2 is buried in a hydrophobic pocket formed by syntaxin L.123,
K126, and T122, and thus the hydrophobic side chain present in
L2A may decrease binding affinity somewhat; and 5) Cla
H1 hydrogen bonds with T122 and D231 are expected to be
replaced in H1A, with D231 bonding to the free amine group in
the N terminus of the peptide.

Of note, interactions equivalent to those seen in our ClaB
model are also observed in the muncl8 and syntaxin cocrystal
(Fig. 2C), further supporting the accuracy of our proposed
model. Specifically, and as shown in detailed contacts of
muncl8 and syntaxin in Fig. 2C, 1) muncl8 W28 stacking with
syntaxin F34, with the nearby K29 pointing in the opposite di-
rection, is analogous to the arrangement of ClaB W7; 2) munc18
T56 and 157 contact syntaxin 1115, analogous to the interactions
of ClaB W9; 3) the crystal water in the muncl8 binding in-
terface, fully coordinated by syntaxin Q119, T122, and R41
together with the muncl18 M51 backbone, is reshaped into a
nonpolar pocket in syntaxin, burying ClaB L2; and 4) the
munc18 T48 hydrogen bond with syntaxin D231 is mimicked by
ClaB H1. Taken together, unbiased docking of ClaB peptide
fully rationalizes the alanine scanning, where W7 aromatic
stacking with syntaxin F34 and the burial of L2 in a nonpolar
pocket are the specificity determinant interactions of Kv2.1
ClaB with syntaxin. Notably, deletion of either of these resi-
dues in our Cla-derived 15-mer peptides obliterates binding
(24) (see Fig. 5).

Virtual Screening of Kv2.1-Syntaxin Interaction Inhibitors Identifies 6
Small Molecule Candidates. Leveraging the aforementioned
structural insights, we performed a small molecule virtual
screening with the goal of inhibiting ClaB protein—protein in-
teraction with syntaxin. To do this, we designed pharmacophore
models and used the search engine ZINCPharmer (30) to screen
26+ million commercially available compounds present in the
ZINC database (31). The models were designed to include a
ring-stacking interaction with F34 and also to match different
combinations of hydrogen bonds formed by crystal water 315 in
PDB 4JEH with syntaxin Q119, T122, and R41 (Fig. 24 and C).
After the primary screening based on these pharmacophores,
compounds matching our design underwent an all atom opti-
mization (32), resulting in the 6 molecules shown in Fig. 34 se-
lected for in vitro experimental testing. SI Appendix, Fig. S1 A
and B shows the chemical structures of these selected com-
pounds, abbreviated as cpdl to cpd6.

Cell-Based Screening of Small Molecule cpd5 Reveals Neuroprotective
Properties. To determine whether cpd1-6 can recapitulate the
previously described biological effects of Cla and TAT-ClaB
(23, 24), we evaluated them in vitro first for intrinsic toxicity
and then for neuroprotective actions in rat cultured cortical
neurons. We found that cpd1 did not readily dissolve at a reasonable
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Fig. 1. Structural analysis and validation of Kv2.1 syntaxin-binding peptides. (A) Representative molecular dynamics snapshots of 4 Kv2.1-derived peptides
labeled with their relative binding strength (24). From top to bottom, Kv2.1 peptide sequences containing up to W7 (pep-20), K8 (pep-21), and the entire
C1aB region (pep-22, pep-28) are shown. (B) Assembly of 100 snapshots of K6W7 from the corresponding peptides sampled every 4 ns after 100 ns of
equilibration. Snapshots were aligned on W7 (gray) with K6 sampling both possibly interfering cis (red) and noninterfering trans (blue) conformations. The
W7s of the strongly binding peptides (pep-22 and pep-28) were solvent-exposed and ready to make contact with interacting surfaces. This is disrupted in pep-20
and pep-21, peptides with direct contacts between K6 and W7 side chains. (C) A similar structural motif as C1aB is observed in munc18 W28K29 when bound to
syntaxin (PDB ID code 4JEH). (D) Peptide array binding assay of the C1aB sequences with sequential alanine substitutions, 1 residue at a time. Tryptophan to
alanine-substituted peptides showed significantly less syntaxin binding than the parent peptide. *P < 0.05, ANOVA/Dunnett test. Results indicate mean + SEM of
fluorescent signal intensity in 4 independent assays.
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Fig. 2. Docked C1aB peptide recapitulates interactions of the munc18/syntaxin cocrystal. The closed form of syntaxin from munc18 cocrystal (PDB ID code
4JEH) is shown in green and cyan (surface/sticks), corresponding to the Habc and the H3 domains, respectively. Syntaxin F34 is shown in magenta to emphasize
the specific aromatic stacking interaction in all panels. (A) Partial view of munc18/syntaxin cocrystal. Orange sticks show the same munc18 peptide as in Fig.
1C; other munc18 residues with favorable interactions are shown in yellow sticks. The red sphere highlights fully coordinated crystal water. (B) Unbiased
docking model of C1aB/syntaxin. (C and D) Highlighted intermolecular interactions of munc18/syntaxin (C) and detailed view of interactions between the
docked pose of C1aB and syntaxin (D). Specifically, munc18 W28 aromatic stacking is mimicked by C1aB W7, hydrophobic interactions between munc18
157 and T56 and syntaxin 1115 are mirrored by C1aB W9 (blue), and the hydrogen bond between munc18 T48 and syntaxin D231 is reproduced by H1 in C1aB
(red). Syntaxin is identical in all the structures except the Q119 and T122 side chains in C1aB/syntaxin, which in the absence of the crystal water rotate slightly

