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Résumé de thése

La capacité d'une cellule a faciliter le mouvement sélectif et rapide des ions et des petites
molécules a travers la membrane plasmique est un processus biologique indispensable. Les
canaux potassiques a rectification entrante (Kir) sont des protéines membranaires intégrales
qui fournissent des voies sélectives aux ions K a travers la membrane cellulaire autrement
imperméable, le long des gradients électrochimiques. Les canaux Kir permettent le passage
des ions K" dans les deux sens et régulent diverses fonctions chez les humains, notamment
la fréquence cardiaque, le tonus vasculaire, la sécrétion d'insuline et 1'équilibre salin et

hydrique.

L'importance physiologique des canaux Kir est mise en évidence par le fait que des défauts
génétiquement héréditaires de ces genes entrainent des maladies humaines (canalopathies).
Nous nous intéressons particulierement au syndrome d'Andersen, pour lequel des mutations
du gene KCNJ2 codant pour la protéine Kir2.1 sont directement impliquées. Le syndrome
d'Andersen (AS) est une maladie rare caractérisée par des arythmies cardiaques, des
dysmorphies multiples et des paralysies périodiques. Le traitement disponible pour les
patients atteints d’AS est empirique plutdot que rationnel en raison du manque de

connaissance de ce canal Kir2.1.

Cette these visait a identifier les différences entre le canal Kir2.1 de type sauvage et deux
canaux mutants causant I’AS afin de trouver des liens entre la structure et la fonction du
Kir2.1 humain en utilisant une combinaison d'approches biochimiques, structurelles et
fonctionnelles. Dans cette étude, nous avons exprimé le canal Kir2.1 humain dans la levure
et l'avons purifié dans un détergent. Nous avons caractérisé l'interaction entre Kir2.1 et
'activateur essentiel PIPs, résolu la premieére structure de canal Kir humain par Cryo-MET
et exploré la reconstitution dans des systemes sans détergent comme les amphipoles et les
nanodisques. Les résultats de cette étude fourniront une base structurale et fonctionnelle
pour mieux comprendre les mécanismes impliqués dans les canaux Kir et les effets de leurs

mutations.

Ce manuscrit est divisé en trois parties. La premiere partie présente les canaux Kir et 1'état
de l'art. La deuxieme partie porte sur la caractérisation du canal potassique humain Kir2.1
et l'impact des mutations sur sa structure et sa fonction. La troisiéme partie présente deux
mutations dans 1'homologue bactérien KirBac3.1, qui partage des -caractéristiques
structurelles avec Kir2.1, pour donner un apercu du mécanisme d’ouverture et fermeture des

canaux Kir.
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Abstract

The ability of a cell to facilitate the selective and rapid movement of ions and small
molecules across the plasma membrane is one of the most fundamental biological
processes. Inward rectifier potassium (Kir) channels are integral membrane proteins
that provide K'-selective pathways across the otherwise impermeable cell membrane
along the electrochemical gradients. Kir channels support the flow of K* ions into and
out of the cell and regulate various functions in the human body, including heart rate,

vascular tone, insulin secretion, and salt and fluid balance.

The physiological significance of Kir channels is highlighted by the fact that genetically-
inherited defects in these genes result in human diseases (channelopathies). We are
particularly interested in Andersen’s syndrome, where mutations in the KCNJ2 gene
coding for the Kir2.1 protein are directly involved. Andersen’s syndrome (AS) is a rare
disease characterized by cardiac arrhythmias, dysmorphic features, and periodic
paralysis. The available treatment for AS patients is empirical rather than rational due

to the lack of knowledge of this Kir2.1 channel.

This thesis aimed to identify the differences between the wild-type Kir2.1 channel and
two mutant AS-causing channels to find links between the structure and the function
of human Kir2.1 using a combination of biochemical, structural, and functional
approaches. In this study, we recombinantly expressed the human Kir2.1 channel in
yeast and purified it in detergent. We characterized the interaction between Kir2.1 and
the essential activator PIP,, solved the first human Kir channel structure by cryo-EM,
and explored reconstitution in detergent-free systems like amphipols and nanodiscs.
The findings of this study will provide a structural and functional base to understand

better the mechanisms involved in Kir channels and the effects of their mutations.

This manuscript is divided into three parts. The first part introduces Kir channels and
state-of-the-art. The second part focuses on the characterization of the human
potassium channel Kir2.1 and the impact of mutations on its structure and function.
The third part presents two mutations in the bacterial homolog KirBac3.1, which
shares structural features with Kir2.1, to provide insight into the gating mechanism of

Kir channels.
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1 INTRODUCTION AND BACKGROUND




1.1 POTASSIUM CHANNELS, AN OVERVIEW

Electrical signals control our bodies’ most fundamental biological processes, from
thinking and breathing to the beating of our hearts. All the intricate interactions that
make our day-to-day start with an ion finding its way through an impermeable
membrane and effecting change to establish the electrochemical equilibrium or modify
it transiently. This thesis focuses on the biochemical and structural characterization of
Kir2.1, a human inwardly rectifying potassium channel recombinantly expressed in
Pichia pastoris, with functional implications. Before we delve into it, this chapter will
briefly describe and compare potassium channels, look a little closer at the regulation

and gating of Kir channels, and finally address the structures known to date.

1.1.1 Generalities and classification

K" channels facilitate the selective and rapid movement of Kt ions through the cell
membrane, establishing an electrical gradient and an electric field that helps orient
membrane proteins within the membrane (Cardozo 2016). Like a switch, tightly-
regulated K* channels open and close in response to stimuli, like voltage change,

calcium levels, temperature, pH, and cellular modulators (Luckey 2008).

K* channels are ubiquitous and incredibly diverse. There are more than 80 genes that
code for K™ channels in the human genome alone (Doupnik, Davidson, et Lester 1995).
The differences in structure allow them to be regulated by various auxiliary subunits,
interact with different agonists, and intervene at different stages of the action potential
with different effects. These channels’ functional and structural diversity surpasses that

of any other channels (Luckey 2008).
K* channels can be divided into four families (Taura et al. 2021):
1. Voltage-gated K* channels: Kv,

Calcium-activated K™ channels: Kca,

Two-pore domain K* channels: Kop, and
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Figure 1-1. Topology of the four K* channel families.

1.1.2 Voltage-gated K+(Kv) channels

First described by Hodgkin and Huxley in 1945 (Hodgkin et Huxley 1945), voltage-
gated K* channels (Kv) are the most prominent K* channel family. In mammals only,

40 genes code for Kv channels and their o subunits. Kv channels are traditional K*
channels; they open to let K* ions out of the cell, helping to repolarize excitable cells

during the action potential (Hille 1986). They are divided into 12 subfamilies.

