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MATERIALS AND METHODS

Plasmid construction

Human filamin A (FLNA) in pREP4 vector (Life Technologies, Carlsbad, CA) was a kind
gift from Dr. Paramita M. Ghosh (UC Davis, Davis, CA). a-Actinin2 cDNA in pcDNA3 vector
was a kind gift from Dr. David Fedida (University of British Columbia, Canada) (1). Construction
of hSK2 expression plasmids for heterologous expression in Chinese hamster ovary (CHO) was
as follows: full-length human cardiac SK2 cDNA was subcloned into pIRES2-EGFP (Takara Bio
USA, Inc., Mountain View, CA) to obtain pSK2-IRES-EGFP plasmid.

Optogenetic constructs

Optogenetic approaches were first tested in CHO cells transfected with hSK2, a-actinin2,
and FLNA plasmids. The biomolecular probes were previously developed and described (2) (main-
text Fig. 1A). The system is based upon dimerization between two proteins. The transcription
factor CIBN is fused to CAAX, a plasma membrane anchor. Arabidopsis thaliana cryptochrome
2 (mCherry-CRY?2) is fused to a PI(4,5)P2 5-phosphatase (5P) that is cytoplasmic at rest and is
recruited to the CIBN-CAAX anchor upon the application of blue light (458 nm), thus bringing
the phosphatase into close proximity with PIP2, resulting in dephosphorylation and subsequent
depletion of PIP2 within minutes (main-text Fig. 1A).

To assess the validity of our results, control experiments were performed. Cells were
transfected with either the CIBN or CRY2 constructs as a negative control or CRY?2 fused to
P1(4,5)P2 5P containing a point mutation in the catalytic domain rendering it inactive (5P-Dead)
(main-text Fig. 1). Data were analyzed in a blinded fashion. We have successfully used the

technique to induce clustering of Ky7.4 channels (3).



Chinese Hamster Ovarian (CHO) and Human Embryonic Kidney (HEK) 293 cells and
plasmid transfection

CHO and HEK 293 cells were maintained in Ham’s F-12 medium and Dulbecco’s
Modified Eagle medium (DMEM), respectively, supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin in a humidified atmosphere containing 5% CO; at 37 °C. All cell
culture reagents were purchased from Life Technologies. CHO cells were transfected using the
following plasmid compositions: pSK2-IRES-EGFP, in combination with pREP4-FLNA and
pcDNA3-a-actinin2, with optogenetic constructs, using Lipofectamine™ 2000 (Life
Technologies) according to the manufacturer’s protocol. The 1:1 ratio of the plasmids was
determined to be most optimal for SK2 current expression in our prior published studies (4).

In order to test the prediction of the critical roles of R395:E398 salt bridge on PIP2
regulation of hSK2 channel, we generated a tandem construct of two hSK2 subunits containing
R395C mutation in subunit 1 and E398C mutation in subunit 2 (generated and sequence verified
by VectorBuilder). The wild-type (WT) construct was used as control. HEK293 cells were
transiently transfected with the WT or the mutant tandem constructs in combination with pREP4-
FLNA and pcDNA3-a-actinin2, using FUGENE (Promega) following the manufacturer’s
protocol. The cells were transfected for 48h and maintained in medium without antibiotics during
transfection.

Isolation of ventricular myocytes from rabbit heart

All animal care and procedures were approved by UC Davis Institutional Animal Care and
Use Committee and was in accordance with NIH and institutional guidelines. For isolation of the
rabbit ventricular myocytes, New Zealand White rabbits (males, 3-4 months old, 2.5-3 kg) were

first injected with heparin (5000 U) and then anesthetized with isoflurane (5%). After achieving



deep anesthesia, a standard enzymatic technique was used to isolate ventricular myocytes at 37 °C.
Briefly, hearts were mounted on a Langendorff system and retrogradely perfused for 5 min with
oxygenated solution containing (in mmol/l): NaCl 138, KCI 5.4, CaCl» 0.05, MgCl> 1, NaH2PO4
0.33, 10 NaHCO3, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) 10, glucose 6,
pyruvic acid 2.5, pH = 7.4. When blood was removed from the coronary circulation, the solution
was supplemented with 1 mg/ml type Il collagenase (305 U/mg; Worthington Biochemical Co.,
Lakewood, NJ, USA), 0.05 mg/ml protease type XIV (Sigma-Aldrich Co., St. Louis, MO, USA)
and 1 mg/ml bovine serum albumin. The heart was perfused for 30 min to enzymatically dissociate
cells. Portions of the left ventricular wall were cut into small pieces and the cell suspension was
washed with the above solution. Finally, the Ca?* concentration was gradually restored to 1.2 mM.
Transfection of rabbit ventricular myocytes using magnetic nanoparticles