to satisfy its hydrogen bonds and methyl group interactions.

concentration using a variety of solvents. We also observed that
cpd2 was at times neurotoxic after 24 h of incubation at 10 pM
(SI Appendix, Fig. S1C), quantified as a significant increase in
extracellular lactate dehydrogenase (LDH) above baseline (relative
toxicity), a sign of cellular damage (33). Therefore, cpl and cpd2
were excluded from further studies. The remaining 4 compounds
were not neurotoxic at concentrations as high as 10 pM (51 Appendix,
Fig. S1 C and D).

We next examined whether these molecules could provide
neuroprotection against overnight applications of threo-p-
benzyloxyaspartate (TBOA; 75 pM), a nonselective glutamate
reuptake inhibitor (34). TBOA induces relatively slow (overnight)
NMDA receptor-mediated excitotoxicity, characterized by Kv2.1-
We found that
cpd5 (3-[3-(1,3-

benzothiazol-2-yl)phenyl]-1-[(3,4-dimethoxyphenyl)methyl]urea;
MolPort-009-741-732) significantly diminished TBOA toxicity,
an effect nearly identical to the actions of 1 uM TAT-ClaB
treatment (Fig. 4 A and B). In phase-contrast imaging, we ob-
served that TBOA treatment reduced the number of phase-
bright, healthy neurons, which was ameliorated by cotreatment
with cpdS (Fig. 44, Left). To better visualize this result, we
transfected neurons with eGFP before treatment and confirmed
that TBOA treatment caused significant cellular damage, which
was ameliorated in cells cotreated with cpd5 (Fig. 44, Right). In
contrast to cpdS, cpd3, cpd4, and cpd6 did not afford any mea-
surable neuroprotection and thus were also excluded from further
analysis (SI Appendix, Fig. S1E).

The docked pose of cpd5 with syntaxin, shown in Fig. 3 4 and
B, recapitulates all the interactions that we found to be essential
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Fig. 3. Virtual screening discovered 6 compounds (cpd1-6) that potentially recapitulate munc18-C1aB interactions with syntaxin. (A) Interactions between
cpd1-6 and syntaxin. For cpd5 specifically, benzothiazole ring forms a stacking interaction with F34, with urea moiety fully recapitulating hydrogen bonds
formed by crystal water in munc18 (red sphere). A water molecule is shown as a guide to highlight the overlap with the urea moiety of cpd5. (B) Docking

model of cpd5/syntaxin.

for ClaB binding to syntaxin. Namely, it shows an optimal
stacking with F34 through the benzothiazole ring; hydrophobic
contact between the benzene ring and V37; hydrogen bonds with
A41,N119, and T122, all established by the munc18 crystal water
and essential for ClaB L2 binding to syntaxin; and interaction of
the veratrole group and K126. This fully supports cpd5 as po-
tentially effective in disrupting the Kv2.1-syntaxin interaction.
Mechanistically, dispersal of somatodendritic Kv2.1 clusters has
also been identified as a viable approach for preventing the in-
crease of death-inducing K* currents (36). To rule out the pos-
sibility that cpdS is providing neuroprotection by declustering
Kv2.1, we transfected neurons with Kv2.1-eGFP and evaluated
their clustering status after 24 h exactly as described previously (36).
We found no significant effect of 24 h of 10 pM cpd5 treatment on
Kv2.1 clusters (SI Appendix, Fig. S1F). This finding is consistent with
the previously observed lack of declustering properties of Kv2.1 Cla
overexpression in cortical neurons (36), strongly suggesting that
inhibiting the Kv2.1-syntaxin interaction subdues the translocation
of new Kv2.1 channels to the membrane.