Ky channels are multiunit channels (tetramers) consisting of o subunits containing the
main transmembrane complex and accessory B subunits. Kvo subunits share a basic
structure consisting of an amino- (N-) terminus, six transmembrane helices named S1-
S6 connected by five loops, and a carboxy-(C-) terminus. The loop separating S5 and
S6 contains the pore-forming loop (P-loop) and the K*-selective filter (SF) present in
all K* channels. Pore opening is controlled through the intracellular loop between S4
and S5. S1-S4 form the voltage-sensing domain (VSD), which functions as an
independent domain. Like most K" channels, the o subunits arrange as homo- or
heterotetramers to form a K* selective pore (Abbott et al. 2001; Pongs et Schwarz
2010; A-Gonzélez et Castrillo 2011; Kuang, Purhonen, et Hebert 2015).

The o subunits are in charge of voltage sensing, gating, and regulation. The biological

role played by the B-subunits is the subject of ongoing research; they play roles in
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altering expression, trafficking, and gating. The importance of the Kvo-p complex is
undeniable as defects in either the o-subunit or the accessory subunits can lead to

diseases like hypertension (Abbott et al. 2001), hypothyroidism, and epilepsy.

1.1.3 Calcium-activated K* (Kca) channels

In 1958, G. Gardos first described the activation of K* channel conductance by
intracellular Ca*" ions in red blood cells (Gardos 1958). The sensitivity to Ca’" ions
allows Kca channels to regulate the action potential. They can activate the
afterhyperpolarization during high Ca*" concentrations coupled to membrane potential

changes during the action potential (Taura et al. 2021).

These Kca channels can be divided into three classes depending on their conductance:
small conductance (SKca, 4-14 pS) (Kohler et al. 1996), intermediate conductance

(IKca, 32-39 pS) (Ishii et al. 1997), and big conductance (BKca, 200-300 pS) (Butler
et al. 1993) (kshatri et al. 2018).

Kca channels have a similar basic structure as Kv channels with o and B subunits, with
notable differences. K. channels are tetramers; the Kca2.1-Kca2.3 and Kca3.1 channels
have six TM domains but lack voltage sensitivity. The SKca and BKca channels have
an additional first TM domain (S0), making their N-terminus extracellular. BKca have
a vast intracellular C-terminal domain containing two regulating-conductance of K+
domains (RCK, (Yuan et al. 2010). SKca channels lack this RCK domain for Ca’*

modulation. Instead, calmodulin (CaM) provides SK channels with their Ca®"

sensitivity.

The Kca channels have implications in diseases and are therapeutic targets in disorders
including schizophrenia (Grube et al. 2011), atrial fibrillation (Diness et al. 2010), and

even breast cancer (Potier et al. 2006).

1.1.4 Two-pore domain K* (K2pr) channels

In 1995, Ketchum et al. described the first two-pore domain K channel (KQP) in
Saccharomyces cerevisiae (Ketchum et al. 1995). However, their effects, K*-selective
leakage from the cell, were detected as early as 1952 (Hodgkin et Huxley 1952). These

channels are distinguished from other members of the K* channel families by having




two pore-loops and four transmembrane domains (TM1-TM4) per subunit. Unlike the
other K channels, which are tetramers, the subunits assemble as a dimer to form one

K*-selective pore. Their overall functional structure is similar to the other K* channels.

The Kop family is encoded by 18 KCNK genes and comprises 15 different subunits.
Three genes, KCNK8, KCNK11, and KCNK14, have no (detectable) expression levels.

Kop channels can be separated into six subfamilies according to their function and
structure similarities: two-pore acid-sensitive K™ channels (TASK 1-2,3,5), two-pore
alkaline-activated K* channels (TALK 1-2), two-pore halothane-inhibited K* channels
(THIK 1-2), two-pore weak inward rectifying K* channels (TWIK 1-2), TWIK-related
spinal-cord K* channel (TRESK), and TWIK-related K* channels (TREK 1-2) with
TWIK-related arachidonic acid-stimulated K* channels (TRAAK).

They control K* ions, cell volume, hormonal secretion, and muscular and neuronal
excitability. Dysfunction of these channels can lead to pathologies including Birk-Barel
syndrome (Barel et al. 2008), migraine (Lafreniere et al. 2010), arterial hypertension
(Ma et al. 2013), cancer (Williams, Bateman, et O’Kelly 2013), and cardiac arrhythmia
(Friedrich et al. 2014).

1.2 INWARD RECTIFIER K* (KIR) CHANNELS: FUNCTION AND
RECTIFICATION

Inward rectifier K™ (Kir) channels were first described in frog skeletal muscle over
seven decades ago (in 1949) by B. Katz as having an anomalous rectification (Katz
1949) because their conductance decreased instead of increasing upon cell
depolarization. Kir channels are so-called due to their tendency to allow the passage of
K™ ions into the cell than out of the cell. Although outward Kir2.1 currents are much
smaller than inward ones, under physiological conditions, the outward currents regulate
the excitability and duration of repolarization in excitable cells like neurons and cardiac
myocytes. The outward current in K* channels sets up the negative electrostatic

potential across the membrane, essential for protein orientation within the membrane

(Cardozo 2016).

Kir channels are responsible for creating and propagating the action potential in
excitable cells, regulating the heartbeat, helping balance the passage of salts and water,
and regulating cell volume and muscle contraction. Kir channels regulate K*

homeostasis by establishing an excitation threshold dependent on membrane voltage




and the regulatory state of the channels (Ruppersberg et Fakler 1996). The overall
effect allows Kir channels to generate and control the resting membrane potential
achieved when electrochemical equilibrium is reached at —70 mV (M. Zhou et

MacKinnon 2004).

The Nernst equation (Equation 1-1) calculates/defines the membrane potential at which
any given ion will be at equilibrium based on its valence and concentration gradient
across the membrane. Above or below this potential, the ions should flow in a direction

that restores the equilibrium.

Equation 1-1

Ex

_ R - T1 (Xout)

= n Nernst equation
z F "\X,, 1

Ek is the electrical potential of a charged particle (in mV), R is the gas constant 8.314
J K™ -mol™, Tis the temperature in Kelvin, z is the electron valence (1 for K¥), F
is the Faraday constant 96,485 C - mol™, X,u/Xu is the ratio of the ion’s extracellular
concentration over its intracellular concentration in mM. For a K* channel at normal
physiological conditions, T= 37 °C, 310.15 K, with X,u= 4 mM and X, =140 mM

concentrations, the Fxis —-95 mV.
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Figure 1-2. Schematic voltage vs. current relationship of Kir channels

At membrane potentials above Ex, a favored outward current is expected. However, in
Kir channels, this outward current is attenuated by intracellular molecules that bind
to the channel and block the efflux of K ions resulting in an inward rectification.

However, the blockade by Mg?" (Matsuda, Saigusa, et Irisawa 1987) and polyamines




(Anatoli N. Lopatin, Makhina, et Nichols 1994; J. Yang, Jan, et Jan 1995a; A N
Lopatin, Makhina, et Nichols 1995; Oliver, Baukrowitz, et Fakler 2000), that physically
plug the channel, results in a steep voltage-dependent rectification above the resting
membrane potential (Baronas et Kurata 2014). At potentials negative to the Fx, these
blockers are released into the cell allowing the influx of K™ ions (A N Lopatin, Makhina,
et Nichols 1995). The voltage dependence observed in Kir channels is in response to
these interactions as Kir channels lack a voltage-sensing domain and remain

constitutively active in the presence of PIP; independently of the voltage.

