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suppress molecular and ionic transport and signal transduction.
Yet, the molecular details of lipid—protein interaction and their
functional impact are poorly characterized. Here we combine
NMR, coarse-grained molecular dynamics (CGMD), and func-
tional assays to reveal classic cooperativity in the binding and
subsequent activation of a bacterial inward rectifier potassium :
(Kir) channel by phosphatidylglycerol (PG), a common °°|* B
component of many membranes. Past studies of lipid activation 0 5 7075 20 25 %0 % 40 sy J o Aot Acueaton
of Kir channels focused primarily on phosphatidylinositol bi- © N

. N o nL + T nLR nLR » K* Flux
sphosphate, a relatively rare signaling lipid that is tightly regulated Ligand Affinity Kq Efficacye  Amplification y
in space and time. We use solid-state NMR to quantify the binding
of unmodified "*C-PG to the K* channel KirBacl.1 in liposomes. This specific lipid—protein interaction has a dissociation constant
(K3) of ~7 mol percentage PG (Xpg) with positive cooperativity (n = 3.8) and approaches saturation near 20% Xpg. Liposomal flux
assays show that K* flux also increases with PG in a cooperative manner with an EC, of ~20% Xy, within the physiological range.
Further quantitative fitting of these data reveals that PG acts as a partial (80%) agonist with fivefold K* flux amplification.
Comparisons of NMR chemical shift perturbation and CGMD simulations at different Xp confirm the direct interaction of PG with
key residues, several of which would not be accessible to lipid headgroups in the closed state of the channel. Allosteric regulation by a
common lipid is directly relevant to the activation mechanisms of several human ion channels. This study highlights the role of
concentration-dependent lipid—protein interactions and tightly controlled protein allostery in the activation and regulation of ion
channels.
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B INTRODUCTION cooperative association of lipids to membrane proteins is likely
a fundamental regulation mechanism but under-identified.

K" channels are tetrameric proteins, and past work suggested
that the subunits may act cooperatively during channel
gating.é_8 This process is in response to gating stimulus,
which could be a change in transmembrane voltage or ligand

Membrane proteins perform vital tasks that must be tightly
regulated, including cellular molecular transport' and signal
transduction.” Many membrane proteins are directly activated,
inactivated, or otherwise regulated by specific lipid types,

driving dynamif conformational exchange in their native lipid association, including Ca?*,”'® or phosphatidylinositol bi-
environments.” Activating ligands and stimuli, including sphosphate (PIP,).'"" Inward-rectifier K* (Kir) channels are
membrane lipids, can elicit a cooperative allosteric response membrane proteins that prefer inward K™ conductance into the
from their partnered proteins, but these effects are largely cell."'* They are endemic to excitable cells, especially in the
unexplored. Unfortunately, it is difficult to specify and quantify brain and heart, and a malfunction induces multiple disorders
this cooperativity, as lipid—protein interactions are challenging including Parkinson’s, heart disease, and kidney dysfunc-
to identify and directly relate to protein function. Extant tion."*"> Both prokaryotic and eukaryotic Kir channels share a
studies use nitroxide or fluorescently labeled lipids, which common activation motif, where anionic phospholipids like
potentially alter the native lipid—protein molecular recog-

nition. It is crucial that these relationships are better Received: August 24, 2023

understood as cooperative binding allostery is an important Revised:  January 23, 2024

feature in biological systems, including cellular signaling and Accepted: January 24, 2024

transport processes.” A sigmoidal relationship between ligand Published: February 9, 2024

binding and overall tissue response is the hallmark of processes

that must be carefully regulated within living organisms.” The
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PIP, and phosphatidyl glycerol (PG) directly bind to a highly
cationic lipid-binding domain at the intracellular water—lipid
interface to act as allosteric effectors and induce channel
activation and conductance.'®”** Past work showed that these
channels may gate cooperativity, where interaction of one
subunit with a gating ligand triggers increased ligand affinity in
other subunits. If cooperativity does universally exist in K"
channel gating and permeation, it would be a crucial means to
establish and regulate the membrane potential. Indeed,
mutation of the anionic lipid binding pocket in Kir2.1
increased the lifetime of subconductance states, indicating a
reduction of the dose response from PIP, gating and an
increase in basal activity and ultimately suggesting that the
gating response was no longer tightly regulated.'” However,
many studies make use of water-soluble PIP, analogues as Kir
channel activators, which negate any synergistic effects from
lipid acyl chains to the transmembrane hydrophobic surface.
Recent work has suggested that protein-acyl chain interactions
are crucial for K* conductance.” Studies of G protein-activated
(GIRK) channels found that activated Gy dimers gated the
protein cooperatively.”*** Although illuminating, these experi-
ments each examined only individual steps in the ligand
association, activation, and conductive cycle of the K*
channels. Likewise, the stoichiometry between the protein
and gating ligand was undefined, leaving it completely
ambiguous if cooperativity between subunits was analogous
or otherwise reflected in association with the gating ligand.
Further experiments are required to understand how each step
in the gating process is coordinated in concert by a native lipid
activator.

In this report, we use uniformly "*C enriched natural PG
lipids,” which are otherwise unaltered, isolated from bacteria
to determine the binding affinity and cooperativity in lipid
gating of the bacterial Kir channel KirBac1.1.”® Like other Kir
channels, KirBacl.1 is activated by anionic lipids including
PG.'>*” Bilayer cholesterol will also either activate or
deactivate the channel, depending on the concentration.”*™’
Anionic lipids activate KirBacl.1 by triggering a series of
concerted motions and structural rearrangement in the
transmembrane region along an allosteric network linking PG
binding to channel activation.”’ The role of PG in KirBac
activation is directly analogous to the PIP, activation of hKir.
Many of the features of PG activation of KirBac may be closely
related to PG and phosphatidic acid (PA) interaction with
other human channels such as the mechanosensitive channel
TREK-1.>** Furthermore, PA and PG may directly bind to
Kir2.1 and Kir2.2 to cooperatively enhance PIP, activation of
these channels.”*> Thus, understanding cooperativity in PG-
driven activation of KirBacl.l will inform on the lipid
activation of hKir channels and may also provide insight into
how PG specifically might interact with other human ion
channels.