Cpd5 Suppresses Cell Death-Enabling K* Currents. The hallmark of
Kv2.1-facilitated neuronal cell death is the accompanying large
increase in delayed rectifier K* currents as the result of syntaxin-
dependent de novo Kv2.1 channel insertion in the plasma
membrane (19). We previously showed that plasmid-mediated
overexpression of Cla or use of the TAT-ClaB peptide pre-
vents this Kv2.1-mediated current surge (23, 24). To determine
whether cpd5 achieves a similar inhibition of current enhance-
ment, we obtained whole-cell patch clamp recordings of rat
cortical neurons in vitro after coincubation with TBOA (50 uM
for 2 h, followed by a 2-h wash period), a treatment previously
shown to cause the canonical Kv2.1 current increase (35). In
strong agreement with our neuroprotection assays, we found that
cpd5 (10 pM) preloading (for 1 h) and cotreatment with TBOA
effectively suppressed the postinjury enhancement of delayed
rectifier K* currents in neurons to levels comparable to those in
uninjured neurons (Fig. 4C, striped red bar). Importantly, we
found no significant effects of cpd5 incubation alone on basal K*
currents (Fig. 4C, red bar), strongly suggesting that the preexisting
membrane-bound channels and the normal trafficking of the
channel during the 5-h cpd5 incubation are unaffected by the drug.
This is consistent with previous findings in cells expressing the Cla

15700 | www.phas.org/cgi/doi/10.1073/pnas. 1903401116

fragment or treated with TAT-ClaB (23, 24). Most significantly,
inhibition of the injury-enhanced currents, a syntaxin-dependent
process (19), strongly points to an on-target action of cpd5.

Because NMDA receptors mediate the neurotoxicity elicited
by glutamate reuptake inhibitors (37), we evaluated whether
cpd5 inhibits NMDA-evoked Ca** response, a major component
of acute excitotoxicity (38, 39). To do so, we performed Fura-2
ratiometric Ca** imaging in cultured neurons during NMDA
exposure (30 pM with 10 pM glycine), and noted a lack of effect
of concurrently administered cpd5 (10 uM) on NMDA-evoked
Ca”" responses (Fig. 4D). This strongly indicates that the afore-
mentioned neuroprotective actions of cpd5 likely are not a result
of direct interference with the upstream components of the exci-
totoxic cascade, but rather that cpdS, like TAT-ClaB, provides
neuroprotection against TBOA-induced excitotoxicity specifically
by preventing the expression of enhanced Kv2.1-mediated K*
currents.

Cpd5 Is a First-in-Class Inhibitor of Kv2.1 Binding to Syntaxin. The
docked model of cpd5 shown in Fig. 3B predicts that
cpdS strongly competes with essential interactions of ClaB and
syntaxin. In addition, since muncl8 binds to both the core
SNARE domain and the N-terminal region of the closed con-
formation syntaxin (Fig. 24) (40), we expected cpd5 to displace
ClaB more effectively than it displaced muncl8. To confirm this
prediction, we first performed a peptide array binding assay,
which showed that cpd5 (100 uM) significantly reduced binding
between syntaxin and all the previously identified (24) Kv2.1
Cla-derived syntaxin-binding peptides (Fig. 5). Of note, in-
hibition was seen for all peptides containing the predicted
stacking interaction between ClaB W7 and syntaxin F34, as well
as ClaB L2. We also gauged the specificity of cpdS by noting that
it had a negligible effect on any of the remaining nonspecific or
weak reads. To evaluate the potency of cpd5, we measured
concentration-dependent inhibition of syntaxin binding to pep-
tides 22-28, which contain the full ClaB sequence, obtaining a
fitted ICsy of 5.5 pM with a maximum effectiveness of up to
~75% binding displacement by 100 uM Cpd5 (Fig. 5, Inset, fitted
curve of averaged data). Higher concentrations of Cpd5 could
not be tested due to solubility issues.

