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ARTICLE INFO ABSTRACT

Keywords: Physical properties of biological membranes directly or indirectly govern biological processes. Yet, the interplay

SSNMR between membrane and integral membrane proteins is difficult to assess due to reciprocal effects between

IéfrBCh‘inlnd membrane proteins, individual lipids, and membrane architecture. Using solid-state NMR (SSNMR) we previ-
irbacl.

ously showed that KirBacl.1, a bacterial Inward-Rectifier K" channel, nucleates bilayer ordering and micro-
domain formation through tethering anionic lipids. Conversely, these lipids cooperatively bind cationic residues
to activate the channel and initiate K flux. The mechanistic details governing the relationship between coop-
erative lipid loading and bilayer ordering are, however, unknown. To investigate, we generated KirBacl.1
samples with different concentrations of >C-lableded phosphatidyl glycerol (PG) lipids and acquired a full suite
of SSNMR 1D temperature series experiments using the ordered all-trans (AT) and disordered trans-gauche (TG)
acyl conformations as markers of bilayer dynamics. We observed increased AT ordered signal, decreased TG
disordered signal, and increased bilayer melting temperature with increased PG concentration. Further, we
identified cooperativity between ordering and direct binding of PG lipids, indicating KirBacl.1-driven bilayer
ordering and microdomain formation is a classically cooperative Hill-type process driven by and predicated upon
direct binding of PG lipids. Our results provide unique mechanistic insight into how proteins and lipids in tandem

Phase Transition
Lipid Allostery
Cooperativity

contribute to supramolecular bilayer heterogeneity in the lipid membrane.

Introduction

Regulation of membrane protein structure and function by the lipid
environment is ubiquitous. Cholesterol (van Aalst and Wylie, 2021;
Calmet et al., 2020; Baccouch et al.,, 2022; Ray et al., 2023) and
phosphatidylinositol-4,5-bisphosphate (PIPy) (D’Avanzo et al., 2010;
Xie et al., 2008; Thakur et al., 2023) are common allosteric lipids in
eukaryotes while in prokaryotes, pentacyclic hopanoids (Sefah and
Mertz, 2021; Belin et al., 2018) and anionic phospholipids like phos-
phatidyl glycerol (PG) (Laganowsky et al., 2014) and Cardiolipin (CL)
(Patrick et al., 2018) serve similar purposes. Yet, as the bilayer in-
fluences protein structure and function, so too does the protein impart
physical changes to the membrane environment. In bilayer systems, this
may manifest as alterations and broadening of the temperature range in
which the bilayer phase transitions from the gel phase (L) to liquid
crystalline (L,) phase, as well as partitioning of the liquid crystalline
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phase into liquid ordered (L,) and liquid disordered (Ly) domains
(Brown and London, 1998; Brown and London, 1998; Morvan et al.,
2023; Mitchison-Field and Belin, 2023). Such interactions are inherently
difficult to fully capture, thus the entire system must be considered since
lipids as allosteric effectors do not exist in a vacuum. Solid-state Nuclear
Magnetic Resonance (SSNMR) is an excellent technique to probe bilayer
phase dynamics (Morvan et al., 2023; Vist and Davis, 1990; Kwon et al.,
2013; Warnet et al., 2016; Morvan et al., 2023; Borcik et al., 2022; Della
Ripa et al.,, 2023) and the intricacies of protein-lipid association,
including G protein-Coupled Receptors (GPCRs) (Ahuja et al., 2009;
Kimata et al., 2016; Kimata et al., 2016; Mertz et al., 2012; van Aalst
et al., 2023; Becker-Baldus et al., 2023) and ion channels (Borcik et al.,
2022; Borcik et al., 2020). Therefore, it is a powerful tool to gauge
protein-lipid reciprocity in the context of protein-dependent tuning of
bilayer structural architecture.