There are sixteen genes encoding Kir channels (KCNJ1-18) that can be classified into
seven sub-families (Kirl.x-7.x, Figure 1-3) and four functional groups: classical Kir
channels, K* transport channels, ATP-sensitive channels (Kartp), and G-protein
regulated K channels (GIRK). These channels show different levels of rectification,
ranging from weak (Kirl.1 and Kir6.x), intermediate (Kir4.x), to strong (Kir2.x and
Kir3.x) (Hibino et al. 2010). Doupnik et al., Bichet et al., and Hibino et al. have
published outstanding reviews describing the differences within these subfamilies

(Doupnik, Davidson, et Lester 1995; Bichet, Haass, et Jan 2003; Hibino et al. 2010).
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Figure 1-3. Kir channel phylogenetic tree. Sixteen KCN.J genes code for Kir channels and can be

divided into four functional groups according to their amino acid sequence.
A sequence alignment of Kir channels (Figure 1-4) revealed highly conserved segments

that have been the subject of much research, like the conserved sequence T-1/V-G-Y-
G and ligand binding and regulation sites described later in this chapter.
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HKIR6.1 TOQOWGHRFVSIVIE -EEGVYSVDYSKFGNTVKVA-APRCSARELDEKPSILIQTLQKSEL - -374
HKIR5.1 TLWGHRFNDVLEV-KRKYYKVNCLQFEGSVEVY -APFCSAKQLDWKDQQLHIEKAPPVRES362
H KIR2.1 TLWGHRYEPVLFE -EKHYYKVDYSRFHKIYEV [CSARDLAEKKYILSN- - - - - ANSF 374
M KIR2.1 TLWGHRYEPVLFE -EKHYYKVDYSRFHKIYEVPNTPLCSARDLAEKKY I LSN- - - - - ANSF 374
CKIR2.2 TLWGHRFEPVLFE -EKNQYKIDYSHFHKIYEVPSTPRCSAKDLVENKFLLPS - - - - - ANSF 375
H KIR2.2 | LWGH EPVLFE -EKNQYKVDYSHFHKTIYEVPSTPRCSAKDLVENKFLLPS - - - - - TNSF 375
M KIR3.2 TLWGYRFTIPVLIM-EDGFYEVDYNSFHETYET SL-SAKELAELANRAEV - - - - - ~SWa3ss
H KIR3.1 VLWGHRFFPVISL -EEGFFKVDYSQFHATFEV Y -SVKEQEEMLLMSSP - - - - - L1 AP 374
M KIR3.1 VLWGHRFFPVISL -EEGFFKVDYSQFHATFEV Y -SVKEQEEMLLMSSP - - - - - L T AP 374
KRB, | AR R e e e e = L e e e = = T ==yt 333
KIRBACl.1l - - = = = = - = = = = = = = = = = = = == == - < < - - - - = - - = - - ssssmmmm-- 160
HEKIR7T.L SIDNFQTSETGL TE|- - == = = = = = = = = e e e e e e e e e e e m e e mmmm e m e mmmmmmmmmm= - 360
HKRl.l DNPNFILSE - - - .- VA P = o o] e 4 | e e e e R R R e R R P T e 391
HKIR4.1 O RLRLEESLREGQA: - ~EREGS - cALSVRISNVI- - == - cicc= - cco-oimi-cio=o 379
HKIRG.1 SHONSLRKRNSMRRNN- - - - - - - - _ - __ SMRRNNS IRRNNSS- -LMVPKVQFMTPEGNQNA420
HKIR5.1 CTSDTKARRRSFSAV-AIVSSCENP -EETTTSATHEYRETP - - - - - - YOQRAL-T--TL 412
HKR2.1] CYENEVALTSKE -EDDSENGVPEST - - - - STDTPPDIDLHNQASVPLEPRPL -R- - RE[SE IJ427
MKIR2.1] CYENEVALTSKEEEEDSENGVPEST - - - - STDSPPGIDLHNQASVPLE [ -R- - RE|SE IJa28
CKIR2.2 CYENELAFLSRDEEDEADGDODGRSRDGLSPOARHDFDRLQAGGGVLEQRPY -R- - RE[SE []433
H KIR2.?2 CYENELAFMSRDEDEED- - -DDSRGLDDLSPDNRHEFDRLQAT I -ALDQRSY-R- - RE[SE I]429
M KIR3.2 SVSSKLNQHA- - -EL_ - __— ETEE - - _ EEKN ELTERNGD - -VA---NL_-E_- -NE|S - -|423
HKIR3.1 AITNSKERHN---SV-_- - - ECLDGLDDITTKLPSKLQOKITGR- -EDFPKKL -L - -RMSS Tj422
M KIR3.1 AITNSKERHN---SV-- - - ECLDGLDD ISTKLPSKLQKITGR- -EDFPKKL -L - - RMS S T|422

Figure 1-4. Sequence alignment of eukaryotic Kir channels and KirBac homologs with structural annotations. Red rectangles
represent the o helices, yellow arrows designate B sheets. Magenta lines point to residues critical to PIP; binding. Residues C-
154 and R-312, site of two Andersen’s syndrome mutations studied in this manuscript, are highlighted in orange. The
theoretical G-loop gate region (green line) is shown between BH and RI strands. The selectivity filter is shown in cyan and
the residues identified as binding polyamine/Mg** are selected in black. In the C-terminal, in the PDZ-domain binding
recognition site. Kir3.x sequence is cut off at the corresponding h_ Kir2.1 terminus.
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Figure 1-5. The amino acid sequence percent identity between various KirBac, human, mouse, chicken
Kir channels, and KcsA.

1.3 KIR CHANNELS’ STATE-OF-THE-ART: STRUCTURAL FEATURES,

SELECTIVITY, GATING, AND REGULATION

All K* channels contain a pore-forming region through which K" ions are conducted

across the membrane. This pore is lined with polar sidechains that shield the K* ion

from the otherwise hydrophobic environment. Four pore-forming loops (P-loop) with

their respective K'-selective filters (SF) make up this pore, with each subunit

containing one. Therefore, most K* are active as tetramers of the same (homomer) or

similar (heteromer) subunits (J. Yang, Jan, et Jan 1995b), except for Kop channel

subunits, which contain two of each and are functional as dimers.
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Despite their structure, function, and mechanism diversity, Kir channels have the most
primitive structure of all potassium channels. Each subunit shares the same basic
topology: a large cytoplasmic domain hosting the C- and N- termini, a slide helix, and
two TM domains (TM1-TM2) separated by an extracellular turret, pore helix, and P-
loop containing SF (Doupnik, Davidson, et Lester 1995; Minor et al. 1999; Bichet,
Haass, et Jan 2003; Hibino et al. 2010). Figure 1-4 shows the h_ Kir2.1 solved by C.A.H.
Fernandes, D. Zuniga et al. during this Ph.D. (2021) with structural features annotated

to use as a reference.
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Figure 1-6. Structure of h_ Kir2.1 (PDB 7ZDZ) with structural features annotated (result from Chapter
4).
Nowadays, when we hear Kir channel, we have a reasonable idea of what a eukaryotic

channel looks like, thanks to incredible work done in the past two decades. It all started

with a bacterial Ky channel, KcsA.