Previously, we identified that gating arginine residues were
directly responsible for channel activation,'® and subsequent
work showed that tryptophan side chains were also essential
for anionic lipid recruitment.’® Ultimately, however, a
fundamental question was left unanswered: what is the affinity
of KirBacl1.1 for anionic lipids, and what role, if any, do lipid—
protein cooperativity and intersubunit cooperativity play in the
activation of KirBacl.1? Lipid—protein dissociation constants
(Ky's) are rarely known due to complications in experimentally
measuring such events in a native or native-like environment,
which is unfortunate as these interactions govern and regulate
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a myriad of biological responses. To address these questions,
two-dimensional magic-angle spinning (MAS) SSNMR experi-
ments were performed, revealing chemical shift perturbations
(CSPs) in C-PG upon the addition of natural abundance
KiBacl.1, corresponding to the lipid—protein complex. CSPs
of interest in the headgroup region of PG were resolved in 1D
direct polarization (DP) experiments with *C-PG at
successively higher mole percentages (Xpg = [mol of PG]/
[mol of total lipids]) in proteoliposome samples. The results of
this titration indicated that the lipid—protein dissociation
constant, Ky, is 7% Xpg with positive Hill-type cooperativity (n
3.8). In tandem, we performed coarse grain molecular
dynamics (CGMD) simulations with different Xpg values and
calculated total PG residency time as a function of PG
concentration. Ky extracted from PG residency time data was
largely consistent with the experimental data. Fluorescence K*
efflux assays were performed indicating that the rate of K flux
as a function of PG concentration is also sigmoidal and
cooperative but with an ECg, nearly three times the Ky. These
results were reconciled using the Signal Amplification (),
Binding affinity (Kj), and Receptor activation Efficacy (&)
(SABRE) equation.’”*® This treatment revealed that PG lipids
act as potent but incomplete agonists of KirBacl.1 and amplify
the rate of K* flux as a function of cooperativity in lipid loading
onto KirBacl.1. Our results have unique implications in lipid
cooperativity throughout the allosteric and regulation cycle of a
membrane protein.

B MATERIALS AND METHODS

Expression and Purification of KirBac1.1. Expression of
Kirbacl.1 was performed as described previously.”' In summary, the
Kirbacl.1 “WT” plasmid containing the stability mutant (I131C) was
used, which does not have an effect on the activity and gating of the
channel® and is referred to as SM-KirBacl.l throughout the
manuscript. The plasmid was also engineered to include a C-terminal
hexahistidine (6xHis) tag for purification purposes. The U-'*C,’N
M9 minimal medium was used for NMR sample growth, and the
Terrific Broth medium was used for the natural abundance (NA) cell
growth for assay samples. One millimolar isopropyl A-p-1-
thiogalactopyranoside (IPTG) was used for the induction of cells at
ODggp ~ 0.9—1. Cells were harvested after ~18 h of expression at 18
°C and kept at —80 °C until the protein was extracted and purified.
Frozen cells were resuspended using a lysis buffer (S0 mM Tris-base
pH 8, 150 mM KCl, 250 mM sucrose, and 10 mM MgSO,) and lysis
cocktail (1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride,
0.2 mg/mL lysozyme, 0.2 mg/mL RNase, protease inhibitor tablets
(Thermo)) at S mL/g cells. Resuspended cells were homogenized at
10—15 psi, and then 30 mM decyl-f-pD-maltopyranoside (DM) was
added for extraction of the membrane proteins (between 3 and 4 h at
4 °C with rocking). Ultracentrifugation was used to separate the
debris, and detergent-solubilized membrane proteins in the super-
natant were filtered to be loaded onto a S mL Histrap column
(Cytiva). The NMR Exchange Buffer (50 mM Tris-base pH 7.5, SO
mM KCl, S mM DDM, 1 mM EDTA) for NMR samples or regular
exchange buffer (50 mM Tris-Base pH 8, 150 mM KCl, S mM DDM,
1 mM EDTA) for assay samples was used in desalting followed by size
exclusion chromatography (SEC) steps. The tetrameric protein
fractions were collected from the SEC column, concentrated to ~1
mg/mL for reconstitution steps, and stored at 4 °C until needed.

Expression and Purification of Isotopically Enriched PG
Lipids. PG was isolated, and quality was assessed as described
previously.”® In brief, Staphylococcus simulans was grown for 16 h at 37
°C and 220 rpm in Luria broth (LB) followed by resuspension of the
appropriate amount of cells in isotopically enriched media to reach
ODygq = 0.0S. Isotopically enriched media were composed of 60 v/v%
BC,N  Silantes OD2 (Cambridge Isotopes), 0.5 v/v% BC,5N
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BioExpress (Cambridge Isotopes), 2 g/L U-13C-D—g1ucose, 1 g/L
U-“NH,C], 6 g/L Na,HPO,, 3 g/L KH,PO,, and 0.5 g/L NaCl.
Bacteria (1 L of total culture per 2 L baffled flask) were incubated for
6h to reach a final ODgy, = 4.5, harvested, and then treated with
lysozyme for 2 h. Following the Bligh—Dyer*® total lipid extraction
methodology, bacteria were resuspended in phosphate-buffered saline
(PBS), and subsequently 2 vol of MeOH and 1 vol of CHCl; were
added, after which the mixture was vigorously stirred for 1 h at room
temperature. Then, 1 vol of CHCI; followed by 1 vol of PBS was
added, and the organic phase was collected and evaporated to dryness.
The dried lipids were then resuspended in CHCI; and loaded onto a
silica (silica 60, 0.040—0.063 nm) column that was equilibrated in
CHCI,. Finally, PG was obtained by running an isocratic elution of
48:48:3:1 CHCl;/EtOH/H,0/NH;, and the obtained fractions were
assessed by TLC (in the same solvent) and solution-state NMR.