Inward-rectifier K™ (Kir) channels are tetrameric integral membrane
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proteins which preferentially conduct K" into the cell (Lopatin et al.,
1994; Hibino et al., 2010). Both prokaryotic and eukaryotic Kir channels
share a common activation motif, where anionic phospholipids directly
bind to a highly cationic lipid-binding domain at the intracellular
water-lipid interface to induce channel activation (Hansen et al., 2011;
Whorton and MacKinnon, 2011; Clarke et al., 2010; Huang et al., 1998;
Soom et al., 2001; Meng et al., 2012). KirBacl.1 is a bacterial Kir
channel (Cheng et al., 2009; Matamoros and Nichols, 2021) activated by
PG and CL, which bind to this concerted Arg and Lys-rich pocket
(Fig. 1A-B) (Borcik et al., 2020). This pocket also contains well
conserved Tryptophan residues previously observed to be involved in
lipid binding, though their role is not well understood (Borcik et al.,
2022; Yekefallah et al., 2024). The binding event is translated through
the transmembrane allosteric network to the selectivity filter and the
helical bundle crossing, ultimately leading to channel activation (Amani
et al., 2020). KirBacl.1 also nucleates bilayer ordering in simple syn-
thetic mixtures (Amani et al., 2020) and complex biological extracts
(Borcik et al., 2019), which manifests as a broadened phase transition
range and enhanced L, domain formation. When R49, R151, R153, and
R181 are mutated to glutamine, channel activity is greatly reduced
(Yekefallah et al., 2022). Curiously, these mutations also coincide with
severely attenuated lipid ordering, indicating the ordering effect and
lipid interaction are strongly entwined (Amani et al., 2020).

Previously, we used '3C-labeled PG lipids extracted from Staphylo-
coccus simulans to directly characterize PG affinity for KirBacl.1 using
SSNMR (Yekefallah et al., 2024). In that work, chemical shift pertur-
bations (CSPs) in the headgroup region corresponding to bound PG
lipids were identified in 2D homonuclear correlation spectra and 1D
Direct Polarization (DP) experiments. When the peak volume of the
bound peak from DP spectra was plotted as a function of PG mol% (Xpg)
in the bilayer, a sigmoidal curve was observed. So-called ‘S’ shaped
curves are indicative of classical cooperativity in biological systems,
which is defined by the Hill-Langmuir equation (Hill, 1913; Hill, 1909;
Langmuir, 1918):

"

0= " +Kq (€)]

Here, ligand occupancy (0) is a function of ligand affinity (dissocia-
tion constant, Kq) and cooperativity (Hill coefficient, n) when the ligand
L is titrated. Using this equation, a PG-KirBacl.1 K4 of ~ 7 % Xpg was
extrapolated. The results of this study indicated classic Hill-type coop-
erativity between subunits, where interaction of one subunit with PG
lipids positively influences the kinetics of lipid interaction with
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neighboring subunits. While this work primarily focused on the protein,
the pattern of changing linewidths with increased temperature was
qualitatively observed to change with changing bilayer PG content.

To further investigate this result, we acquired full suites of 1D tem-
perature series DP experiments and used the spectroscopically distinct
(Purusottam et al., 2015) all-trans (AT, ~35 ppm) and trans-gauche (TG,
~33 ppm) acyl chain conformations as markers of bilayer ordering and
melting, respectively. Since bilayer melting is inherently a cooperative
process (Schneider et al., 1999), we sought to understand the reciprocity
between lipid dynamics, bilayer melting, and lateral domain formation
as a function of protein-lipid interactions. We observed that increasing
PG in the presence of KirBacl.1 was positively correlated to increased
bilayer ordering in the form of a broadened phase transition range
centered at increasingly higher temperatures. This was observed despite
the lipids available being predominately methylated, which negatively
influences the efficacy of acyl packing (Hirata and Axelrod, 1980). We
plotted DP peak volume corresponding to the AT peak and identified
cooperative evolution of ordered lipids with PG concentration. Inter-
estingly, when plotted against the previously identified bound PG lipid
signal, we again observed cooperativity, indicating a positive correla-
tion between KirBacl.1 binding PG, and PG lipids in turn presenting in
the ordered, AT acyl conformation. To emphasize this point, we ac-
quired refocused Insensitive Nuclei Enhance by Polarization Transfer
(rINEPT) (Elena et al., 2005) spectra in temperature series and plotted
TG melting curves as a function of PG concentration. We observed the
melting temperature (Ty,) cooperatively increased with PG concentra-
tion until ~ 10 % Xpg, where KirBacl.1 is expected to be saturated with
PG, before sharply retracing. This result further suggests the ordering
effect is predicated upon anionic lipid binding. To belabor this point, we
plotted TG peak volume against PG concentration and bound peak
volume from DP spectra and identified negative cooperativity in both
cases. In concert, our results indicate that KirBacl.1 nucleates bilayer
through direct lipid-protein interactions, and the cooperative nature of
the binding event is translated to cooperative coordination of bilayer
properties. This report highlights the functional interplay between
membrane proteins and lipid-binding that directly shapes the dynamics
of membrane structural architecture.