When D. Doyle et al. in the R. Mackinnon lab revealed the crystal structure of the
KcsA channel from Streptomyces lividans in 1998 (Doyle et al. 1998), it provided the
first look into the structural features of a K* channel. It proposed an explanation for
the selectivity and conductivity paradox observed in Kt channels (discussed in section
1.3.1 below). The KcsA structure showcased a tetrameric assembly of this 2-TM
channel with four-fold symmetry. The SF is housed at the center of the pore-shaped
domain, forming an inverted teepee where each subunit has the TM1 helix facing the

membrane (outer helix) and the TM2 helix facing the central pore (inner helix). The
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TM2 were tilted at 25° to the membrane, interacting with other TM2 by subunit-

subunit interactions and only with the TM1 of the same subunit.

Noteworthy yeast genetic screens by D. Minor Jr. et al. correctly identified differences
in the arrangement of an open Kir(2.1) and KecsA TM helices before any Kir structure
was published (Minor et al. 1999). Functional Kir2.1 channels with randomized
libraries were used to rescue the growth of a K*-transport deficient yeast strain. The
amino acid mutation patterns allowing rescue were plotted. A TM architecture was
proposed where each TM2 interacts with the TM1 of the same subunit and the adjacent

subunit.

Since then, several high-resolution structures of prokaryotic (KirBac) and eukaryotic
Kir channels have been solved using primarily X-ray crystallography and, more
recently, cryo-electron microscopy: mouse Kir3d.1, KirBacl.1, mouse Kir2.1 CTD,

chicken Kir2.2 (£ PIP,), KirBac3.1, mouse Kir3.2 (+ PIP;), and now human Kir2.1.

Sequence Structure

. Res
PDB ID Protein Gene (A) Method Identity Coverage Year

IN9P  Kir3.] mouse 1.8 XrayD  55.38% 41% 2002
IP7B KirBacl.| bacteria 3.65 XrayD  26.50% 77% 2003
IU4F  Kir2. mouse 242 XrayD  9836% 63% 2005
IU4E  Kir3.] mouse 2.09 XrayD  55.38% 42% 2005
3)YC  Kir2.2 chicken 3.1l XrayD  70.90% 74% 2009
2WLK KirBac3.| bacteria 2.8 XrayD  27.21% 97% 2010
2XKY  Kir2. mouse 17.2 negstain 98.36% 72% 2011
3SPI Kir2.2 chicken 3.003 Xray D  70.90% 74% 2011
3SYQ Kir3.2 mouse 344 XrayD 55.59% 71% 2011
3ZRS KirBac3.l bacteria 3.05 XrayD  27.21% 93% 2012
4LP8 KirBac3.| bacteria 2.46 XrayD  27.21% 94% 2013
S5KUM  Kir2.2 chicken 28 XrayD  70.90% 76% 2016
6XIS Kir3.2 mouse 3.9 Cryo-EM 55.59% 79% 2020
6XIT  Kir3.2 mouse 3.3 Cryo-EM 55.59% 79% 2020
6XEU  Kir3.2 mouse 3.2 Cryo-EM 55.59% 79% 2021

Figure 1-7. Summary of some Kir and KirBac channel structures. The sequence identity refers to the
UniProt sequence compared to human Kir2.1. The structure coverage denotes the percentage of amino

acid sequence included in the protein construct.
A chimeric construction made of the structure of the CTD of mouse Kir3.1, also known
as GIRK1 (PDB: IN9P), merged to the TMD domain of MthK, a Kca channel isolated
from Methanothermobacter thermautotrophicus, first hinted at the basis of the inward

rectification structurally (Motohiko Nishida et MacKinnon 2002). It showed that the

cytoplasmic region formed a B-sheet-rich protein with an o helix protruding that aligned




as a tetramer to form a tube-like passage 7-15 A wide that extended the pore to 50 A.
Hydrophobic and acidic residues lined the cytoplasmic pore. This favorable

environment for polyamines could very well thus host the blocker binding sites.

When A. Kuo et al. and D. Doyle solved the structure of the first bacterial Kir channel,
KirBacl.1, from Burkholderia pseudomaller in 2003, they confirmed a different
arrangement between KirBacl.l and KcsA in the closed state (Kuo et al. 2003). The
structure identified two TM helices with an arrangement closer to Minor et al.’s
prediction than to the KcsA structure. It portrayed structural features including the
extracellular turret, inverted teepee gate, flexible linkers between the CTD and TMD,
a large CTD consisting mainly of B sheets, and an additional helix running
perpendicular to the membrane with a potentially critical role for the gating: the slide
helix. They proposed that the pore extended from the extracellular turret to the

cytoplasm, spanning 88 A.

Two more mouse CTD domains of Kir channels were solved by Pegan et al. (2005),
m_Kir2.1 (1U4F) and m Kir3.1 (1U4E). Comparison of the two allowed them to
identify a flexible loop that held the cytoplasmic pore like a girdle, forming the
narrowest point in the CTD; they referred to this section as the G loop. Mutations in
the G loop resulted in disruptions in gating and inward rectification (Pegan et al. 2005).
Several structural studies suggest that it may undergo relevant conformational changes
for channel gating (Pegan et al. 2005; M. Nishida et al. 2007; Whorton et MacKinnon
2011; 2013). However, the G-loop gate’s integration into channel gating and its impact

on the gating kinetics of Kir channels are still unknown.

In 2009, the first eukaryotic (chicken) structure of a Kir channel containing the TMD
was solved by Tao et al. by X-ray diffraction to 3.11 A, without the flexible N- and C-
terminal segments (Tao et al. 2009). The structure revealed the typical features
expected, including the SF, G loop, and the water cavity, but also the TMD-CTD
linker tethering the CTD to the TMD. It showed significant differences with other K*
channels, like four polar residues (D173, from each chain) projecting toward the ion
pathway in the pore’s central cavity in the strong rectifiers. Additionally, residues 1177
and M181 on the inner helices (TM2) form two hydrophobic seals that block the pore
leading to the cytoplasm beneath the central cavity. As a result, Kir2.2 is physically
closed. These large hydrophobic residues acting as two constriction points are conserved
in eukaryotic Kir channels (sequence alignment). However, they are replaced by small

and occasionally polar amino acids in KcsA and KirBac channels. This structure




provided valuable structural insight into channel conductivity and the voltage-

dependent block by polyamines and Mg?".