Transfection of cardiomyocytes is much more complicated than that of cell lines and was
achieved using magnetic nanoparticles as we have previously described (5). We have observed a
transfection efficiency in cardiomyocytes of ~43 + 2% in our recent study (5).
Patch-clamp recordings

Whole-cell lkca was recorded from transfected CHO and HEK 293 cells at room
temperature using conventional patch-clamp techniques, as previously described (6). The
recordings were conducted with Axopatch 200B amplifier and Digidata 1320 digitizer (Molecular
Devices). The protocols were generated with pPCLAMP 10.3 software (Molecular Devices). The
extracellular solution contained (in mmol/liter (mM)): N-methylglucamine (NMG) 140, KCI 4,
MgCl; 1, glucose 5, and HEPES 10, pH 7.4 with HCI. The internal solution contained (in mM):
potassium gluconate 144, MgCl, 1.15, EGTA5, HEPES 10, and CaCl; yielding a free cytosol Ca®*

concentration of 500 nM, using the software by C. Patton of Stanford University



(http://maxchelator.stanford.edu/). The pH was adjusted to 7.25 using KOH. To isolate apamin-
sensitive Ik ca, extracellular solution containing apamin (10 nM) was applied during the recordings,
and the difference currents between the control and the apamin-containing solution were
calculated. The current was elicited from a holding potential of -55 mV using a ramp voltage-
clamp protocol ranging from -120 to +60 mV with a 2 second duration. diCg-P1(4,5)P2 (10 nM,
Echelon Biosciences) was applied to the intracellular patch-clamp solution to increase PIP2
concentrations.

For recording lk,ca from rabbit ventricular myocytes, the extracellular solution contained
(in mM): NMG 130, KCI 1, glucose 10, 4-amiopyridine 5, CaCl; 2, niflumic acid 0.05, E4031
0.001, chromanol 0.01, BaCl» 0.05, and HEPES 10, pH 7.4 with glutamic acid. The pipette solution
consisted of (in mM): KCI 45, NMG 120, 10 HEPES, EGTA 0.05, pH 7.25 adjusted by glutamic
acid. The voltage-clamp protocol was designed to isolate apamin-sensitive lk,ca as shown in main-
text Fig. 1 activated by Ca®* influx and Ca?* released from the sarcoplasmic reticulum as we have

previously described.

All recordings were performed using 3 M KCI agar bridges. Cell capacitance was
calculated as the ratio of total charge (the integrated area under the current transient) to the
magnitude of the pulse (20 mV). Currents were normalized to cell capacitance to obtain the current
density. The series resistance was compensated electronically. In all experiments, a series
resistance compensation of >90% was obtained. The currents and membrane potentials were
recorded using Axopatch 200A amplifier (Molecular Devices, LLC., Sunnyvale, CA, USA),
filtered at 1 kHz using a 4-pole Bessel filter and digitized at a sampling frequency of 5 kHz. Data
acquisition and analysis were carried out using pClamp 10 software (Molecular Devices) and

Origin Software (OriginLab, Northampton, MA, USA).



Statistical Analysis

Statistical significance for the experimental data was determined using unpaired two-tailed
Student’s t-test. p<0.05 was considered statistically significant.

Computational modeling of hSK2 channel to generate starting structures for MD
simulations

Generation of structural models for hSK2 channel was achieved via three stages using
Rosetta molecular modeling (Online Supplemental Fig. S1) as described below.

Electron density map refinement:

In the first stage, we refined and converted three states of the hSK4-CaM cryo-EM
structures (PDB IDs: 6CNM, 6CNN, and 6CNO) into Rosetta-optimized energy with Rosetta 2021
software. Cryo-EM refinement was performed with side chains only being optimized. This
conversion facilitated the energy terms of these structures to align with Rosetta's scoring function
(Score.gd?), leading to improved homology modeling. We used a modified version of the Rosetta
demo included within the Rosetta software
(https://new.rosettacommons.org/demos/latest/public/electron_density_structure_refinement/stru
cture_refinement) (7, 8).