Material and Methods
Expression and Purification of Biological Macromolecules.

13C.labeled PG lipids were purified as previously described
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Fig. 1. KirBacl.1 is an inward rectifier K" channel that is activated by anionic phospholipids. (A) NMR-refined structure of KirBac1.1 (PDB 7SWJ) (Amani et al.,
2021). The structure is presented as a cutaway with opposing subunits colored blue and purple. Structural motifs of interest are labeled. (B) The lipid-binding pocket
is highlighted, shown on adjacent subunits of KirBacl.1. Cationic and hydrophobic lipid-interacting residues W48, R49, W54, and W60 in the slide helix and R151,
R153, K155, and R181 in the neighboring subunit comprising the pocket are labeled. The approximate positioning of the membrane is shown in yellow, highlighting
optimal positioning at the water-lipid interface to interact with lipid headgroups. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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(Yekefallah et al., 2024; van Beekveld et al., 2022). Briefly, S. simulans
cultures were grown for ~ 16 h at 37 °C and 220 RPM in Luria broth (LB)
prior to resuspension in isotpocially enriched expression media (60 v/v
% 13C,15N Silantes OD2 (Cambridge Isotopes), 0.5 v/v% '3C,'°N Bio-
Express (Cambridge Isotopes), 2 g/L U-'3C-D-Glucose, 1 g/L U-'NH,4Cl,
6 g/L NapHPOj4, 3 g/L KHyPOy4, and 0.5 g/L NaCl). Pellets were har-
vested after ~ 6 h, at an ODgoo9 = 4.5 and treated with lysozyme for 2 h
prior to total lipid extraction following the Bligh-Dyer method (Bligh
and Dyer, 1959). The resulting film was resuspended in CHCls, loaded
onto a silica column, and PG was eluted via isocratic elution with
48:48:3:1 CHCl3:EtOH:H,0:NH3.

Expression and purification of KirBacl.1 was performed as previ-
ously described (Borcik et al., 2022; Borcik et al., 2020; Amani et al.,
2021; Amani et al., 2020; Borcik et al., 2019; Yekefallah et al., 2022).
Briefly, expression of natural abundance (NA) KirBacl.1 I1131C stability
mutant (SM) (Wang et al., 2009) was induced with 1 mM isopropyl g-D-
1-thiogalactopyranoside (IPTG) at an ODggg = 0.9-1.0 in Terrific Broth
(TB) for ~ 18 h at 18 °C, 220 RPM. Cell pellets were resuspended in lysis
buffer at 5 mL/g cells (50 mM Tris-Base pH 8, 150 mM KCl, 250 mM
Sucrose, 10 mM MgSO4, 1 mM benzamidine, 1 mM phenyl-
methylsulfonyl fluoride, 0.2 mg/mL lysozyme, 0.2 mg/mL RNAse, pro-
tease inhibitor tablets). Cells were homogenized to induce lysis and
KirBacl.1 was extracted from membrane fragments with 30 mM decyl-
p-D-maltopyranoside (DM) for 3—4 h at 4 °C with rocking. Debris was
centrifuged at 125,000 g for 1 h, sterile filtered, and KirBacl.1 was
separated from the lysate using a Ni?" affinity column (HisTrap™,
Cytiva) and Elution buffer (50 mM Tris-Base pH 8, 150 mM KCl, 5 mM
dodecyl--D-maltopyranoside (DDM), 250 mM Imidazole). Imidazole
was removed using a Desalting column (Cytiva), then KirBacl.1 was
concentrated to ~ 2 mg/mL using a 100 kDa cutoff membrane filter
(Millipore), loaded onto a 16/600 prep-grade 200 Size Exclusion column
(Cytiva) and eluted in NMR exchange buffer (50 mM Tris-Base pH 7.5,
50 mM KCl, 5 mM DDM, 1 mM EDTA). The tetrameric protein fractions
were collected from the SEC column and concentrated to ~ 1 mg/ml for
reconstitution steps.