We next performed a coimmunoprecipitation assay of syntaxin
and muncl8 in transfected HEK293 cells incubated in various

Yeh et al.
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at +30 mV. The 50 pM TBOA-evoked increase in delayed rectifier current was significantly suppressed by the presence of 10 pM cpd5 (DMSO vs. TBOA vs.
cpd5+TBOA: 85.92 + 13.53 vs. 139.28 + 9.05 vs. 100.12 + 9.61 pA/pF; *P < 0.05, 1-way ANOVA/Dunnett test). n = 10-12. (Scale bar: 1,000 pA and 20 ms.) (D)
Cpd5 (10 uM) did not inhibit NMDA-induced Ca®* responses in cultured cortical neurons (% control + SEM: F-peak treated, 101.26 + 1.47; AUC treated,
104.67 + 1.98; *P > 0.05; t test). Responses shown are the average of 40 Fura-2-loaded cells in 2 separate coverslips. Four coverslips were used for our analysis,

representing approximately 160 cells.

concentrations of cpd5. Consistent with our prediction, we found
that cpd5, at both 30 and 100 pM, robustly disrupted binding be-
tween muncl8 and syntaxin (SI Appendix, Fig. S24); the specificity
of the antibodies used in this experiment was also confirmed (S
Appendix, Fig. S2B). Of note, muncl18 was not displaced by cpd5 at
the neuroprotective concentration of 10 pM, which, as noted above,
can displace ClaB-containing peptides from syntaxin. Taken to-
gether, these results demonstrate that the observed neuroprotective
actions of cpd5 are likely due to inhibition of the Cla region of
Kv2.1 binding to syntaxin.

Cpd5 Does Not Alter Either Synaptic or Intrinsic Properties of Neurons.
Loss of munc18 function blocks neurotransmitter release, causing
muncl8~~ animals to suffer paralysis and rapid global neuro-
degeneration after birth (41, 42). Despite cpd5’s overlapping
syntaxin-binding site with that of munc18, we did not find it to be
neurotoxic in vitro at concentrations as high as 30 pM (S Ap-
pendix, Fig. S1D). Nonetheless, we deemed it necessary to evalu-
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ate the possibility that cpd5 has nonspecific effects on neuronal
synaptic and intrinsic properties. For this purpose, we evaluated
the effects of 10 uM cpd5 on the synaptic and intrinsic properties
of 2 distinct populations of projection neurons in the mouse au-
ditory cortex: the layer 2/3 corticocallosal neurons projecting to
the contralateral auditory cortex and the layer 5B corticocollicular
neurons projecting to the ipsilateral inferior colliculus (43, 44).
Along with being guided by anatomic landmarks such as the rhinal
fissure and the hippocampal anatomy to locate the auditory cor-
tex, we injected green retrograde fluorospheres in the contralat-
eral cortex and red retrograde fluorospheres in the ipsilateral
inferior colliculus to label the layer 2/3 corticocallosal and layer 5B
corticocollicular neuronal populations, respectively (Fig. 64, Left).
We previously confirmed that retrogradely labeled layer 2/3 corti-
cocallosal and layer 5B corticocollicular neurons in this manner
consistently overlay the functionally localized auditory cortex (43,
44). Local stimulation to layer 2/3 was used to evoke excitatory
postsynaptic currents (EPSCs) in retrogradely labeled layer 2/3
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Cpd5 competitively binds syntaxin against C1aB-containing Kv2.1 peptides. Shown are results of a peptide array binding assay of the proximal Kv2.1 C

terminus (C1a) region using 15-aa segments spanning residues Kv2.1 451-540, in overlapping 1-aa steps. The bar graph summarizes (n = 4) of syntaxin binding
intensity in the presence of 100 uM cpd5 or 0.1% DMSO as vehicle control. The C1a binding sequence is highlighted in red. *P < 0.05, nonparametric Mann-
Whitney U test for each peptide. (Inset) Average concentration-dependent effect of cpd5 on syntaxin binding to peptides 22-28 (containing the full C1aB
domain; n = 4 for each peptide) of the peptide array. The percent inhibition of syntaxin binding compared with 0.1% DMSO is plotted for various con-
centrations of cpd5. The fitted sigmoid curve to the pooled, averaged data is shown in red. The data were fitted in GraphPad Prism with a log (inhibitor) vs.
normalized pooled response with a variable slope curve, yielding an ICso of 5.5 uM. Data are expressed as mean + SEM of the indicated values.

corticocallosal neurons (Fig. 64, Right). Application of cpd5
(10 pM) caused no significant differences in the amplitude of
AMPAR-mediated EPSCs evoked in these cells (Fig. 6 B-D).