Homology modeling of hSK2 channels in closed, intermediate, and open states

In the second stage, we employed the modified Rosetta Comparative Modeling
(RosettaCM) protocol to generate hSK2 homology models (8-15). This involved conducting
sequence alignments between hSK4 and hSK2 channels, and subsequently formatting the aligned
sequences into a Grishin format suitable for RosettaCM. Regions in hSK2 that were not present in
hSK4 structures were modeled using the loop modeling protocol,

(https://www.rosettacommons.org/docs/latest/application_documentation/structure_prediction/lo
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op_modeling/KIC_with_fragments) (16) primarily the S3-S4 linker. The template protocol can be
found at this link: (https://new.rosettacommons.org/demos/latest/Home).

The top model from the cryo-EM refinement of hSK4 step was then used as the template
for homology modeling for hSK2. The first attempt was to only model hSK2, then dock CaM onto
the channel. However, the absence of CaM in the models triggered large movements in the CaM
binding domain (CaMBD) in the C-terminal domain of hSK2 (main-text Fig. 2A) due two factors:
A) CaMBD is perpendicular to the S1-S6 transmembrane segments of hSK2 and B) the linker
region that connects the CaMBD and S1-S6 is very flexible. In contrast, the inclusion of CaM led
to convergence and improved agreement in the top models for the CaMBD (main-text Fig. 2B-D),
resulting in a model that is much closer to the template.

In our attempt to create reliable homology models, several features were included in the
protocol, namely implicit lipid membrane environment to accurately model membrane-spanning
protein segments, enforcing symmetry to preserve a four-fold homotetrameric hSK2-CaM
complex symmetry, explicit inclusion of metal ions to preserve the Ca?* binding loops, treatment
of multiple chains that include hSK2 and CaM, and loop modeling for the flexible regions of the
protein missing from the cryo-EM structures. However, an error occurred between the symmetry
function and the metal binding feature, specifically, the Ca®* ions assumed the exact coordinates
of the first C, atom of the first residue of CaM. This necessitated the homology modeling to be
performed without the symmetry function.

In addition, we meticulously monitored for possible displacement of the backbone carbonyl
oxygen atoms in the selectivity filter (SF) of hSK2 during the homology modeling since
deformation of the SF may lead to a non-conducting channel in the MD simulations. Indeed,

repulsion of the oxygen atoms results in the SF deformation at amino acid residues 1359 with


https://new.rosettacommons.org/demos/latest/Home

widening and shortening of the SF. This necessitated the inclusion of harmonic restraints that were
determined empirically, and a weighted value of 100.0 kcal/mol/A? was used on the C, atoms of
the backbone of each amino acid residue in the SF. Additionally, the deformation was minimized
with explicit inclusion of K* ions in the SF. Interestingly, we did observe that the open state of
hSK2 required the largest restraints to maintain the SF structure. 50,000 models were created for
each conformational state of hSK2-CaM, and a top model was selected with a standard clustering
selection process.

Clustering and top model selection:

Standard Rosetta clustering was performed for each cryo-EM refinement and homology
modeling step with minor differences in the filtering process, based on the models that were used
as inputs. The cryo-EM refinement output structures were filtered first by sorting using the “r15”
term (REF2015 terms: SCORE — elec_dens_fast) and keeping the lowest 50% of r15 ranked
decoys. The resulting list of decoys was then sorted by elec_dens_fast term, and the lowest 20%
were kept. This final selection was then clustered with a radius determined empirically to provide
a distribution, where the most decoys (~30%) were in the first cluster, and subsequent clusters
were with progressively fewer decoys. An attempt to obtain upwards of 90% of all models in the
first 20 clusters was made. The centers of the top 10 clusters were then evaluated for retention of
similar critical structural features described above. The top model from these 10 was used as a
template for the homology modeling. The results of the homology modeling were sorted by the
total score term with the lowest 10% used for clustering. Clustering of the homology models was
performed in the same manner as the cryo-EM refinement with the top model used as the starting

structure for MD simulations.



Molecular dynamics (MD) simulations

The final stage involved molecular dynamics (MD) simulations. The hSK2 models derived
from homology modeling were initially visualized without a membrane and then embedded into
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer and solvated by 0.15 M
KCI aqueous solution using CHARMM-GUI (17-19) (Fig. 3A). Online Supplemental Table S1
provides a summary of 18 5-ps-long MD simulations on Anton 2 supercomputer (20) of hSK2-
CaM complex in POPC membrane with or without mono-protonated state of phosphatidylinositol
-(4,5)-bisphosphate (PIP2) with protonation on P4 oxygen atom (SAPI24) at 2.5, 5, and 10% in
the lower leaflet of the lipid bilayer. The concentrations of PIP2 were chosen based on recent
estimations of PIP2 in the lower leaflet of the lipid bilayer that can be as high as 2-5% (21). In
addition, we performed a total of 27 simulations at 1 ps using either NAMD 3.0 alpha (22) or
AMBER18 (23) on high performance computing (HPC) EXPANSE platform (San Diego
Supercomputer Center at the University of California, San Diego) with computational time granted
through Extreme Science and Engineering Discovery Environment, XSEDE (now Advanced

Cyberinfrastructure Coordination Ecosystem: Services & Support, ACCESS).