Reconstitution of NMR and Assay samples. Natural
abundance (NA) 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) from Avanti Polar Lipids and '*C-labeled PG were used to
make lipid films for the lipid-labeled NMR samples, and NA POPC
and POPG (3:2, or 40% Xpg) from Avanti were used for the
transferred echo double resonance (TEDOR) experiment and assay
samples. Lipids were mixed at the desired ratio in a glass vial, dried
under N, gas for 10—15 min, and left under a vacuum overnight to
fully remove the chloroform. Dried films were resuspended using a
nondetergent NMR buffer (50 mM Tris-base pH 7.5, SO mM KCl, 1
mM EDTA) for NMR samples and K* buffer (20 mM K-HEPES, 150
mM KCl, 1 mM EDTA, pH 7.4) for assay samples to have a final
concentration of S mg/mL of lipids. Liposomes were formed by 5—15
min of mild sonication (cycles of 2 min on and 2 min off) to prevent
sample overheating using a VWR Symphony Ultrasonic Bath. 3-[(3-
Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS,
18.5 mM) was used to destabilize the bilayers. The lipid/detergent
mixture was equilibrated on the bench for 2—3 h. Concentrated
Kirbacl.1 was added to the mixture in 1:1 w/w ratio (lipid/protein,
corresponding to an approximately 50:1 molar ratio) for NMR
samples and 200:3 w/w for assay samples. Assay samples for
validating the functionality of purified PG were made using the same
protocol with 40% Xpg and a 200:3 w/w lipid/protein ratio. Lipids
and protein were annealed for an hour, and then the NMR samples
were diluted with the NMR nondetergent buffer. Biobeads (Bio-Rad)
were added to facilitate detergent removal and proteoliposome
formation. Biobeads were added twice daily until the samples turned
cloudy, and no trace of detergent was observed.

NMR Sample Preparation. Proteoliposomes were centrifuged at
70,000 rpm for 1.5 h and 4 °C using a Ti-70 Beckman Coulter rotor.
The supernatant was discarded, and the pellets were resuspended
using 1 mL of the NMR nondetergent buffer (50 mM Tris-base pH
7.5, 50 mM KCI, 1 mM EDTA) and then transferred into 1.5 mL
Eppendorf tubes. Samples were repelleted using a benchtop centrifuge
at 17,000 rpm for 30 min at 4 °C. Freeze—thaw cycles were
performed three to four times for each sample to remove the excess
buffer. The pellets were frozen and kept at —80 °C until needed.
Samples were packed into a 1.6 mm rotor for direct polarization (DP)
and temperature series experiments, with an estimated mass of 2.25
mg of protein, 2.25 mg of lipids, and ~4.5 uL of buffer in each sample.
A 32 mm rotor was used for U-C,">N SM-KirBacl.l and NA
POPC/POPC:POPG in TEDOR experiments, with an estimated
mass of 6 mg of protein, 6 mg of lipids, and ~12 uL of buffer in each
sample.

K* Efflux Assay. Assays were performed as previously
described.'™*"*"** In summary, proteoliposomes were incubated
with 100 #M 9-amino-6-chloro-2-methoxyacridine (ACMA) for 10—
15 min and then were diluted with Na* buffer (20 mM Na-HEPES,
150 mM NaCl, 1 mM EDTA, pH 7.4) in a glass 96-well plate and
again in a 384-well assay plate. Baseline fluorescence was acquired for
1 min followed by addition of 80 uM carbonyl-cyanide m-
chlorophenylhydrazone (CCCP) to initiate flux. The fluorescence
was read for 15 min, and then 10 nM valinomycin was added to each
well to measure the maximum K* flux. All the data were normalized
using the following equation:
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K= (F-K)/(F - F) (1)

where Fy stands for normalized fluorescence, F is the measured
fluorescence of the sample, F; is minimum fluorescence after adding
the valinomycin, and Fy is the average of the baseline taken before
adding the CCCP. Flux assay rates were fit to the following
monoexponential decay function:

K = a*expft*R +c (2)
where Fy is for normalized fluorescence, a is the preexponential
factor, t is read time in seconds, R is the decay rate of fluorescent
signal in seconds, and ¢ is a constant.

SSNMR Spectral Acquisition. All MAS experiments were
acquired on a 600 MHz Agilent DD2 spectrometer (Agilent
Technologies, Santa Clara, CA, and Loveland, CO). The *C
chemical shift was indirectly referenced to DSS using the downfield
adamantane peak at 40.48 ppm.* All samples for 1D temperature
series spectra and 2D DARR spectra were packed into 1.6 mm
PENCIL rotors and were acquired with 12,000 Hz MAS rates in a 1.6
mm FAST-MAS probe. For FAST-MAS experiments, the *C 90°
pulse width was set to 1.4 us, and the 'H 90° pulse width was set to
1.2 ps. The chemical shift of the water line with and without
presaturation rf field strength at a duration equivalent to the 'H
decoupling field in all FAST-MAS experiments was acquired at
pertinent set temperatures using a 'H spin lock set at the aggregate
decoupling B, field strength and duration.”* All 1D DP experiments
were acquired with 2048 scans and 21.6 kHz of SPINAL-64
decoupling45 on 'H. In DARR experiments, CP contact time was 2
ms. Tangent-ramped CP spin-lock power was set to 122.1 kHz for 'H
and 100.3 kHz for "*C. Decoupling field strength was identical with
1D experiments. All 2D DARR spectra for PG assignments were
acquired with 400 indirect dimension complex points, an indirect
sweep width of 26,667 Hz, and 500 ms of DARR mixing time at a
sample temperature of ~10 °C, discussed below.