We next examined the effects of cpd5 (10 pM) on the intrinsic
properties of labeled layer 5B corticocollicular neurons (SI Ap-
pendix, Fig. S34). Cpd5 did not have any effect on resting
membrane potential (SI Appendix, Fig. S3B), input resistance (S/
Appendix, Fig. S3C), or HCN channel-mediated sag potential
(In) (SI Appendix, Fig. S3D). Action potential threshold (S
Appendix, Fig. S3E), width (SI Appendix, Fig. S3F), and firing
rates (SI Appendix, Fig. S3G) were also unchanged by the
cpd5 treatment. These results demonstrate that cpd5 does not
affect either the synaptic properties of layer 2/3 corticocallosal
neurons or the intrinsic properties of layer 5B corticocollicular
neurons in the mouse auditory cortex, consistent with the fact
that the drug does not disrupt muncl8-syntaxin binding at
neuroprotective concentrations.

Discussion

The interaction between the intrinsically disordered proximal C
terminus of the delayed rectifier Kv2.1 (Cla) and the SNARE
protein syntaxin was first characterized nearly 15 y ago by Gai-
sano, Lotan, and coworkers (20-22). Recent work in our labo-
ratory narrowed down the involved Kv2.1 Cla region to
50 amino acids (23) and then to the 9-aa sequence termed ClaB
(24). Preventing the interaction between Kv2.1 and syntaxin by
either overexpressing Cla or using the cell-permeant TAT-ClaB
peptide are effective neuroprotective strategies in both in vitro
and in vivo models of acute neuronal injury (23, 24). Here we
report the discovery of a first-in-class neuroprotective small

15702 | www.phas.org/cgi/doi/10.1073/pnas. 1903401116

molecule inhibitor (cpd5) of the protein—protein interaction
between syntaxin and Kv2.1. Using molecular dynamics simula-
tions of intrinsically disordered peptides containing the Kv2.1
syntaxin-binding sequence ClaB (HLSPNKW,KW) and dock-
ing, we predicted the aromatic residue W7 to be a critical binding
motif to syntaxin (Fig. 1). This prediction was validated by ala-
nine scanning of individual ClaB residues and competitive
binding assays of Cla-derived peptides that demonstrated in-
hibition of only those peptides containing W7 (Figs. 1D and 5).
Furthermore, we predicted ClaB binding on the rim of the munc18
interactions with syntaxin (Fig. 2.4 and B), suggesting that munc18
should form a much tighter complex with the closed conformation
of syntaxin than Cla.

Most importantly, we demonstrate Kv2.1-syntaxin binding as a
highly promising target for eliciting neuroprotection that does
not appear to have any detrimental effects in the neuronal cell
types examined. Notably, cpd5 at 10 pM is neuroprotective, ef-
fectively displacing Kv2.1 ClaB peptides from syntaxin without
affecting the binding of muncl8 and syntaxin, which we show
occurs only at much higher concentrations (SI Appendix, Fig.
S24). Indeed, the mechanism of action predicted for cpd5 shows
that besides the aromatic interaction with syntaxin F34, cpd5 also
competes for direct intermolecular hydrogen bonds and non-
polar contacts formed by ClaB with syntaxin, whereas only the
water-mediated interactions are significantly disrupted in the
muncl8-syntaxin binding (Figs. 2 C and D and 34). Furthermore,
the loss of the entire syntaxin N-terminal Habc globular domain,
which includes the F34 residue, does not impede vesicle fusion
induced by muncl8 (45), indicating that exogenous competition at

Yeh et al.
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Fig. 6. Cpd5 (10 pM) does not affect evoked AMPAR EPSCs in layer 2/3 corticocallosal neurons in the mouse auditory cortex. (A, Left) Schematic of stereotaxic
injections for labeling of corticocollicular and corticocallosal neurons with different fluorospheres to identify select neurons in the auditory cortex for acute
slice electrophysiology. (A, Right) Schematic illustrating the slice electrophysiology experiment involving electrical stimulation of auditory cortex layer 2/3
while recording from adjacent labeled corticocallosal neurons. (B) Representative traces of a layer 2/3 corticocallosal neuron AMPAR EPSCs evoked by
electrical stimulation of adjacent layer 2/3 sites during incubation in control (black) and in 10 uM cpd5 (red). (C) Time course of the average amplitude of
AMPAR EPSCs before and after cpd5 treatment. (D) Average effect of cpd5 (red) on layer 2/3 corticocallosal neuron AMPAR EPSC amplitudes, normalized to
control (control vs. cpd5: 97.6 + 0.9%; P = 0.153, paired t test). n = 4 cells from 4 mice.

the F34-binding site is not immediately deleterious to SNARE
functions.