MD simulations were run in the NPT ensemble at 310 K and 1 atm pressure using
tetragonal periodic boundary conditions using a standard set of non-bonded cutoffs and other
options as in our previous studies (24, 25). All-atom biomolecular CHARMM36m protein (26),
C36 lipid (27, 28), and TIP3P water (29) were used. Each MD simulation system was equilibrated
for 2.27 ns with suggested gradually diminishing positional and dihedral restraints provided by
CHARMM-GUI scripts. Due to the relatively large size of the hSK2-CaM protein complex in our
MD simulations and to ensure its conformational stability (as described above), a follow-up

extended equilibration MD simulation was performed for 100 ns with gradually reduced restraints



on protein backbone atoms of the hSK2-CaM complex and its components as shown in main-text
Fig. 3B. The extended equilibration protocol was performed on the EXPANSE platform with
AMBER18 (Fig. 3B). The protein backbone restraints were maintained using the force constant
of 1.0 kcal-mol™-A during the initial environment equilibration until the start of the extended
equilibration stage, when the restraints were successively reduced in a 5 or 10 ns stepwise fashion,
starting from the periphery of the protein and moving towards the center of the protein over a
period of 100 ns (main-text Fig. 3B). The extended equilibration protocol was determined
empirically to maintain the stability of essential structural features such as the pore domain or SF.
Each successive step of either 5 or 10 ns was determined based on root-mean-square deviation
(RMSD) profiles reaching a plateau indicating system equilibration. Post 100 ns of this extended
equilibration, the production MD simulation runs were performed for 1000 ns using AMBER18
on EXPANSE or for 5000 ns on Anton 2. Small restraints were used on the C, backbone atoms of

the selectivity filter residues SIGYGD throughout the production stage (Fig. 3B)

The 27 MD simulations created were divided as follows: 3 distinct hSK2 conformational
states (closed, intermediate, and open) embedded into POPC:PIP2 complex membranes with PIP2
residing in the lower leaflet only (100:0, 95:5, 90:10). All simulations were run in triplicate to
ensure consistency. The 18 most stable simulations of the 27 runs using AMBER18 were identified
and transferred to Anton 2 by using molecular coordinates and velocities from the final frame of
100 ns protein equilibration stage as a starting point. The MD simulations on Anton 2 are unbiased
5-us-long runs and are described in Online Supplemental Table S1.

The MD simulation trajectories were analyzed via root-mean-square deviation (RMSD)
calculations (main-text Fig. 3C). The distinct initial channel states were characterized by central

channel pore radius mapping using HOLE analysis script (30) (main-text Fig. 4A-C). We thus



monitored channel conformational states by measuring the minimum hydrophobic gate diameter
for each frame (main-text Fig. 4D-E). This was performed by measuring the distance between
side-chain Cy1 (CG1) atoms of the V390 residues on the pore-lining S6 helices from opposing
subunits.

lon conduction was measured by monitoring the Z-axis coordinates of K* ions through the
SF (main-text Fig. 4F-G). We then quantified the number of ions that completed a connected path
through the SF to avoid counting ions that would “jump” from the intracellular aqueous
compartment to the extracellular one using periodic boundary conditions (PBC) image recentering.
PIP2 movement was determined by tracking its XY coordinates and plotting 50 points per graph
for each PIP2 molecule. The identification of all possible unbiased PIP2 binding sites was achieved
using modified scripts from MD analysis GitHub (https://github.com/MDAnalysis/mdanalysis),
(31) and amino acid residues of interest were located by identifying salt bridges formation between
hSK2-CaM complex and PIP2 head group. Visual, structural, and computational analysis was
completed using Visual Molecular Dynamics (VMD) (32), UCSF Chimera (33) and ChimeraX
(34) (University of California San Francisco).