Z-filtered transferred echo double resonance (ZF-TEDOR)*®
N-BC spectra were acquired on uniformly U-'*C,'*N-labeled
KirBacl.1 in the presence (3:2 PC/PG) and absence (PC only) of
activating lipids. TEDOR spectrum samples were packed into a 3.2
mm PENCIL rotor and were acquired with 13,333 Hz magic-angle
spinning (MAS) at a sample temperature ~10 °C estimated based on
our previousl_?r published temperature calibration profile for the probe
in question.*” For 3.2 mm BALUN TEDOR experiments, the *C 90°
pulse width was set to 3.0 us, the "H 90° pulse width was set to 2.3 ys,
and the "*N 90° pulse width was set to 5.4 us. SPINAL-64 decoupling
was set to 34.3 kHz. Spectra were acquired with a sweep width of
24,000 Hz and 96 complex points in the indirect dimension.

NCACX, NCOCX, and CaNcoCa experiments were described
previously.®" Briefly, samples were packed into a 3.2 mm PENCIL
rotor, and data were collected at an expected sample temperature of
~4 °C. These data sets were acquired using a BALUN HCN probe
(Agilent Technologies, Loveland, CO). Each data set was acquired
using nonuniform sampling (NUS) in both indirect dimensions with
an overall coverage of 25%. For the NCACX experiment, the magic
angle spinning (MAS) rate was set to 13,333 Hz. The NCOCX
experiment used a MAS rate of 12,000 Hz. The CaNcoCA experiment
used a MAS rate of 11,111 Hz.

NMR Data Analysis. The 1.6 mm FAST-MAS H,0 'H chemical
shift with and without decoupling was used to calculate the sample
temperature with and without decoupling according to the following
equation:

$=5.060 — 0.0122T + (2.11 X 107°)T? (3)

where the difference between the two measurements represents the
temperature contribution from RF heating.** The contribution to
sample temperature from spinning rate was calculated based on the
known profile of a 1.6 mm SSNMR probe according to the following
equation:

= 0.98T,,, + 3.79°C x /1> _ 349°C

set

T,

sample

(4)

https://doi.org/10.1021/jacs.3c09266
J. Am. Chem. Soc. 2024, 146, 4421—4432


pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c09266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
a Unmethylated  Iso Anteiso Cc 60
— R B
Phosphatidyl c2 c2 c2 s G1/3-G2
Glycerol Mol ca 3 £ |ewc g
HO, Y 5% \ N 3
4 5 | B |, & o
§o - RSSO
o \0 w-n w-n w-n § 70 (;2@ .x @
G2-C1 B g G2-G1/
G3 o B \ \ g8
0 e \ \ & @ x/ / °
A o, ® S ¢ ®
o—(c1C" n3 i3 a3Me_a [ \
n2 > a2 a-p o
A iq" 4 178 75 70 85
3C Chemical Shift (ppm)
b 180 174 50 40
a3Me-a3 )
20 . a3Me-a4 \ (_20
x *®
C3-C2
= C3-C1 ©
E 4 ol
S SN\ i32  a4-a5 a3-a5 /
g ® ‘ ara !\@ <@/
% 30 w-n-C1 30
wn \A
r— © 4 @ o
38 < T w-n(TG)-n2
= ) TSw-n(AT)-n2
_qCJ o @ @ P
o & - 5. e ® a3-al
O 40 / ) \ @ a3-a3Me x L40
& c2-C1 Cl-w-n ‘
p @ ‘® ad-al
o i1-i3
\ ad-a3Me
50 : 150
&8
180 174 50 40 30 20

3C Chemical Shift (ppm)

Figure 1. Chemical shift assignment of *C-PG lipids in the presence (green) and absence (purple) of NA-KirBacl.1. (a) Chemical structure of the
PG lipids with three different isomers: unmethylated, iso (methylated at w-1), and anteiso (methylated at w-2), which were previously identified via
gas chromatography.*® (b) Acyl chain chemical shift assignments of the labeled PG in the presence (green) and absence (purple) of NA-KirBacl.1.
(c) Chemical shift assignment of the glycerol headgroup of the labeled PG with and without NA-KirBacl.1. Samples are reconstituted with a 9:1 w/
w ratio (10% Xpg) of POPC/PG for both samples, and the protein-containing sample was reconstituted at a protein/lipid ratio of 1:1 w/w,

corresponding to a molar ratio of approximately 1:50.

where @, is the spinning rate in kHz.*® 2D spectra were analyzed
using NMRFAM-SPARKY.”’50 1D DP experiments were fit in
NMRPipe®" using the nonlinear spectral fitting package with error
calculated as follows:

fit peak intensity

fitting error
fit peak height
Normalized error; = noise; X

©)

where “fitting error/fit peak height” is the ratio of the nonlinear
spectral modeling package fitting error calculated at each temperature
“i” used to modify the estimated spectral noise “noise;”, normalized to
the peak intensity.

Molecular Dynamics Simulation Analysis. The inactive-state
structure of KirBacl.1 7SWJ** was aligned in the membrane using the
PPM 2.0 Web server™ prior to system production using Martini
Maker*** in CHARMM-GUL***” Systems were designed using a
box size of 150 nm and 50 mM NaCl for production at 273.15 K. The
bilayer environment consisted of POPC with varying concentrations
of POPG. Minimization, equilibration, and production MD was
performed in GROMACS version 2020 using the Martini2.2 force
field.** "% Minimization and equilibration were performed with the

4424

Berendensen barostat,’’ v-rescale thermostat, and reaction-field
electrostatics. Production MD used the same method except with
the Berendensen thermostat. PyLipID®* was used to calculate the
residency time for PG per KirBacl.1 residue with interaction start and
end cutoffs of 0.55 and 1.0 nm, respectively. Residency times for
residues of interest were summed and fit to the Hill equation as a
function of PG concentration, as described above.