Preparation of SSNMR samples

Lipid mixtures were prepared by combining '*C-labeled PG lipids
with 1-palmitoyl-2-oleoyl phosphatidyl choline (POPC or PC, Avanti
Polar Lipids) to final molar ratios of 1 %, 4 %, 6 %, 8 %, 10 %, 20 %, and
30 % Xpg in organic solvents. The films were first dried under Ny gas
then overnight in vacuo. Dried films were solvated in NMR buffer (50
mM Tris-Base pH 7.5, 50 mM KCl, 1 mM EDTA) supplemented with 18.5
mM  3-[(3-cholamido-propyl)dimethylammonio]-1-propanesulfonate
(CHAPS) to a final concentration of 5 mg/mL via mild sonication (cy-
cles of 2 min on and 2 min off) with a VWR Symphony Ultrasonic Bath.
Kirbacl.1 was added at 1:1 w/w ratio Lipid:Protein, corresponding to
approximately 50:1 M ratio. The lipid:protein:detergent mixture was
annealed for one hour at ambient temperature. Samples were diluted
with NMR buffer, and detergent was subsequently removed via twice
daily additions of Bio-Beads SM-2 Resin (Bio-Rad). Detergent removal
was considered complete when samples became turbid, and detergent
was not visible upon manual agitation. Proteoliposomes were harvested
via centrifugation at 70,000 RPM for 1.5 h at 4 °C in a Ti-70 Beckman
Coulter rotor. The supernatant was discarded, and the pellet resus-
pended in ~ 1 mL of NMR buffer for transfer. Samples were then re-
pelleted using a bench-top centrifuge at 17,000 RPM for 30 min at
4 °C. Freeze-thaw cycles were performed 3-4 times with LN, and
additional centrifugation steps to remove excess buffer. Prepared sample
pellets were packed into 1.6 mm PENCIL rotors and stored ultralow until
needed.

Acquisition and analysis of SSNMR data

All spectra were acquired on a 600 MHz Agilent DD2 spectrometer
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(Agilent Technologies, Santa Clara, CA and Loveland, CO) under Magic
Angle Spinning (MAS) using a Fast-MAS 1.6 mm probe. The '3C chem-
ical shift was indirectly referenced to DSS using the downfield ada-
mantane peak at 40.48 ppm (Morcombe and Zilm, 2003). The MAS rate
was set to 12 kHz with a 13C 90° pulse width of 1.4 ps and a 'H 90° pulse
width of 1.2 ps. 1D Direct Polarization (DP) experiments were acquired
with 2048 scans and 21.6 kHz of SPINAL-64 decoupling (Fung et al.,
2000) on 4. rINEPT (Elena et al., 2005) experiments were acquired
with 256 scans using 1.65 ms for the first delay and 1.0 ms for the
second.

1D temperature series experiments were acquired at set temperature
of —50 to 20 °C in steps of 10 °C. Temperature calibration was per-
formed as previously described (Yekefallah et al., 2024) using literature
correction for radiofrequency heating under decoupling (Gottlieb et al.,
1997) and sample spinning rate (Guan and Stark, 2010). The corrections
resulted in a sample temperature range of —35 + 3 to 30 + 3 °C. 1D
experiments were processed in NMRPipe (Delaglio et al., 1995) and fit
using the nonlinear spectral modeling package to extrapolate peak
volumes. Normalized fitting error was calculated as follows:

FittingError
FitPeakHeight |
i

—_— 2
FitPeakIntensity; 2)

NormalizedError; = Noise;*

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
peaks intensity.