Clustering Analysis

After the completion of the MD simulations, we conducted a clustering analysis on the
simulation data. The primary objective of this analysis was to categorize conformations based on
their similarity and to pinpoint the most frequently occurring conformational states of hSK2.
Additionally, this analysis aimed to investigate the coordination of hSK2 and PIP2 clusters and
the formation of the R395:PIP2 salt bridge. To achieve these goals, we employed the TTClust
program, a specialized tool specifically designed for trajectory clustering (35)

(https://github.com/tubiana/TTClust).



We first aligned the PIP2 molecule with respect to the hSK2-CaM. The trajectory of the
aligned PIP2 molecule was saved as a binary DCD trajectory file. Subsequently, we executed the
TTClust program using the command: ttclust -f HETA-c.dcd -t HETA-c.pdb -sa "none" -sr "all".
The -sa parameter was set to "none" to indicate no further alignment was required as it was already
performed in the first step. The -sr parameter was set to "all" to select all atoms in the analysis. We
then analyzed the clustering results to identify clusters with PIP2:R395 salt bridges, focusing on
the major residues involved. We visualized and compared these clusters against the hSK2-CaM
structure to observe their distribution and identify their location. Furthermore, we calculated the
time point at which a salt bridge was detected via a 3.6 A cutoff.

Solvent-Accessible Surface Area (SASA) analyses

Solvent-accessible surface area (SASA) analyses were performed to quantify the solvent
exposure of each amino acid residue in the transient, transfer, and activation PIP2 binding sites
from the closed, intermediate, and open states. There were no significant differences in the SASA
over time or averaged SASA for amino acid residues within the same state for MD simulations
with the hSK2-CaM embedded in a POPC or a POPC/PIP2 membrane if a PIP2 molecule did not
directly interact with that amino acid residue. Therefore, we calculated the SASA for each amino
acid residue on the four subunits for each frame based on binary classification: bound vs. unbound
by PIP2 (the distance between any anionic oxygen on PIP2 head group and any cationic nitrogen
on the side chain of basic amino acids was <4 A was defined as bound and >4 A was defined as
unbound).

For the open hSK2 state, we further classified the MD simulations into 2 additional groups

with an intact hydrophobic gate and a collapsed hydrophobic gate, which became nonconductive



after the initial K ions in the channel pore were depleted. These simulations were excluded from

the analyses since there were major asymmetry of the pore.



Online Supplemental Figures
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Online Supplemental Figure S1: Amino acid sequence alignment for human (h) and mouse (m)
SK1-3 channels with percentages of conservation. S1-S6, SF, PD, S4-5 linker, CaMBD, HA, HB,
and HC refer to transmembrane segments S1-S6, selectivity filter, pore domain, calmodulin
binding domain, and helices A-C, respectively.
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Online Supplemental Figure S2: Flowchart summarizing methods for the generation and
simulation of hSK2 channel models for each conformational state. Step 1: Refinement and
conversion of hSK4-CaM cryo-EM structures into Rosetta energy optimized structural models.
Step 2: Modified RosettaCM protocol to generate hSK2-CaM homology model from hSK4-CaM
refined cryo-EM structures. Step 3: MD equilibration and production protocol. All steps are
described in detail in Materials and Methods section above.
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Online Supplemental Figure S3: Tracking of positions of PIP2 molecules over MD simulation
time from the peripheral (bulk lipid membrane) to the hSK2 PIP2 binding sites. The hSK2-CaM
tetramer is viewed from the extracellular side at the top.



Online Supplemental Figure S4: Formation of salt bridges between different amino acid
residues in the hSK2-CaM tetramer. A. Representative poses from clustering of MD simulations
of hSK2-CaM channel, with only two subunits shown for clarity in ribbon format in orange and
cyan colors. CaM molecule is shown in green. Insets in B-D are zoomed-in regions from panel A
with side chains of key amino acid residues shown in ball-and-stick format with oxygen (red),
nitrogen (blue), and carbon (orange, cyan, or green). Hydrogen atoms are not shown. B-C. Intra-
subunit salt-bridge formation in the S1-S4 domain of in subunit I. C. D. Inter-subunit salt bridge
formation between residue R395 from S6 transmembrane helix from subunit | and residue E398
from S6 transmembrane segment from the adjacent subunit 1. E. Intra-subunit salt-bridge
formation as well as salt-bridge formations with CaM.