B RESULTS

Chemical Shift Assignments of Labeled PG. U-C-PG
lipids were purified from Staphylococcus simulans as described
previously.”” We reconstituted these lipids into liposomes with
and without NA-KirBacl.1 with a 9:1 ratio of 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC)/PG (10% Xpg). 2D
BC-13C DARR® experiments were performed on both
samples. These spectra were acquired at a sample temperature
of ~=5 °C with 500 ms of mixing to capture most of the
BC—"3C correlations (Figure 1, Figure S1). We assigned these
U-BC-PG lipid spin systems in the presence (green) and
absence (purple) of NA wild-type KirBacl.l containing the
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Figure 2. Affinity and cooperativity between KirBacl.1 and PG lipids. (a) 1D DP and 2D DARR spectra of 10% *C PG in the bilayer in the
presence (green) and absence (purple) of NA-Kirbacl.1. The bound PG population can be found at ~72 ppm, highlighted in red. (b, d) Calculated
K4 and plots from Hill equation fits at different SSNMR sample temperatures. Error bars indicate normalized spectral noise-modified fitting error as
described in Materials and Methods. Samples for 1D spectra were reconstituted at a lipid/protein ratio of 1:1 w/w corresponding to a molar ratio of

approximately 50:1.

stability mutation I131C (WT-SM).** Chemical shift assign-
ments are summarized in Table S1. Three acyl chain isomers
were previously identified by van Beekveld et al. in PG lipids
isolated from S. simulans, which were used in the present work:
unmethylated (~5%), anteiso (~80%), and iso acyl chains
(~15%).”° Of these, unmethylated lipids were found as C16:0
or C18:0, anteiso acyl chains were identified as C15:0 and
C17:0, whereas iso acyl chains were observed to be C14:0,
C15:0, C16:0, and C:17:0. Figure 1a shows the structure of the
phosphatidylglycerol (PG) headgroup and glycerol backbone
with these different isomers labeled. Figure 1b shows the full
chemical shift assignments of the acyl tails and backbone
carbonyls of the *C PG in the presence (green) and absence
(purple) of NA-KirBacl.1. As before, we observe correlations
indicating the presence of ordered, all-trans (AT) and more
disordered, trans-gauche (TG) acyl chains.'*' We previously
observed bilayer ordering as a byproduct of KirBacl.1-PG
interaction, where the mutation of PG-interacting arginine
residues significantly reduced the ordering effect.'® Figure 1c
shows the chemical shift assignments of the glycerol backbone
and headgroup region of the *C-labeled PG. By overlaying the
two spectra, we were able to identify the PG bound to
KirBacl.l population at ~72 ppm that is absent in the
KirBacl.1 free sample (PF, purple), denoted as PGf5". We also
observe a slight chemical shift perturbation (CSP) correspond-
ing to the bound headgroup carbon @, designated as . As a
final quality control step, purified PG lipids were assayed
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against synthetic lipids and were found to activate KirBacl.1 to
a similar extent (Figure S2).

Determination of Binding Affinity. Completed chemical
shift assignments found that the KirBacl.1-bound PG peak was
cleanly resolved in one-dimensional (1D) spectra. Thus, 1D
direct polarization (DP) experiments were acquired for
proteoliposome samples containing increasing amounts of
BC-PG (1, 4, 6, 8 10, 20, and 30% Xpg) at sample
temperatures of —35, —10, and 20 °C (Figure S3). Because
the efficacy of cross-polarization (CP) is strongly entwined
with dynamics, we hypothesized that the strength of the bound
headgroup peak relative to unbound in DARR spectra could be
overestimated because of the increased CP efliciency rather
than be reflective of the actual bound peak volume. To
counteract this inherent bias, we acquired the 1D series using
DP rather than CP, which should not be biased by dynamics.
Figure 2a depicts a representative zoomed-in view of the DP
spectra of 10% Xpg ""C-PG in the presence (green) and
absence (purple) of KirBacl.l, and the marked area (red
shade) represents the PG bound to the KirBacl.l population
at ~72 ppm identified from 2D DARR experiments. We
assumed that the nature of these interactions would be a
function of both lipid—protein affinity and the rate of lipid
diffusion, which would be reduced at a lower temperature. To
investigate the fraction of bound population as a function of
both *C-PG concentration and temperature, in each spectrum,
the bound peak volume was fit using the nonlinear spectral
fitting package in NMRPipe,51 and the results were intriguing:
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Figure 3. 2D TEDOR spectra of *C—"N labeled KirBacl.1 reconstituted in the NA-POPC (purple) and NA-POPC/POPG (green) lipid bilayer.
(a) Arginine residues 49, 151, and 153 in the identified cationic PG binding pocket. (b) Lysine 155 within the cationic pocket. (c) Tryptophan 54
and 60 in the slide helix. (d) Histidine '*Ne outliers likely located on the extracellular face of the channel. (e) All residues are displayed on the full-
length structural model of KirBacl.1 (7SWJ).** Samples were reconstituted in POPC only (purple) or 3:2 w/w ratio of POPC/POPG (green) and
a lipid/protein ratio of 1:1 w/w corresponding to a molar ratio of approximately 50:1.