Results and discussion
KirBacl.1 Coordinates the Physical Properties of Methylated PG Lipids

In order to investigate how KirBacl.1 orders methylated lipids in a
binary lipid mixture, we first purified NA-KirBacl.1 and reconstituted
into proteoliposomes with 10 % mole percentage (Xpg) in 90 % NA-
POPC at a 1:1 protein:lipid ratio (w/w). We also generated a protein-
free (PF) 10 % Xpg (w/w) sample in 90 % NA-POPC as a comparison
to ascertain changes in the relative ratio of AT (~35 ppm) to TG (~33
ppm) in the presence and absence of KirBacl.1. The PG structure, atomic
naming conventions, acyl chain identities, and ordered AT versus
disordered TG acyl conformations are presented in Fig. 2A insets, as
described previously (Yekefallah et al., 2024; van Aalst et al., 2022).
Approximately 95 % of PG lipids are methylated at the o-1 (Iso) or ®-2
(Anteiso) positions, identified via Gas Chromatography (van Beekveld
et al., 2022). We used Direct Polarization (DP) in order to avoid biasing
these results based on non-equivalent dynamics so relative changes in
protein-interacting and non-interacting lipid populations could be
compared. The full DP experiments for 10 % Xpg PF and protein-
containing DP temperature series are available in the SI (Figs. S1-S2).
Data was acquired at set temperatures of —50 to 20 °C, corresponding to
a sample temperature range of —35 + 3 to 30 + 3 °C based on previously
published probe calibration profile for the 1.6 mm FastMAS probe used
in this work (Yekefallah et al., 2024). All subsequent references to
temperature throughout the remainder of this work refer to these sample
temperatures.

Temperature series excerpts are presented in Fig. 2, where spectra of
10 % Xpg in the presence (black) and absence (green) of KirBacl.1 at
three representative temperatures are shown. Assignments are labeled
on each peak. In the absence of protein at —35 + 3 °C, AT signal
(highlighted red) is observed but is overshadowed by TG signal (high-
lighted purple), indicating the PF sample is near the tail end of the phase
transition in the absence of KirBacl.1. Of note, we previously observed
this peak corresponds to two degenerate TG peaks assigned based on
spatial proximity to terminal methyl groups (Yekefallah et al., 2024).
While this is a relatively low transition temperature, it is not particularly
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Fig. 2. Direct Polarization experiments of 10 % Xpg (w/w) in POPC in the
presence (black) and absence (green) of KirBacl.l. (A) Structural naming
convention of PG lipids used in this work, including the headgroup (left), acyl
chains (middle), and conformation (right) as insets. 1D DP spectra are shown at
sample temperatures of —35 °C, (B) —10 °C, and (C) 20 °C. Persistence of or-
dered AT signal at higher temperatures in the presence of KirBacl.1 indicates
protein-driven ordering of methylated PG lipids. Spectra are presented
normalized within their own temperature series since '*C-PG mass per sample
are nonequivalent. Protein-lipid K4 and Hill coefficients identified from previ-
ously are included (Yekefallah et al., 2024). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

surprising giving that methylation has a strongly negative effect on lipid
packing (Hirata and Axelrod, 1980), lowering melting temperature
(Silvius and Mcelhaney, 1980; Lewis and McElhaney, 1985) and
increasing bilayer fluiditiy (Poger et al., 2014). In the absence of protein,
the phase transition was however low enough that we were not able to
observe the entire transition range due to conventional spectrometer
probe cooling limitations. On the other hand, AT signal is readily
observed at —35 + 3 °C when KirBacl.1 is introduced (Fig. 2A, black),
and dwarfs TG signal indicating the addition of protein raises the phase
transition temperature. This was a curious observation to us, since our
previous work consistently found KirBac to lower the phase transition
range. As we observe the opposite here with methylated lipids, we
conclude KirBacl.1 alters transition properties to a preferred tempera-
ture range, and whether that range is increased or decreased from lipid-
only samples depends on the inherent properties of the lipids them-
selves. As we noted before, we also observe CSPs in the headgroup re-
gion upon addition of protein. CSPs were identified as an alternate
conformation of the p carbon in the PG headgroup, dubbed f’, and
indicate coincidence of lipid-binding and coordination of bilayer prop-
erties. This peak can be found at ~ 72 ppm and is highlighted in blue.
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When the sample temperature is increased to —10 + 3 °C, we observe
that AT signal for the PF sample is nearly abolished suggesting the phase
transition in the absence of protein is complete (Fig. 2B). When Kir-
Bacl.1 is introduced, the phase transition range is raised and extended
such that significant AT signal is apparent. By 20 + 3 °C the phase
transition in both samples is complete (Fig. 2C). Together, this data al-
ludes to coordination of bilayer physical properties by KirBacl.1 in the
form of a raised and broadened phase transition temperature range. In
our previous work, we used the NMRPipe (Delaglio et al., 1995)
nonlinear spectral modeling package to fit the peak volume of 8’ as a
function of PG concentration, at each of the temperatures presented in
Fig. 2. When the results were plotted, we observed a sigmoidal shape to
the data, which we fit to the Hill-Langmuir equation (equation (1) to
extrapolate K4 and the Hill coefficient describing the extent of lipid-
subunit cooperativity. We identified the PG-KirBacl.1 K4 to be ~
6.0-8.0 % Xpg with Hill coefficients ranging from ~ 4-8, showing ex-
pected temperature-dependence of kinetics but nonetheless cooperative
lipid-loading in all cases. These values are included as insets at each
temperature for comparison. The data presented in Fig. 2 does however
raise a number of questions: Since KirBacl.1 cooperatively binds lipids
and also drives ordering, is the ordering effect also a cooperative pro-
cess? Does direct lipid-protein agency play a role, and if so, is the
ordering effect a byproduct of this interaction? We used exhaustive
SSNMR 1D experiments to interrogate these questions throughout the
remainder of this manuscript.