Next, with the improvements in data correction, Clarke et al. reinterrogated available
raw data on several atomic structures of KirBacl.l and KirBac3.1, re-solved the
structures, and compared them with five new experimental KirBac3.1 structures.
Comparison of all the structures ranging from conductive and blocked states allowed
them to observe that a rotation and reorientation of the CTD was coupled to a
regulation in conductivity (Clarke et al. 2010). However, in all these KirBac channel
structures, the bundle-crossing gate is closed, providing poor information about the
structural changes that must occur during the gating. Later Bavro et al. and Zubcevic
et al. solved KirBac3.1 structures of the engineered mutation S129R that trapped the
channel in a stable conformation with the helix bundle crossing open (Bavro et al. 2012;
Zubcevic et al. 2014). This made it possible to propose a ‘twist-to-open’ mechanistic
model of channel gating for KirBac channels in which “a network of intra- and
intersubunit interactions involving the TM2, C-linker, slide helix, G loop, and CD loop
link rotational twist of the cytoplasmic domain to the opening of the bundle-crossing
gate”(Bavro et al. 2012). C. Venien-Bryan, my Ph.D. director, was involved in this
work and we have continued exploring the implication of this mutant S129R to explore
the gating behavior of constitutively open channels (Chapter 6).

Since then, more ¢ Kir2.2 structures have been solved by X-ray diffraction with and
without PIP, (PDB: 5KUK, 5KUM, 6M84, 6M85, 6M86). The ¢ Kir2.2 atomic
structures with PIP, allowed identifying the amino acids interacting directly with PIP-,
therefore identifying the PIP;-binding site. Furthermore, two large conformational
states were observed, an extended conformation in the apo state and a compressed
conformation bound to PIP.. This has led to a proposed hypothetical regulation
mechanism in which PIP, binding induces a conformational change that leads the

channel to open (Figure 1-8 and more information in section 1.3.3.1 below).




Prokaryote Eukaryote

Open state Open state

Figure 1-8 Hypothetical PIP, activation mechanism in eukaryotic Kir channels and deactivation in
KirBac channels.

More recently, structures of m_Kir3.2 and m_Kir3.1/Kir3.4 were solved by cryo-
electron microscopy (cryo-EM) (PDB: 6XIS, 6XIT, 6XEU) with and without PIP,
showed the extended and compressed conformations without and with PIP»,
respectively (Niu et al. 2020). Additionally, they showed increased compression states

as the concentration of PIP; increased.

1.3.1 Kt selectivity and conductivity

In order to fulfill their physiological roles, K* channels must be able to distinguish K
ions from other like-charged ions, like Na* and Li". The high selectivity is made possible
by the narrowest point of the K™ channel pore domain, the selectivity filter (SF), which
contains the consensus amino acid sequence T-1/V-G-Y-G (Heginbotham, Abramson,
et MacKinnon 1992; Heginbotham et al. 1994; Doyle et al. 1998; Bichet, Haass, et Jan
2003). The carbonyl oxygen atoms in T-I/V-G-Y-G form four K* binding sites
numbered 1-4 (S1-S4) starting from the extracellular domain. Each site contains four
carbonyl oxygen atoms from the main chain, and S4 contains four additional hydroxyl

oxygen atoms from threonine’s (T') side chain.




K™ ions are surrounded by water molecules (hydrated K*) inside and outside the cell.
The SF is too narrow to allow hydrated K* to pass, so K™ions are dehydrated before
entering and rehydrated upon exiting the SF (Y. Zhou et al. 2001). The backbone
oxygen atoms bind K* ions (2.66 A diameter) and perfectly replace (and mimic) the
water oxygen atoms with minimal energy expense. In contrast, Na* ions (and Li" ions)
cannot follow the same process: the diameter of Na* ions (1.9 A) is too small to bind
to the SF’s oxygen atoms and be thoroughly dehydrated (Doyle et al. 1998). Therefore,

the permeation of the channel would be energetically unfavorable.

Mutations in this consensus sequence often make the channel less K* selective and

allow the occasional Na' or Li* ion. Examples include Kca2.x channels and the Kop
channel TWIK1 (Ma et al. 2011). These natural mutations may enable these channels
to regulate their selectivity in the absence of K or under low K* conditions. However,
this remains the exception rather than the rule. N. D’Avanzo et al. showed that the
consensus motif alone is insufficient to confer Kt selectivity to nonselective channels
like HCN4 (D’Avanzo, Pekhletski, et Backx 2009, 4); other amino acids in the region

must play an important role.

K* channels ensure the passage of K* ions with high selectivity (> 10* times more
selective for K™ than Na* ions) (Doyle et al. 1998) while conducting efficiently at near
diffusion rates (up to 10® ions per channel per second) (Sansom et al. 2002). These two
seemingly paradoxical properties of K™ channels are essential. In order to ensure that
the selectivity does not come at the cost of conductivity rates (in either direction), the
binding cannot be too strong to achieve this balance (Kuang, Purhonen, et Hebert

2015).

The SF backbone can theoretically accommodate four K ions (Figure 1-6). However,
studies by Zhou and Mackinnon propose that only two K* ions are present
simultaneously in the pore, occupying either sites S1 and S3 (1,3-configuration) or S2
and S4 (2,4-configuration) and alternating with two water molecules (Morais-Cabral,
Zhou, et MacKinnon 2001; Y. Zhou et al. 2001; Y. Zhou et MacKinnon 2003; M. Zhou
et MacKinnon 2004). The repulsion of two close K* ions favors conductivity, forming

a queue inside the SF and pushing one K ion out as another enters.

The high-resolution structures of KcsA in high K™ and low K* concentrations, 200 mM
and 3 mM, respectively, showed the effect of K presence on the structure of the SF
(Y. Zhou et al. 2001). The SF in KirBacl.1 only showed three K*-binding sites in the

closed state. The authors also proposed that the three ions were an average of two K*




occupying S1 and S3 and one occupying S2, where S2 had a lower temperature factor
than S1 and S3 and was key in triggering the SF into a conductive state and keeping
it from collapsing when occupied (Kuo et al. 2003).

These studies proposed that the SF requires two K ions to be conductive. The entry
of the second K ion induces the SF to change from a non-conductive to a conductive
state. This conformational change reduces, in turn, the binding strength between the
K" ion and the SF, showing that the high selectivity and high conductivity are, in fact,
complementary (Morais-Cabral, Zhou, et MacKinnon 2001; Y. Zhou et al. 2001; Y.
Zhou et MacKinnon 2003; M. Zhou et MacKinnon 2004). On the contrary, in binding
Na* ions, the SF may be deformed or stabilized in a non-conductive state, further

emphasizing the need for K* selectivity.

Extensive studies on the structure and electrophysiology of prokaryotic (KcsA,
KirBacl.1, KirBac3.1) and eukaryotic (Kir2.1, Kir2.2) K* channels have elucidated the
K* conductivity pathway. They (Doyle et al. 1998; Kuo et al. 2003; M. Zhou et
MacKinnon 2004) propose that as K™ ions move along the pore to exit the channel
from the intracellular side (helical bundle), they are stabilized by a water-filled cavity,
move in a single line along the short (12 A) and narrow SF, and exit one by one through

the extracellular entryway. K* ions enter the channel following the opposite pathway.