rather than a hyperbolic curve as expected, the results were
sigmoidal, indicating positivity cooperativity. The Hill—
Langmuir equation (eq 1) defines ligand occupancy () as a
function of the affinity (defined as the dissociation constant,
K;) and cooperativity (Hill coefficient, n) between two
molecules as a function of ligand concentration:*>*

o LT
[L]" + Ky (6)
All bound "“C-PG peak integrated intensities were
normalized to the saturated occupancy and fit into the Hill—-
Langmuir equation to determine the Ky at all three sample
temperatures (Figure 2b—d). We observed a sigmoidal curve in
all cases with Hill coefficients from 3.8 to 8.3, indicating that
PG association to the K' channel is positively cooperative.
Binding of the first PG lipid to the channel will affect the
structure of the second binding site, facilitating further binding
and increasing affinity. This event will cause a series of changes
and movement of the residues that are involved in gating and
K* flux. Figure 3b—d shows the calculated Ky's from the Hill
equation at sample temperatures of —35, —10, and 20 °C,
which are 6.1, 7.8, and 7.0% Xy in the bilayer, respectively.
The K4 was stable relative to experimental error as a function
of temperature; however, the cooperativity increased at the
lower temperature within the liquid crystalline phase (—10 vs
20 °C) but then decreased again slightly in the gel phase (—35
°C). We interpret this to mean that effective lipid—protein
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stoichiometry will increase to a point when the kinetic energy
associated with lipid phase is reduced.

Amino Acid Residue Side Chains Coordinate PG
Lipids. As we previously established, arginine side chains are
essential to gate KirBacl.1 in an activating lipid environment
(POPC/POPG). We previously proposed that a cationic
pocket in KirBacl.l formed by R49, R151, and R153 moors
the anionic lipid headgroups, which was confirmed via *C—*'P
rotational echo double resonance (REDOR)® dephasing
experiments between aréginine C{ and bound anionic
phospholipid headgroups.'® When these residues are mutated
to glutamine, the channel is closed and inactive. Based on the
mutational analysis in CGMD simulations, we also suggested
that residues proximal to this arginine pocket may also play a
role, either during the first steps of allosteric communication or
as secondary residues supporting the pocket itself.’> However,
experimentally, we did not have a complete picture of lipid—
protein interactions in the open-activated state of the channel.
To better identify the full set of amino acid side chain
interaction with lipid headgroups, we acquired 2D z-filtered
transferred echo double resonance (zfTEDOR) SN-!3C
correlation spectra.46 We reconstituted U-""N,"*C-KirBacl.1
into either completely zwitterionic NA-POPC (purple) or 3:2
NA-POPC/POPG (green) proteoliposomes to identify the
residues that recruit, coordinate, or tether PG lipids (Figure 3).
CSPs between the TEDOR spectra of each sample cleanly
identified residues that associate with anionic lipids and
facilitate allosteric activation of the channel (Figures S4 and
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Figure 4. (a) KirBacl.1 structure (7SWJ) with highlighted residues. W48, W54, and W60 (red) and R49, R151, R153, and R181 (blue). (b) Total
POPG residency time on tryptophan (top, red) and arginine residues (bottom, blue) as a function of the POPG concentration. When total
residency times are fit to the Hill equation, a sigmoidal curve is observed with a calculated Ky of approximately 10% Xpg. Data in panel b are
presented as mean =+ s.d. from five independent replicates per PG concentration.

SS). Figure 3a depicts arginine "*Ne outliers near ~74 ppm
that are present in a synthetic POPC/POPG lipid mixture but
absent in the POPC mixture. Figure 3b,c presents the *Ce
lysine and "*C§ tryptophan chemical shift outliers at ~42 and
130 ppm, respectively. In Figure 3d, chemical shift
perturbations in histidine side chains are observed.
Previously, we identified the arginine outliers in Figure 3a as
R49, R151, and R153 via mutagenesis. Mutation of these
residues to Gln abolished outlier signal in "N—'C correlation
spectra, which coincided with the complete loss of channel
function.'® Based on our previously published chemical shift
assignments of the gating bundle and transmembrane region,31
we assigned the outliers in Figure 3b,c as W60 and K155,
which were confirmed via backbone and side chain resonance
assignments in 3D spectra (Figures S6—S8). Chemical shift
assignments are summarized in Tables S2 and S3. It was not
immediately clear which His residue(s) was responsible for the
CSPs observed in Figure 3d. Although the observed CSPs
could be related to the 6x C-terminal His tag, that does not
automatically rule out histidine residues involved in lipid
regulation. The structure of KirBacl.1 is presented with these
residues labeled in Figure 3e, as well as histidine residues that
could give rise to CSPs in Figure 3d. Because K155 is within
the cationic pocket formed by R49/151/153, we hypothesize
that it is also involved in lipid gating. We previously observed
that W60 had the tendency to move toward W48 of the
adjacent subunit in CGMD, which was accompanied by some
slide helix “sliding” motion. The extent of this motion was
correlated to both PG residency time on gating arginines in
silico and to total K* flux in vitro.”® Here, we hypothesize that
the mechanism of cooperativity, whereby lipid binding is
communicated from subunit to subunit, is mediated through
slide helix motion that functions to increase the accessibility of

adjacent subunits’ PG binding sites. It should be noted that the
acyl tails for PG lipids in TEDOR samples differ from those
presented in Figures 1 and 2. However, because purified lipids
and synthetic POPG lipids activate KirBacl.l to a similar
extent (Figure S2), the observed CSPs are attributed to lipid
binding and channel activation despite the small potential
secondary effects the differences may have on biophysical
properties of the system.