The extent of coordination is cooperatively dependent on PG concentration

To investigate these suppositions, we also acquired 1D DP temper-
ature series spectra for 1 %, 4 %, 6 %, 8 %, 20 % and 30 % Xpg. These
samples were generated at the same 1:1 w/w protein:lipid ratio, and the
full DP spectra are available in the SI (Figs. S3-58). We then fit the peaks
to extrapolate peak volume for a quantitative assessment of ordering
phenomena. The results of this analysis are presented in Fig. 3A, where
the AT acyl conformation is presented in red and the TG population in
purple. First, we consider the PF temperature series, where loss of TG
signal and evolution of AT signal only just begins as the sample is cooled
to below —15 °C. As PG is titrated into liposomes containing KirBacl.1,
we observe increasingly more AT and less TG signal per temperature,
and that the presence of AT signal as temperature is increased persists at
higher temperatures. Our results indicate that KirBacl.1l raises and
broadens the phase transition temperature range as suggested above.
Interestingly, this phenomenon seems to be partially ameliorated above
10 % Xpg, where the broadening of the transition range seems to retrace.
Since KirBacl.1 is saturated with PG above 10 % Xpg this could indicate
that ordering is predicated upon protein-lipid interactions. When satu-
rated, additional methylated lipids may unsurprisingly load into Ly do-
mains, which will be discussed below in further detail.

Data in Fig. 3A suggests that the extent of ordering is dependent on
the PG concentration in the bilayer. Since it is known that KirBac1.1's
ability to order the bilayer is dependent on anionic lipid-binding to the
cationic pocket (Borcik et al., 2020) and that this lipid-protein interac-
tion is a classical Hill-type cooperative process (Yekefallah et al., 2024),
would the ordering event also be a cooperative process? To investigate,
we plotted the normalized AT conformation signal from each PG con-
centration at —35 °C, selected because all samples are approximately
mid-phase transition and thus resolution between concentrations is
achieved (Fig. 2B). Indeed, a sigmoidal trend between bilayer PG con-
centration and bilayer ordering is observed, indicating bilayer ordering
is a cooperative process. Moreover, the pattern of AT signal evolution
changes quite drastically at ~ 7-8 % Xpg, which is the same approxi-
mate concentration we previously observed to be the K4 between Kir-
Bacl.1 and methylated PG lipids (Yekefallah et al., 2024) (presented in
Fig. 2, insets) when the sigmoidal bound population peak volume was fit
to the Hill equation (Fig. 3C). When normalized AT signal from panel B
is plotted against the corresponding protein-bound f’ peak volume from
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Fig. 3. The extent of ordering is dependent on PG concentration. (A) Full DP temperature series plots in the absence of KirBacl.1 (PF) and presence with 1-30 %
bilayer PG content. AT (red) and TG (purple) population peak volumes are presented. (B) Hill fit of normalized AT peak volume as a function of bilayer PG showing
bilayer ordering is dependent on PG concentration at —35 °C. (C) Normalized peak volume of p’ from 1D DP spectra showing cooperativity between bound signal and
PG concentration at —35 °C. (D) Normalized p’ peak volume from (C) plotted against normalized AT peak volume from (B) showing cooperativity between lipid-
binding and bilayer ordering. Error bars indicate normalized spectral noise-modified fitting error as described in the Materials and Methods. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