1.3.2 Blockade by endogenous polyamines and Mg?*t

In the absence of polyamines and Mg?* ions, Kir channels are constitutively active,
showing an increased conductance with increasing concentrations of K+ ions, except for
Kir7.1 (A.N. Lopatin et Nichols 1996). Polyamines are present in the cells at
concentrations below the millimolar range. Their slow blocking and unblocking of the
Kir channel are believed to cause the putative activation gating behavior. The
“deactivation” on depolarization would correspond to polyamines producing a time-
dependent decrease in outward current. When a cell is hyperpolarized, the inward Kir
current first increases time-independently due to fast Mg?" unblocking and then
increases time-dependently by slow polyamine unblocking (Anatoli N. Lopatin,
Makhina, et Nichols 1994; A N Lopatin, Makhina, et Nichols 1995; Yamashita et al.
1996; Hibino et al. 2010).

D172 in Kir2.1 in the TM2 helix has been suggested to be a crucial factor in determining
inward rectification for different Kir channels (Anatoli N. Lopatin, Makhina, et Nichols

1994; Lu et MacKinnon 1994; Stanfield et al. 1994; Hibino et al. 2010). In Kirl.1 and




Kir6.2, weak rectifiers, the corresponding positions are uncharged, N171 and N160,
respectively. Replacing Asn with Asp (N171D or N160D) increased the affinity for Mg?*
and resulted in strong rectification (Lu et MacKinnon 1994; Shyng et al. 2000). The
position is known as the “D/N site” (Figure 1-4). Nevertheless, this site alone cannot
explain differences in the degree of rectification. Mutagenesis studies revealed that Kir
channel subunits could have multiple Mg®>" and polyamine interacting residues lining
the cytoplasmic pore, notably E224 and E299, responsible for polyamine and Mg?*"
sensitivity (Hibino et al. 2010). Mutations in these residues led to ion permeation

changes but not in gating.

A di-aspartate cluster (D255 and D259) was discovered to be involved in rectification
(Pegan et al. 2005). Both residues faced the cytoplasmic pore in the Kir2.1 and Kir3.1
CTD crystal structures. It is unclear why both the TMD and CTD contain residues
that bind Mg*" and polyamines. It has been suggested that the TMD may act as a
plugging site for polyamines. In contrast, the CTD region may act as an intermediary
binding site to raise the local concentration of polyamines near the TMD plugging site
(Kubo et Murata 2001; Hibino et al. 2010). An electrophysiological study of the
concentration-response of Mg?" and spermine on Kir2.1 outward current showed a
competition between the two molecules. The competition may be critical to the

importance of Kir2.1 outward currents.

1.3.3 Regulation of Kir Channels and gating

Several factors have been shown to affect how Kir channels operate. The gating
mechanism is regulated by modulators such as lipids (e.g., PIP,, cholesterol, LC-CoA
), G protein, protein kinases, nucleotides (ATP), and ions (H', Na') (Doupnik,
Davidson, et Lester 1995; Hibino et al. 2010). For instance, an acidic pH inhibits the
activity of the Kirl.1, Kir2.3, and Kir4.1 channels. For their part, Kir3.2 and Kir3.4
exhibit a dependence on the intracellular Na™ ion concentration (Ho et Murrell-Lagnado
1999), with a high concentration favoring the channel’s activity. Kir6.2 is regulated by
the sulfonylurea receptor (SUR), which activates the channel in the presence of ADP.
When intracellular ATP levels are high, ATP binds directly to the Kir6.x cytoplasmic
domain and inhibits them (Gribble 1997). Kir2.1 channels have been shown to interact
with the PDZ domain via the C-terminus recognition site S-x-I (Fomina et al. 2011),
and Kir4.1 currents increased in the presence of PSD95 (Horio et al. 1997). Kir channels

also interact with LC-CoA, long-chain fatty acid esters of coenzyme A, which activate




KATP channels but inhibit Kirl.1, Kir2.1, Kir3.4, and Kir7.1 (Rapedius et al. 2005).
Phosphorylation can enhance the channel activity, as was shown for Kir6.1 (Quinn,
Giblin, et Tinker 2004; Shi et al. 2007). Cholesterol can directly inhibit Kir2.1 channels
(D’Avanzo et al. 2011). Finally, the endogenous microRNA, miR1, has been found to
directly modulate Kir2.1 in cardiomyocytes through a noncanonical, rapid biophysical

mechanism (D. Yang et al. 2021).

1.8.3.1 Kir channel regulation by PIP,

One of the regulators having a substantial effect on the gating phenomenon is PIP..
This negatively charged lipid agonist, anchored in the membrane, stimulates the
activity of the channels. Since it is widely acknowledged that all Kir channels are only
active when connected to PIP., their activity is closely correlated with the intricate
cellular metabolism of PIPs (Hilgemann, Feng, et Nasuhoglu 2001; Baukrowitz et
Fakler 2000). The observation that Kir channel mutations that impair PIP; interactions
with Kirl.1 and Kir2.1 can result in disease states like Bartter’s syndrome and
Andersen’s syndrome, respectively, highlights the physiological importance of this
phosphoinositide regulation (Lopes et al. 2002). It is thought that many of the
regulatory signals mentioned in the previous paragraph that modulate channel activity

do so by altering the channel’s affinity for PIP; (Xie et al. 2007; 2008).

In fact, despite PIPs’s low abundance in the lipid membranes, about 1%, it is intricately
implicated in regulating many physiological processes like ion channel activation,
exocytosis, enzyme activation, cytoskeletal attachment, and production of second
messengers when hydrolyzed (McLaughlin et Murray 2005). Three reviews have
described PIP’s organization in the membrane (McLaughlin et Murray 2005), its role
as an agonist (Hansen 2015), and the regulation of Kir channels (First, Mondou, et
D’Avanzo 2014). Briefly, PIP; is thought to bind Kir channels with high affinity,
reversibly, dose-dependently, and with high specificity. PIP; is dynamically controlled,
which means that a signaling cascade can rapidly modify its local concentration,

causing the channels to open or close.

Kir2.1 channels are almost exclusively activated by PI1(4,5)P,, referred simply as PIP,
throughout this text, and inhibited by its isomer, PI(3,4)P, (Rapedius et al. 2005;
First, D’Avanzo et al. 2013). On the other hand, some Kir channels (e.g., Kir6.2) are
less stringent in their specificity for PIP activation and can be equally activated by

PIP,, PI(3,4)P,, and PIP;. Mutagenesis experiments combined with electrophysiology




and structural analysis of the PIP>-bound Kir structures have elucidated a list of
various positively charged residues potentially implicated in channel sensitivity to
PI(4,5)P; activation in Kir2.1 (H53, R67, R82, K182, K185, K187, K188, R189, R218,
K219, K228, and R312)(Bichet, Haass, et Jan 2003; D'Avanzo et al. 2013; Fiirst,
Mondou, et D’Avanzo 2014). Residues K185, R189, R218, and K219 were essential for
ligand interaction, whereas H53, R67, R82, K182, K187, K188, K228, and R312,
respectively, did not affect PIP>-binding when mutated to Q (D’Avanzo et al. 2013).
The apparent differences in PIP» interaction with Kir2.1 and Kir2.2 emphasize the need

to solve Kir2.1 structure in the apo state as well as bound to different PIPs.