Coarse Grain Molecular Dynamics Predict Sigmoidal
Lipid Residency. CG molecular dynamics (CGMD)
simulations were performed in tandem to complement the
NMR data analysis. We previously observed in MD
calculations that residues involved in the allosteric network
could be mutated to impact PG residency time and residue—
residue contacts throughout the channel.*® Thus, we
hypothesized that we might observe interesting phenomena
in CGMD PG titrations as well. Figure 4a shows the 7SWJ
structure of KirBacl.1®* with residues highlighted in red
(tryptophan) and blue (arginine). This structure was inserted
into CGMD systems consisting of POPC supplemented with
increasing concentrations of POPG. Production MD was
performed for 10 us for five replicates using the Martini2.2
force field**™* in GROMACS.” POPG residency time
throughout each replicate simulation for each residue was
calculated using PyLipID®* (Figure S9). Figure 4b presents the
total PG residency time on W48, W54, and W60 (red) and
R49, R151, R153, and R181 (blue) as a function of PG
concentration. As with the experiments described above, we
observed a sigmoidal curve but with a slightly larger Ky of
approximately 10% Xpg for both arginine and tryptophan
residues, in surprisingly good agreement with experimental
results considering that this simulation time is not long enough
to capture all the motions associated with channel gating.
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Figure S. PG titration fluorescence K* flux assay of KirBacl.1 with monoexponential rate fits. (a) Normalized K* flux assay data as a function of the
concentration of POPG. Data are presented as average =+ s.d. across three replicates. Black lines indicate the monoexponential rate of flux, fit
according to the inset equation. Samples were reconstituted in successively higher bilayer concentrations of POPG at a 200:3 lipid/protein ratio
corresponding to a molar ratio of approximately 1000:3. (b) Hill equation fits of flux rates as a function of bilayer PG concentration, indicating an
ECj, of 20.6% Xpg. Scatter points indicate the fit rate from + RMSE in rate fitting from panel a. (c) Schematic illustrating the components of the
SABRE equation. (d) SABRE plot correlating PG concentration to response. Scatter points indicate the fit rate from +RMSE in rate fitting from

panel a.

During previous CGMD analysis, as a function of mutations to
the allosteric network, we concluded that activation i silico on
this time scale was not observable. This observation could be
related to slight differences in how PG interacts with the closed
channel versus open channel. Alterations to physical
membrane properties such as curvature (or lack thereof in
silico), differences in acyl chain composition, and hydration
levels between techniques could also play a role. Regardless,
good agreement is observed between simulation and
experimental results, which is encouraging. Analysis of possible
PG-interacting His and Lys residues in the CGMD simulations
of the closed state of KirBacl.l did not find any significant
lipid residency, indicating that CSPs observed in Figure 3c,d
could result from lipid—protein interactions that occur
downstream in the PG-driven activation pathway.

The Rate of K* Flux Has a Sigmoidal Response to PG
Concentration. We performed fluorescence quenching K*
flux assays to determine the effect of PG concentration on the
activity of KirBacl.1 to understand the relationship between
channel activity and cooperative lipid loading. A titration of
POPG into POPC was performed over the same range of PG
concentration as was used in NMR experiments. As expected,
activity increased as PG concentration increased. Figure Sa
illustrates this trend as PG concentration is elevated from 0 to
40 Xpg. In this figure, purple shades correspond to less activity
and green shades correspond to more activity in the presence
of PG. For each PG concentration, the rate of flux was then fit
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to a monoexponential decay equation (black lines over purple/
green flux data). The resultant plot of flux rates as a function of
PG concentration was, again, sigmoidal. We fit these rates to
the Hill equation to determine the ECy, and cooperativity. In
this regime, Ky is replaced with ECs, the concentration of
ligand that elicits 50% of the maximal cellular response:®’

E/ _ (L]
Emax = [y & ECg (7)

The Hill coefficient/cooperativity fit to 4.7, which is close to
the cooperativity observed from ssNMR data. However, the
measured ECs is 20.6 + 0.5% Xpg (fit ECy, + RMSE).
Notably, this ECy, is within the physiological PG concen-
tration that KirBacl.l natively experiences in Burkholderia
pseudomalei membranes.”® A physiological ECy, within this
range means that small changes in anionic lipid composition
could lead to large changes in relative K* flux, indicative of a
natural control mechanism to tightly regulate channel function
with small changes in physiological PG concentration.

One will note that the ECs, at 20% Xpg and Ky at 7—8%
Xpg are far from identical. This result is, however, not
unexpected, as lipid loading and K" flux are two related but
distinct phenomena. It should be noted that, at physiological
temperatures, the ECy, from Figure Sb corresponds to the PG
saturation point observed in Figure 2d. Likewise, PG Ky
corresponds to the cusp of the observed activity thresholding
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effect. Thus, channel activity accelerates only as the channel
trends toward saturation in PG lipids. As above, we do note
that the lipid/protein ratio necessary to resolve differences
throughout the course of the flux assay (200:3 w/w) is quite
different compared to NMR samples, and the POPG acyl tails
differ from those presented in Figures 1 and 2. Because both
synthetic and purified lipids similarly activate the channel, the
observed results are expected to be mediated primarily through
lipid binding, but additional contributions from alterations to
membrane properties can and should not be ruled out.

To investigate their relationship, we implement the receptor
theory that, generally, describes the relationship between
ligand—receptor K; and postsignal transduction cellular
response.”” This treatment has also been successfully applied
to ligand-gated ion channels’””" and can be modified to
incorporate Hill-type cooperativity. Here, we implement the
SABRE (Signal Amplification (y), Binding affinity (K;), and
Receptor activation Efficacy (¢€); Figure Sc) methodology,
pioneered by Peter Buchwald,” to investigate:

e = (8)