panel C and Fig. 2 (blue), we observe cooperativity (Fig. 3D). This curve
indicates a cooperative correlation between KirBacl.1 binding PG lipids
and lipid ordering, granting further credibility to the hypothesis that
KirBacl.1 surrounds itself with microdomains of ordered AT lipids by
tethering anionic phospholipids via direct, long-lived protein-lipid
electrostatic interactions. Furthermore, our results suggest that ordering
of lipids into microdomains is predicated upon the protein-lipid inter-
action, which we first observed when major residues in the lipid-binding
pocket shown in Fig. 1B were mutated to Gln and the ordering effect was
lost (Borcik et al., 2020).

Bilayer Ty, cooperatively depends on PG concentration

To reiterate the idea that lipid-binding and ordering are coopera-
tively dependent, we acquired refocused Insensitive Nuclei Enhanced by
Polarization Transfer (rINEPT) 1D experiments to look more closely at
TG population dynamics. Since rINEPT transfers magnetization through
the 'H-'3C J coupling without 'H decoupling, internal dynamics are a
perquisite for signal evolution (Elena et al., 2005; Alonso and Massiot,
2003; Aebischer and Ernst, 2024). Due to this, signal is not observed in
the gel phase when lipids lack the requisite dynamics but will rapidly
evolve upon sample heating. Evolution of the TG acyl conformation can
therefore be used as a marker to accurately measure the bilayer melting
temperature Tp,. Since ordered AT lipid evolution is positively cooper-
ative with lipid-binding, we hypothesized TG rINEPT signal and bound
PG peak volume from DP experiments would be negatively correlated.
rINEPT spectra were therefore acquired for 10 % PF as well as 4 %, 6 %,
8 %, 10 %, 20 % and 30 % Xpg with KirBacl.1. Full temperature series
spectra are available in the SI (Figs. S9-515).

We again observe variation in relative AT vs TG signal, as well as the
pattern of TG signal evolution as a function of temperature between
samples containing disparate Xpg concentrations (Fig. 4A). As noted
above, the TG peak undergoes a slight CSP expected to be dependent on
proximity to the methyl group. While this is not readily apparent from
DP spectra, resolution is sufficient to distinguish in rINEPT spectra.
Thus, both peaks are highlighted in purple, labeled TG, and were fit

together. The full fit TG signals as a function of temperature and PG
concentration are presented in Fig. 4B. It is observed that Ty, increases
up to 10 % Xpg (purple), whereby KirBacl.1 becomes saturated by PG
(Yekefallah et al., 2024) (Fig. 3C). It is interesting to note that the TG
melting curves retrace slightly at 20 % Xpg (brown), and more so at 30 %
Xpg (pink). This observation is illustrated in the Fig. 4B inset, where the
interpolated Ty, from each curve is plotted. Of note, as PG concentration
increases, Ty, is observed to be sigmoidal indicating cooperativity be-
tween protein-lipid binding and resistance to melting until KirBac is PG-
saturated. We interpret the retrace in Ty, to indicate that successive
additions of PG after KirBac is saturated are predominately disordered,
promoting Ly domain formation and may serve to destabilize L, for-
mation resulting in the observed retrace in Ty,. These results provide
further evidence that the ordering effect is dependent on association
between cationic lipid-binding pocket residues and anionic phospho-
lipid headgroups.

We next considered TG rINEPT signal arrayed with PG concentration
to understand the relationship between the two. Just as with DP spectra,
we plotted normalized signal as a function of %PG and observed a
sigmoidal curve (Fig. 4C). Unsurprisingly the result indicated negative
cooperativity with a Kq of 6.4 % PG at —35 °C, indicating Hill-type
cooperative destabilization of disorder with increased PG concentra-
tion. When TG signal at this temperature was plotted against the
normalized B’ peak volume from Fig. 3C, we again observe negative
cooperativity. Taken together, our results provide further evidence for a
cooperative relationship between KirBacl.1 binding lipids and insti-
gating acyl ordering.