A K278 B R418 C R299
A:mo— WIDE2TAE 12445547 \lﬁZtZEA USTLE3AT 744294 A o U0 qiosizoar  1s0e3eA®  wnTi1eAd 1moratA TscizIal =307 mrrezaw 'ws:wze 18115540 18594157 A2
2004 t = 2004 < 2004
3 - $ 2 w|tpbbt pbd LLELL 4 3
% 100 4 100+ 2 100
< & 5
v g4 LE [E
Closed Cosed  Inermediate _ ntermedinte Closed Closed  Inlermediate Intermediate  Open Closed Closed  Inlermediate  Intermediate
Unbound Bound Unbound Untend Unbound Baund Unbound Bound Unbound Unbound Bound Unbound Bound Untmend
2 250 2
200 200 200
Fwe X w0 Fuo
< < <
2 2 2
< 100 < 100 <100
50 50 50
Unbound Unbound Unbound
ol— - : y T :
0 1000 2000 3000 4000 5000 0 1000 2000, 3000 4000 5000 0 1000 2000 3000 4000 5000
Time {ns) Time (ns) Time (ns)
2
200 200 200
T 150 T
=3 150 X = 150
< < <
g £ 100 2o
< 100 < <
50 50 50
Bound Bound Bound
] 1000 2000 3000 4000 5000 [J 1000 2000 3000 4000 5000 1000 2000 3000 101 5000
Time {ns) Time (ns} Time (ns)
PIPZ-K278:| | ” ”H ‘ 1 ‘ ‘ ‘ ‘ ‘ | PIP2-RALE:NI PIP2-R29%:IV
D R395 E K396 F K471
= e Ty 128230A0  1M8:53A 16255220 TmD' 172221 K 1352247 132355247 Wr8:158A SO0 mrazsa 0site1 i08zi2aM 145343A1 1200419287
< 200 "< 2004 L 2004
< < % <
2 1004 2 100 2100 —+—
] A “
0 4 ]
Clused Closed Intermediate  Intermediate Open Closed Closed Intermediate  Intermediate Open Closed Closed Intermediate  Intermediate Open
Unbound Bound Unbound Unbound Bound Unbound Baund Unbound Unbound Bound Unbound Bound Unboun:
2
200 200 200
Fo Z1s0 Zr0]
< < <
2 2 2
X 100 X100 Z100
50 50 504
Unbound Unbound Unbound
0 1000 2000 3000 2000 5000 0 1000 200 3000 2000 5000 0 1000 2000 3000 2000 5000
Time {ns) Tlme (ns) Time (ns)
2 2
200 200 200
oo Zs0 o
< < <
5 b 9
& 100 <100 100
50 E 509
Bound Bound Bound
0 1000 2000 3boo acho sopo 0 1000 2000 3000 1000 5000 ] 1000 2000 3000 4000 5000
Time {ns) Time (ns) Time (ns)
PIP2 R39Sl | ] PIP2-K396:11 PIP2 KA1l

Online Supplemental Figure S5. Evaluations of simultaneous Solvent Accessible Surface
Area (SASA) and salt bridge formations. A-F. SASA values with corresponding salt bridge
formation during different 5-us long unbiased MD simulations for amino acid residues K278,
R418, R299, R395, K396, and K471, respectively, for PIP2 bound vs. unbound MD simulation
frames of closed, intermediate, and open conformational states of hSK2-CaM. If the minimum
distance between anionic oxygen on any PIP2 head group and the positively charged nitrogen on
the side chains of basic amino acid residues was < 4 A, it was defined as bound and > 4 A was
defined as unbound. The top panels in A-F show summary data presented as box-and-whisker



plots with the minimum value, the first quartile, the median, the third quartile, and the maximum
value. The height of each box corresponds to standard deviation. The averages of all frames from
all simulations in the same conformational state of the hSK2-CaM are presented as the shaded
area. The two middle panels in panels A-F show the time series of SASA values (in A?) for the 5-
us-long MD simulations for the corresponding amino acid residues for the closed (A) and
intermediate (B-F) states of the hSK2-CaM in the PIP2 unbound and bound states, respectively.
The bottom panels in A-F show the time series of salt bridge formation between PIP2 and the
corresponding amino acid residue.