1.4 DYSFUNCTIONS IN THE HUMAN KIR2.1 CHANNEL LEAD TO

ANDERSEN’S SYNDROME
Mutations in the Kir2.1 channel often lead to Andersen syndrome (AS). AS, also called
Andersen-Tawil syndrome, is a rare autosomal disorder characterized by cardiac
arrhythmias, muscle weakness (periodic paralysis), and multiple developmental
abnormalities (dysmorphia). Over 38 loss-of-function mutations in KCNJ2 have been
discovered to cause AS in humans (Tristani-Firouzi et Etheridge 2010; Fukumura et
al. 2019). These mutations are found in the CTD N-terminal: C54F/Y, R67TW/Q,
R68Y, D71V/N, T74A, T75R/A/M, D78Y; on the outer helix: R82W/Q, in the
extracellular domain: V123G, C154F; on the pore helix and its loops: S136F,
G144S/A /D, G146D; and in the CTD at the level of the C-terminal: P186L, R1891,
T192A, G215D, N216H, 1.217P, R218W/Q, V227F, V296F, G300V /D, V302M, E303K,
T305A /P, T309I, and R312C/H. Three regions where amino acid deletions occur cause
the syndrome: in the outer helix: residues 95 to 98, in the inner helix: residues 163 and
164, and in the CTD: residues 314 and 315. Other mutations have been identified to
cause other pathologies such as type 3 short QT syndrome by the D172N mutation on
the internal helix or the V931 mutation in the external helix, which leads to atrial

fibrillation.

Despite the many mutations that have been discovered and the extensive work done
with Kir2.1 channels, without the structure of the human Kir2.1 channel, the exact
location of these mutations and their local environments and interactions cannot be
pinpointed. Combined with the rarity of this disease, there is difficulty in developing
medication. Therefore, to date, the treatment for AS patients is rather empirical. The

astounding lack of standard procedure for AS patients is demonstrated by the




significant variation in medication prescribed and the low efficacy of the various drugs

prescribed, notably beta-blockers but even Flecainide (Gamper et Wang 2021).

1.5 THESIS PROJECT OBJECTIVES

Given the paramount importance of Kir2.1 channels in human physiology and their
implications for genetic disorders, we embarked on this thesis project to acquire insights
into the structure-function relation of this channel. The emphasis of this thesis was
thus to understand the impact of two clinically-relevant AS-causing mutations on the
structure and function of Kir2.1 and provide a structural base for the potential

development of pharmaceutical correctors later.

Despite having a 70.80% identity with Kir2.1(Figure 1-5), there are no mutations in
Kir2.2 that have been linked to AS. Therefore, the mechanisms at work must be
distinct, and the amino acid sequence differences and potential structural differences

may explain variations in channel regulation.

In order to gain insight into the mechanisms involved in channel gating and how PIP,
induces or stabilizes the compressed state, there is a critical need for human Kir2.1
structures in different closed, intermediate, and open states, which can be incredibly
difficult to obtain. Therefore we combined biochemical, biophysical, structural,

functional, and n silico studies to overcome this barrier.
This ambitious project was divided into four objectives:

1) Establishing a robust protocol to obtain pure and homogenous human Kir2.1
recombinantly expressed in Pichia pastoris yeast;

2) The biophysical and biochemical characterization of human Kir2.1 and two
naturally-occurring mutations responsible for AS: R312H and C154Y (Sacconi
et al. 2009), described and studied in the next chapter. Both R312 and C154 are
absolutely conserved in eukaryotic Kir channels (Figure 1-4, boxed in red);

3) To characterize the interaction between the Kir2.1 channel (WT and mutants)
and the lipid PIP»; and

4) To determine the structure of human Kir2.1 at high resolution using cryo-EM.

In our search to understand the gating mechanisms of Kir channels, I participated in
the investigation of two KirBac3.1 mutations, W46R and S129R, as a collaborator, in

order to evaluate the functional implications of a conserved residue in the TMD and




to explore the gating behavior of constitutively open channels. A dedicated chapter will

address our findings.
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MATERIALS AND M ETHODS




This chapter will describe the materials and protocols used. It will also provide a
detailed description of the techniques used and their theory, especially for surface
plasmon resonance, SEC-MALLS, transmission electron microscopy, and image
analysis. The later chapters will include reminders that were deemed necessary. This
chapter is divided into seven sections: Expression and purification of Kir2.1,
identification of post-translational modifications, biophysical characterization,
functional assays, and lipid-protein interaction, reconstitution into model systems,

structure determination, and study of the bacterial homolog KirBac3.1.

2.1 EXPRESSION AND PURIFICATION OF HUMAN KIR2.1 CHANNEL

IN PICHIA PASTORIS

2.1.1 Production

The human KCNJ2 gene construction was a gift from our collaborator S. Bendahhou
(Université Cote d’Azur). It was integrated by collaborators R. Wagner and V. Kugler
(IMPReSs facility) into a stable clone of the Pichia pastoris strain SMD1163 (his4,
pep4, prbl) in the expression vector pPICIK (Figure 2-1) by electroporation (Hartmann,
Kugler, and Wagner 2016). The plasmid has a strong Paox; promoter inducible by
methanol and has a kanamycin resistance gene which confers resistance to the antibiotic
Geneticin 418 Sulfate (G418S, Corning). The synthetic gene encodes residues 1 to 427
of human Kir2.1 WT (Uniprot reference P63252) with a PreScission protease cleavage
site (LEVLFQGP) followed by a linker of 11 amino acids and a tag composed of 10

His on the C-terminus.

The resulting Kir2.1 monomer has a theoretical molecular weight of 51.6 kDa and a
theoretical isoelectric point of 5.89. Two Andersen Syndrome mutants, Kir2.1 R312H
and Kir2.1 C154Y, were also produced.
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Figure 2-1: pPIC9K expression vector.

The best clones were selected via an in situ yeastern blot immunoassay. Yeastern blot
is a technique where individual yeast colonies can be plotted on a nitrocellulose
membrane, directly lysed, and subjected to in situ immunodetections (Hartmann,
Kugler, and Wagner 2016). The Pichia pastoris cells containing the KCNJ2 gene were
kept at —80 °C, then spread in a YPGA plate (Table 2-1) at 30 °C for 48 h, and then
streaked onto a YPGA plate containing 50 pg - mL ™" G418 Sulfate (Corning) antibiotic.
These cells were then used for an overnight 500 mL starter culture in BMGY medium
(Table 2-1) with 180-220 rpm agitation using Thompson flasks. The next day, the cells
were diluted to an optical density at 600 nm (ODegooun) of 1 and incubated at 30 °C
with 220-250 rpm agitation until the ODgonm reached 6-8, as previously described
(Hartmann, Kugler, and Wagner 2016). The cells were pelleted via centrifugation at
4,000 - g for 10 min at 4 °C. Then resuspended into BMMY buffer (Table 2-1) for
induction with an initial ODsooum of 3-3.5 for 18-24 h at 22 °C with agitation at 220-
250 rpm. All these steps, illustrated in Figure 2-2, were done under sterile conditions.
The induction was followed by two centrifugations at 4,000 - g at 4 °C for 10 min;
washing in phosphate buffer saline (PBS, Table 2-1) at pH 7.4 to remove all traces of
the BMMY medium. The resulting pellet was frozen at —80 °C.