Functional connotations of supramolecular bilayer heterogeneity induced
by KirBacl.1

The data presented herein paints a clear picture: when KirBacl.1l
binds PG lipids, those lipids are predisposed to the ordered, AT acyl
conformation despite chain methylation. Above the bilayer melting
temperature, persistence of AT signal indicates formation of ordered
lipid microdomains, as previously elsewhere (Borcik et al., 2020; Borcik
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Fig. 4. Bilayer Ty, Cooperatively Depends on PG Concentration. (A) Excerpts from 1D rINEPT spectra of 10 % PG in the presence (black) and absence (green) of
KirBacl.1. (B) Full bilayer melting curves as a function of PG, where Ty, increases with increased protein-lipid interaction until KirBac is saturated (inset). (C)
Normalized TG peak volume from (B) plotted against PG concentration, identifying cooperativity between bilayer melting and successive addition of PG to the
bilayer at —35 °C. (D) Normalized p’ peak volume from Fig. 3C, plotted against normalized TG peak volume from (B) showing negative cooperativity between lipid-
binding and bilayer melting. Error bars indicate normalized spectral noise-modified fitting error as described in the Materials and Methods. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2019). The multiple sigmoidal correlations between AT DP signal
(Fig. 3B), p’ bound PG DP signal (Fig. 3C-D), and rINEPT TG signal
(Fig. 4C-D) strongly suggest coaction between cooperative lipid-binding
and cooperative bilayer ordering which is summarized in Fig. 5. Here, at
low bilayer Xpg we observe correspondingly low levels of ordering, with
TG signal dominating DP (Fig. 3A) and rINEPT spectra (Fig. 4B), ulti-
mately reflected in ATy, (Fig. 5, left). However, upon titration of PG into
the bilayer a shift occurs where AT lipids begin to dominate DP spectra
at lower temperatures, the phase transition is broadened, and rINEPT
signal is lost, coinciding with increasing Ty, until KirBac1.1 is saturated
with PG lipids. This is not a linear process: Hill-type positive sigmoidal
cooperativity curves are observed between PG concentration, bound PG
signal, and AT acyl signal, and negative cooperativity is observed be-
tween PG concentration, bound PG signal, and TG acyl signal. Taken
together, we conclude that coordination of bilayer properties by Kir-
Bacl.1l is a cooperative process driven by protein-lipid interaction.
When KirBacl.1 is saturated with PG, the bilayer is thus highly ordered
manifesting as resistance to melting and a heightened Ty, (Fig. 5, mid-
dle). Curiously, this trend abates shortly after, with the phase transition
receding from the highest level of broadening which was observed at 10
% Xpg (Fig. 3A, red), return of DP TG signal at 30 % PG compared to 20
% (Fig. 3A, purple), and successive decrease in Ty, extrapolated from
rINEPT TG plots (Fig. 4B inset). Further, since AT DP signal and bound
peak volume both plateau (Fig. 3C-D), we conclude that successive ad-
ditions of lipids trend towards disorder at excess concentrations of PG.
At these excess concentrations, relative ordering and Ty no longer
present as strongly since a higher proportion of PG lipids are no longer
protein-interacting and ordered (Fig. 5, right).

Conclusions

In our previous work we observed KirBacl.1 to nucleate ordering
(Borcik et al., 2019) and that this trend could be abolished by mutation
of cationic residues in the lipid binding pocket presented in Fig. 1B
(Borcik et al., 2020). Here we provide additional evidence that ordered
domain formation driven by KirBacl.1 is a classically Hill-type coop-
erative process. Interestingly, we observe strongly sigmoidal correla-
tions between emergence of ordered SSNMR signal, disappearance of
disordered signals, and evolution of bound lipid signal. Since the
reciprocal AT:TG signal evolution abates simultaneously to saturation of
KirBac with PG, we conclude that the ordering effect is a byproduct of
direct protein lipid interaction, supported by corresponding retrace of
bilayer Tp,. Thus, we conclude that coordination of bilayer properties by
KirBacl.1 is a cooperative process driven by protein-lipid interaction.
Our results have distinct implications in our understanding of bilayer
dynamics and formation of structured domains in physiological mem-
branes. Since KirBacl.1 is highly homologous to human Kir channels,
our work also poses unique ramifications for human membrane channel
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