We did not observe the suppression of basal Kv2.1 current
when targeting syntaxin. Cpd5 neither suppressed Kv2.1 current
below its control levels nor increased cortical neuron excitability,
consistent with our previous observations with Cla and TAT-
ClaB (23, 24). This suggests distinct trafficking mechanisms
between basal and death-promoting Kv2.1 channel populations.
The death-promoting Kv2.1 population has been shown to be
inserted de novo after lethal insults (19) and to require the ex-
istence of nonconducting Kv2.1 surface clusters that act as gen-
eral protein trafficking hubs when in contact with the endoplasmic
reticulum (37, 46). On the other hand, the basal Kv2.1 population
does not appear to require interaction with syntaxin, as botulinum
neurotoxin-mediated loss of syntaxin and SNAP-25 function only
suppresses expression of the prodeath Kv2.1 currents (19). These
findings strongly support the idea that basal Kv2.1 maintenance is
largely syntaxin-independent and is unaffected by our neuro-
protective strategy of targeting a putatively dedicated cell death
pathway. The fact that Kv2.1 can be selectively transported for
distinct functions was recently reinforced by a study showing that
phosphoregulation of a Kv2.1 target sequence motif (amino acids
720-745) can lead to Golgi-independent trafficking of the channel
to the axon initial segment (47). In the same vein, we propose that
injury-dependent phosphorylation of Kv2.1 Y124 and S800 (15)
drives prodeath trafficking of Kv2.1 to the membrane via the
syntaxin-dependent process described here.

Kv2.1 serves several nonconducting functions through its large
cytosolic domains. Most ‘prominently, Kv2.1 directly interacts

Yeh et al.

with members of the SNARE complex, SNAP-25 and VAMP2
(48, 49), in addition to syntaxin, to facilitate exocytosis and
vesicle fusion in several cell types. In neuroendocrine cells, the
Kv2.1-syntaxin interaction has been shown to facilitate exo-
cytosis of dense core vesicles independent of Kv2.1’s ion channel
functions (21). In pancreatic p cells, the Kv2.1-syntaxin in-
teraction modulates the release of insulin. Clustered Kv2.1 do-
mains in secretory p cells are known to facilitate insulin granule
release through the selective binding of Kv2.1 Cla (amino acids
411-522) and Clb (amino acids 523-621) to syntaxin 1A and
syntaxin 3, respectively, eliciting the secretion of distinct granule
populations (50, 51). Interestingly, syntaxin 3 has a significantly
reduced affinity to Cla. The aligned amino acid sequences of
syntaxin 1A and syntaxin 3 reveal a number of differences in the
immediate residues near the central phenylalanine identified in
this study (aligning syntaxin 1A’s F34 to syntaxin 3’s F36; UniProt
alignment: Q16623 STX1A_HUMAN, Q13277 STX3_HUMAN).
Specifically, in syntaxin 1A, the amino acids glutamic acid-
glutamine-valine (EQV) follow phenylalanine, while in syntaxin
3, serine-glutamic acid-isoleucine (SEI) follow phenylalanine.
More studies are needed to evaluate how these amino acid se-
quence distinctions lead to differences in binding preference.
Recently, Kv2.1 was found to associate with the endoplasmic re-
ticulum proteins VAPA and VAPB to form distinct channel
clusters at contact points between the plasma membrane and the
endoplasmic reticulum (52, 53). These clusters have been shown
to be necessary for trafficking of the death-promoting population
of Kv2.1 (36), suggesting that the interaction between Kv2.1 and
the VAP proteins may be involved in cell death processes.
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With the discovery of cpd5 as a first-in-class neuroprotective
agent, we demonstrate a translational workflow that uses structural
modeling to guide the resolution of protein—protein interactions
involving poorly characterized disordered domains, leading to both
mechanistic insights and identification of an effective drug. To this
end, the approach of temporarily disrupting a protein—protein
interaction for neuroprotection is a recently proven successful
translational venture, as is seen with the TAT-NR2B9c peptide, a
current phase III treatment for acute ischemic stroke that ame-
liorates excitotoxicity by displacing NMDA receptor function from
nitric oxide production (54). While we have shown that disrupting
the Kv2.1-syntaxin interaction is also efficacious in a mouse model
of acute ischemic stroke (24), there is an increasing evidence of
Kv2.1’s involvement in even broader contexts of neurodegenera-
tive conditions, including chronic and progressive neurologic dis-
orders (5, 55-57). This reflects the fact that oxidative stress is a
major component of most neurodegenerative conditions (58) and
is known to drive the Kv2.1-mediated cell death pathway (14). As
such, cpd5 not only is a first-in-class neuroprotective molecule, but
also represents an important step in realizing the therapeutic po-
tential of targeting Kv2.1 in neurodegenerative disorders.