Results: A-D. There are changes in the SASA values between the PIP2 unbound or bound states
for amino acid residues K278 (A), R418 (B), R299 (C), R395 (D) with the largest changes for the
residue K278 (A) in the closed state and the residues R299, R395, and R418 in the intermediate
state E-F. Amino acid residues K396 and K471 exhibit very little change in SASA values upon
binding by PIP2. Yellow box in panel C designates the simulation time when salt bridge is formed
between amino acid residue R395 and PIP2, leading to a significant decrease in the standard
deviation of the SASA value for residue R299. D. Quantification of the simultaneous SASA and
the salt bridge formation for the residue R395 in the intermediate state of the hSK2-CaM. For the
transient salt bridge formation between amino acid residue R395 and PIP2 (at ~3,000 ns of the
MD simulation, marked by a yellow box), there is no notable feature in the time plot for SASA
corresponding to the salt bridge formation despite an obvious rotamer change of this amino acid
residue in the MD clustering results (main text, Fig. 6). In contrast, there is a simultaneous increase
in the SASA with a significant decrease in the variance, occurring with a steady salt bridge
formation (at ~4,000 ns of the MD simulation, marked by a red box). E. There are simultaneous
changes in the SASA values of the adjacent K396 residue when residue R395 forms multiple salt
bridges with PIP2 at ~4,000 ns of the MD simulation with a significant decrease in standard
deviation, possibly due to concealment of the SASA of residue K396 by the R395 rotamers. The
SASA for residue R395 in the intermediate state significantly increases upon binding by PIP2.
Consequently, the SASA for the R395 residue exhibits a very large increase in the open state
compared to the intermediate state. The salt bridge disruption between residues R395 and E398
residues in the open state further supports the notion that that the R395:PIP2 salt bridge plays
critical roles in the hSK2 channel transition from an intermediate to an open state.
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Online Supplemental Figure S6. There is a decrease in R395:E398 cross subunit salt bridge
formation as the intracellular gate diameter increases. A-D. Time series of the salt bridge
formation (top) between the amino acid residue R395 of the indicated subunit (I-1V) and the amino
acid residue E398 of the adjacent subunit in different states: closed (A), intermediate (B), open
and conductive (C), and open with the hydrophobic gate asymmetrically collapsed during the
simulations (D, red box). The corresponding intracellular gate distances over simulation time were
computed between the amino acid residue V390 C, atoms on opposing subunits. Distance was
measured between subunits I:111 (middle panel) and II:1V (bottom panel). The collapse of the
intracellular gate (D) shows an increase in the frequency of the R395:E398 salt bridge formation.
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Figure S7: Effects of PIP2 binding on the cross-subunit diameter of the cytoplasmic
hydrophobic gate at the V390 residues. The diameter of the cytoplasmic gate distance was
determined between CG (Cy) side-chain atoms of amino acid residues V390 of opposite subunits:
I-111 and 11-1V. Histograms are plotted using 3.5-8.5 A range with a bin size of 0.05 A. A-B.
Diameters were measured from the atoms in subunit I to Il (A) and Il to IV (B) in an MD
simulation with 2 PIP2 molecules bound to the “activation” binding site. The simulation was
divided into 3 segments based on the clustering of PIP2 binding to the amino acid residue R395
identified in Figure 6 (main text): 1) PIP2 bound to the “activation” binding site (amino acid
residue K396 but not the amino acid residue R395, 1-2,950 ns) is shown in green; 2) One PIP2
weakly bound to the amino acid residue R395 (2,950-4,050 ns) is shown in blue; 3) The same PIP2
strongly bound to the amino acid residue R395 (with multiple salt bridge formed, 4,050-5,000 ns)
is shown in purple. C. The geometric average is calculated by taking the square root of the product
of the diameters for subunits I to Il and Il to IV for every MD simulation frame to assess the
asymmetry of the gate distances. D-F. Same analyses as in A-C for an MD simulation containing
no PIP2 were performed as controls. The simulation was also divided into three segments: segment
1 (1-2,950 ns) shown in brown, segment 2 (2,950-4,050 ns) shown in red, and segment 3 (4,050-
5,000 ns) shown in orange. G. Geometric average diameters for MD simulations with bound PIP2
(A-C) compared to no PIP2 (D-F). Mean + standard deviation (STD) values are shown in Online
Supplemental Table 2.



Online Supplemental Table S1. A series of 18 MD simulations of the hSK2-CaM systems

executed using Anton 2.