In this equation, each individual parameter is tied to an
individual step: Ky for ligand-binding affinity, ligand efficacy
(e) for channel activation, and amplification (y) for channel
flux. The Hill coefficient n is introduced to fit sigmoidal results
that describe a nonlinear response to ligand concentration [L].
In this regime, € ranges from 0, describing an antagonist, to 1,
describing a full agonist. Values 0 < & < 1 describe partial
agonism. y describes the functional response of the channel to
the ligand and ranges from 1 (linear response) to infinity
(cooperative response). From fitting of the Xpg response curve
(Figure 5c), we observe an ¢ value of 0.79, a y value of 4.7, and
a Hill coefficient of 3.1. A ligand efficacy of 0.8 indicates that
PG is a strong but partial agonist; the amplification and Hill-
type coefficient further establish strong cooperativity. It is
interesting that all of the K flux assays we performed both
here and in our previous studies reveal a maximum of ~80% of
total possible flux in the presence of simple PG lipids, which
could be related to PG as a strong but partial agonist. Our
chemical shift assignments of the PG-bound state of KirBacl.1
revealed a minor and major conformation within the
transmembrane region that stretched between the helical
bundle crossing near the cationic lipid binding pocket and the
selectivity filter.”' Thus, our SABRE analysis could corroborate
the existence of this PG lipid-associated but inactive state of
KirBacl.1.

ey[L]"
(ey—e+ VL] + K]

B DISCUSSION

Allostery is a fundamental regulation mechanism that tightly
controls key biological processes. Over the past several
decades, it became clear that intersubunit and protein-stimulus
cooperativity is fundamental to the regulation of K flux
through multiple classes of K* channels. The first functional
reports of GIRK channels found that activated Gy, bound
cooperatively,”® K, channel voltage sensors also activate
cooperatively,® and targeted mutations and antibodies revealed
that K;;2 channels may be cooperatively and allosterically gated
by PIP,."> This classical allosteric picture in retrospect seems
obvious as K" channels share a tetrameric structure character-
istic of the original proteins for which this phenomenon was
described.”® However, what is novel in this study is that the
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observed cooperativity in lipid—protein interactions is tied
directly to protein structure—function relationships, which
then relates these discrete binding events directly to channel
activity.

In past studies, either the Kj of a binding ligand or the ECy,
corresponding to a gating stimulus was described. Here, we
were able to unite these concepts and explicitly determine the
degree of lipid-binding cooperativity in each case. In this
process, we identified arginine, lysine, histidine, and
tryptophan residues that either directly associate with PG
lipids or undergo conformational perturbation as a conse-
quence of lipid—protein interaction. These measurements
confirmed previous SSNMR observations, CGMD simulations,
and functional measurements of channel mutants. The cationic
residues (Arg, Lys, and His) directly interact with anionic lipid
headgroups in a similar manner to human Kir channel
activation by PIP,. Past work further suggests that these
interactions are also correlated to the dewetting of these
regions of the protein,'® which would increase the strength of
these Coulombic forces.

Another important observation is the role of interfacial
tryptophan residues for anionic lipid recruitment and channel
activation. This was partially predicted by two of our recent
studies. In the first, we identified the cholesterol recognition
motif in KirBacl.1, which included tryptophan residues at the
lipid—water interface.*” In the second, we used CGMD and
observed that lipid residency times on these interfacial
tryptophans were comparable to those observed for arginine
residues known to be crucial to gating.36 In most mammalian
Kir channels, several conserved Trp residues, especially the site
corresponding to W60 in KirBacl.1, are located at the ends of
transmembrane a-helices. These tryptophan residues are
hypothesized to act as floats, anchoring the helices into the
membrane.”” For example, in the archetypical K* channel
KcsA, mutation of the tryptophan at this site decreases the
open probability for the channel in POPG-rich bilayers.”> A
study in K,6.2 shows that this residue (W68) acts as a
gatekeeper and mutation disrupts channel gating.”

Thus far, we have generally considered only the cooperative
interaction between the PG headgroups and KirBacl.1 that
leads to allosteric activation and K* flux. However, we have
previously documented KirBac’s ability to coordinate the
physical properties of the membrane environment, which is
driven by protein—lipid tethering.'®*" Specifically, when PG-
interacting arginine residues (Figure 3a) are mutated to
glutamine, the loss of PG interaction coincides with an
impaired ordering effect on the bilayer. Thus, it is hypothesized
that coordination of physical membrane properties is at least in
part a byproduct of anionic lipid binding. Although not
explicitly interrogated here, the presence of AT acyl
populations in the DARR spectra (Figure 1) does indicate
that such an effect is observable. Necessary concessions in
experimental conditions across techniques such as acyl chain
composition, lipid/protein ratios, and potential hydration
states may contribute to altered physical properties as well.
Although the present work is invaluable in delineating
cooperativity in lipid loading, the reader should be aware
that these imitations do exist. Because the two are strongly
entwined, the relationship between cooperative lipid loading
and protein-driven bilayer ordering is an inherently complex
topic, and deconvolution will therefore be an exciting avenue
for future work.
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B CONCLUSIONS

Membrane proteins are functionally dependent upon their
lipid environment, and interrogating the structure—function of
proteins in their natural surroundings is essential. In this work,
we used SSNMR, simulations, and functional measurements to
understand how lipids regulate and direct K" flux through
KirBacl.1. This is one of the first examples of direct lipid—
protein cooperativity that is tied directly to functional activity.
Based upon the established homology and functional similarity
of KirBacl.1 to other channels in the K; family, this work
suggests that tight regulation of membrane lipid composition is
a key means by which organisms can regulate processes carried
out by lipid-dependent membrane proteins. Indeed, the
anionic lipid mole percentage corresponding to our measured
EC; is squarely within the physiological range of these lipids
in Burkholderia pseudomallei and other Gram-negative bacteria.
In humans, the PA, PG, and PIP, lipids on which TREK and
Kir channels often depend are tightly regulated, which strongly
suggest that the regulation of bilayer concentration is an
essential means for an organism to control key physiological
processes. The techniques and methodology presented above
may be leveraged in the future to explicitly probe the
structure—activity of these lipid—protein interactions.
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