Materials and Methods

Molecular Dynamics Modeling. All initial structures of the 9-mer Kv2.1-derived
peptides were built using PyMOL. The molecular dynamics simulations of
Kv2.1-derived peptides were run using pmemd.cuda from AMBER14 using
the AMBER ff12SB force field. Detailed parameters of the docking simulation
are provided in S/ Appendix.

Virtual Screening Using ZINCPharmer. The structure of the syntaxin was
obtained from PDB ID code 4JEH. Several pharmacophore models were built
based on the munc18-syntaxin interactions using ZINCPharmer. These
structures were then submitted to SMINA for structural minimization, and
6 compounds were chosen for further experimental testing. All compounds
were purchased from MolPort. Selection criteria and docking perimeters are
provided in S/ Appendix.

Cortical Cultures. All animal protocols described here were approved by the
Institutional Animal Care and Use Committee of the University of Pittsburgh
School of Medicine. Cortical culture experiments (TBOA LDH assay, patch
clamp electrophysiology) were done using cortical neurons prepared from
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embryonic day 16-17 rats of either sex. In brief, cortices were dissociated
with trypsin and plated in 6-well plates at 670,000 cells per well on poly-L-
ornithine glass coverslips. Nonneuronal cell proliferation was inhibited with
1-2 pM cytosine arabinoside at 15 d in vitro (DIV). Coverslips were moved to
24-well plates for treatment. All cortical culture experiments shown here
were performed on 18-25 DIV cultures.

Peptide Spot Array and Binding Assay. Protein-binding affinity assays were
performed using peptide spot arrays (15 mer) spanning the proximal C ter-
minus residues 451-540 of rat Kv2.1. Nitrocellulose membranes were blocked
for 1 h at room temperature (RT) with gentle shaking in TBST (Tris-buffered
saline, 0.1% Tween 20) containing 5% (wt/vol) nonfat dry milk and then
incubated with enriched STX1A protein containing the indicated concen-
trations of cpd5 for 1 h at RT with gentle shaking. Next, the membrane was
incubated in primary antibody for syntaxin 1A (EMD Millipore; catalog no.
AB5820-50UL, RRID: AB_2216165) for 2 h at RT with gentle shaking, fol-
lowed by washing with TBST. Finally, the membrane was incubated in sec-
ondary antibody (goat anti-rabbit DyLight 800, catalog no. 355571; Thermo
Fisher Scientific) for 45 min, washed 3 times for 5 min each in TBST, and
visualized by infrared fluorescence (Li-Cor). Similar procedures were fol-
lowed for the alanine scan study with 9-mers.

Slice Electrophysiology. Slice electrophysiology experiments were performed
in mice at least 2 d after fluorosphere injections. Coronal slices (300 pm)
containing the auditory cortex were prepared in a cutting solution at 1 °C
using a vibratome (VT1200 S; Leica). Slices were stored at room temperature
until the time of recording. Both slice electrophysiology experiments were
carried out using a MultiClamp-700B amplifier equipped with a Digidata-
1440A A/D converter and Clampex (Molecular Devices). Data were sampled
at 10 kHz and Bessel-filtered at 4 kHz. Pipette capacitance was compensated
for, and series resistance for recordings was <15 MQ as measured throughout
the experiments. Recordings were excluded from further analysis if the series
resistance changed by >15% compared with the baseline period.

Statistical analyses were performed with GraphPad Prism software and are
specified in each figure. Detailed descriptions of each experiment and of
calcium measurements, confocal imaging, and coimmunoprecipitation are
presented in S/ Appendlix.
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