Channel state/replication number | Membrane environment/applied voltage (Size (atoms)|Simulation time (us)|Anton days
Open/1 POPC ~290,000 5 0.5
Open/1 POPC:SAPI24 (95:5) ~290,000 5 0.5
Open/1 POPC:SAPI24 (97.5:2.5) ~290,000 5 0.5
Open/1 POPC/750 mV ~290,000 5 0.5
Open/1 POPC:SAPI24 (97.5:2.5)/750 mV ~290,000 5 0.5
Open/2 POPC ~290,000 5 0.5
Open/2 POPC:SAPI24 (95:5) ~290,000 5 0.5
Open/2 POPC/750 mV ~290,000 5 0.5

Intermediate/1 POPC ~290,000 5 0.5
Intermediate/1 POPC:SAPI24 (95:5) ~290,000 0.5 0.05
Intermediate/1 POPC:SAPI24 (95:5) ~290,000 5 0.5
Intermediate/2 POPC ~290,000 5 0.5
Intermediate/2 POPC:SAPI24 (95:5) ~290,000 5 0.5
Closed/1 POPC ~287,000 5 0.5
Closed/1 POPC:SAPI24 (95:5) ~287,000 5 0.5
Closed/1 POPC:SAPI24 (90:10) ~287,000 0.5 0.05
Closed/2 POPC ~287,000 5 0.5
Closed/2 POPC:SAPI24 (95:5) ~287,000 5 0.5




Online Supplemental Table S2. Effects of PIP2 binding on the cross-subunit diameter of
the cytoplasmic hydrophobic gate at the V390 residues: Mean + Standard Deviation (STD)

from data shown in Fig. S7.

Gate and Geometric Average Distances

Mean + STD (A)

A) Gate distance with PIP2 (I to IlI)

PIP2 bound to K396 5.78 £ 0.46
PIP2 weakly bound to R395 5.48 £ 0.45
PIP2 strongly bound to R395 5.05+0.48
B) Gate distance with PIP2 (Il to IV)

PIP2 bound to K396 5.04 £0.52
PIP2 weakly bound to R395 5.42 +0.51
PIP2 strongly bound to R395 5.63+0.43
C) Geometric average distance with PIP2

PIP2 bound to K396 5.38+0.28
PIP2 weakly bound to R395 5.43 +0.26
PIP2 strongly bound to R395 5.32+0.24
D) Gate distance no PIP2 (I to Ill)

No PIP2 segment 1 5.02+0.61
No PIP2 segment 2 4.67 £0.42
No PIP2 segment 3 4.57+0.47
E) Gate distance no PIP2 (Il to 1V)

No PIP2 segment 1 5.53+0.43
No PIP2 segment 2 5.78£0.36
No PIP2 segment 3 5.83+0.39
F) Geometric average distance no PIP2

No PIP2 segment 1 5.25+0.30
No PIP2 segment 2 5.19+£0.25
No PIP2 segment 3 5.15+£0.27
G) Geometric average distance dependence on PIP2

No PIP2 5.22+0.29
With PIP2 5.38+0.27




Online Supplemental Movies:

Online Supplemental Movie M1: K* ion conduction through the open-state homology model
of the hSK2 channel during MD simulations. A transmembrane voltage of 750 mV was applied
with 150 mM of K" ions in aqueous solution, 4 K*ions were initially placed in the central channel
pore and 3 more K™ ions in the selectivity filter. Only 2 opposite subunits of the pore domain with
S5-S6 transmembrane segments of the hSK2 channel are represented in ribbon format for clarity.
The selectivity filter of the hSK2 channel (SIGYGD from N- to C-termini) are represented in ball-
and-stick format to visualize amino acid side chains. Water molecules have been removed for
better visualization of K* ions. K* atoms are represented as large spheres in various colors.

Online Supplemental Movie M2: Schematic depiction of the proposed mechanisms of PIP2
binding and activation of the hSK2 channel. PIP2 is represented as a red circle. Schematics for
S1-S6 transmembrane segments of hSK2 subunits I-1V, calmodulin (CaM) binding domains
(CaMBD), and CaM are shown in green, orange, and light blue, respectively. The S5-S6 pore
domain is represented as a dark blue circle in the center of hSK2-CaM complex. Salt bridges
between amino acid residues R395:E398 from the adjacent subunits are represented as white bars.
Coloring choices were made to match Figure 7 in the main text.

Online Supplemental Movie M3: PIP2 disruption of the amino acid residues R395:E398 salt
bridge formation during MD simulations. Only two adjacent subunits of the hSK2 channel are
shown in ribbon representation for clarity. CaM is also omitted for clarity. The amino acid residues
R395 and E398 from the adjacent subunits are shown in ball-and-stick representation in blue and
red for R395 and E398, respectively. Two PIP2 molecules are visualized occupying “activation”
sites. PIP2 is represented as spheres with hydrogen, carbon, oxygen, and phosphorus atoms shown
in white, light blue, red, and orange, respectively. Spotlight during the simulation indicates the
time point at which the salt bridge between amino acid residues R395:E398 is disrupted when the
amino acid residue R395 forms a salt bridge with the phosphate group on PIP2.
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