Table 2-1 Composition of cell culture and induction media

YPGA % BMGY % /M BMMY % /M PBS %
pH 6.0 pH 6.0

'
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Yeast 1% Yeast 1% Yeast 1% NaCl 0.8%

extract extract extract
Peptone 2% Peptone 2% Peptone 2% KCl 0.02%
Glucose 2% Glycerol 1% Methanol 0.5% Na,HPO, 0.14%
Agar 2% YNB 1.34% YNB 1.34% KH,PO;, 0.02%
K>2HP Oy 0.013 M KoHPO, 0.013 M
KH,POy4 0.087 M KH,POs 0.087 M
_
— — / e
A N A
YPGA YPGA Preculture Culture Induction
30 °C, 48h 4+ G418 S (BMGY) (BMGY) (BMMY)
30 °C, 48h 30 °C, 18h 30 °C, 5-Th 22 °C, 18-24h
180 —220 rpm 220-250 rpm 220-250 rpm

Figure 2-2: Summary of Kir2.1 expression protocol

2.1.2 Cell lysis
2.1.2.1 Enzymatic lysis and Cell Disruptor

The pellet was thawed and suspended in 3 mL of TKE buffer (Table 2-2) per gram of
pellet for 0.25 g - mL™" pellet concentration. Phenylmethylsulfonyl fluoride (PMSF, 1
mM, Merck), a cocktail of protease inhibitors, Benzonase, and 20 U Zymolyase
(AMSBio) per g of pellet initially present were added to the pellet. After incubating
for 15 min at room temperature (RT) with gentle agitation, the cells were lysed
mechanically by 3-6 passes at high pressure (25002700 Pa) using a Cell Disruptor
(Cell D, Constant systems) at 4 °C.

2.1.2.2 Mechanical lysis by glass beads

Alternatively, the cells were lysed with glass beads (Table 2-3) as described previously
(Hartmann, Kugler, and Wagner 2016), with a few modifications. The cell pellet was
resuspended in 40 mL of TKGE buffer (Table 2-2), then 1 mM PMSF and glass beads
(450-600 pm, Merck) were added, and the cells were lysed mechanically using the
FastPrep-24 (MP) at 6.5 m - s for three 40 s cycles.




Table 2-2 Summary of resuspension and solubilization buffers

Name

TKE buffer

TKGE buffer

TK buffer
TKI buffer

Solubilization buffer

Composition
20 mM Tris-HCI pH 7.4, 150 mM KCl, 1 mM EDTA
(ethylenediaminetetraacetic acid, Sigma-Aldrich),
50 mM Tris-HCl pH 7.4, 500 mM KCIl or NaCl, 10% Glycerol, 1 mM
EDTA, 1 mM PMSF

20 mM Tris pH 7.4 and 150 mM KCl
20 mM Tris pH 7.4, 150 mM KCI, and 30 mM Imidazole
TK butfer + 1.5% DDM

TKED 20 mM Tris pH 7.4, 150 mM KCl, 1 mM EDTA, and 0.59 mM DDM
SED buffer 1 M Sorbitol, 25 mM EDTA, 50 mM DTT
CG buffer 20 mM trisodium citrate pH 5.8, 10% glycerol, 1 mM PMSF

Protoplast solubilization

20 mM Tris-HCI pH 7.4, 300 mM KCI, 10% glycerol, 30 mM

buffer imidazole, protease inhibitors, 1.5% DDM
Table 2-3 Summary of lysis conditions
Protei Lysi
OTZZ;I;m Me};Sli(s) d Equipment Lysis conditions Buffer
20 U/g of pellet
E i Z 1
nzymatic ymolyase 15 min at RT )
Kiro.1 36 TKE buffer, 1 mM PMSF
%r i Cell Disruptor passes
Pichia at 2.5 kbar
pastoris Mechanic 450-600 pm glass beads
Glass beads  (Merck) TKGE buffer
6.5m- s} 40 s (x3)
Time: 20 mi
MSP PlTe I;m 20 mM phosphate buffer
n:
S. Mechanic Sonicator tse O,, ° pH 7.4, 1 mM PMSF, 1%
E.coli Pulse off: 15 s Triton X.100
ricton -
Amplitude: 35-40% ©
E ti L 500 pg - mL™ 50 mM Tris-HCI, pH 8
KirBac3.1 Hzymate ysozyme 15 min at RT m sV, P ’
. 150 mM KCl, 4 pg - mL™*
E.coli Mechani Cell Di " 2 passes DN
111 1ST T ase
eehamie ¢ SHUPROL ot 2.0 kbar

2.1.3 Membrane Preparation

Cell debris was removed by 5 min centrifugation at 4,000 - g at 4 °C. The supernatant
was collected, and crude membranes were pelleted at 100,000 - g (31,100 rpm, using

Beckman rotor JA 30.50) for 30 min.
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2.1.4 Quantification of membranes

The MP pellet was resuspended in TKI buffer (20 mM Tris pH 7.4, 150 mM KCI, and
30 mM Imidazole) and quantified by bicinchoninic acid (BCA) assay. The BCA assay
is a relative quantification method based on copper reduction (from Cu*" to Cu®) by
the peptide bonds of the proteins present in the solution to be studied under alkaline
conditions. Cu' ions are chelated by two molecules of BCA, resulting in a purple
complex with a maximum absorbance at 562 nm. The protein concentration of the

solution was determined by comparing the results with a standard curve with BSA.

2.1.5 Solubilization of membranes
2.1.5.1 Dodecyl-D-maltoside

The resuspended membranes were diluted to 2 mg - mL~" and solubilized with 1.5%
dodecyl-D-maltoside (DDM, Glycon) for 30-45 min at RT with gentle agitation. The
sample was centrifugated at 100,000 - g for 30 min at 4 °C to clarify solubilized MPs.

2.1.5.2 FC1/

Alternatively, the resuspended membranes were diluted up to 6 mg-mL™' and
solubilized with 0.5% Foscholine 14 (FC14, Anatrace) for 30-45 min at RT with gentle
agitation. Final centrifugation was performed at 100,000 - g for 30 min at 4 °C to clarify
solubilized MPs.

2.1.6 Direct extraction by the formation of protoplasts

Alternatively, Kir2.1 WT was extracted in protoplasts and solubilized directly without
membrane preparation, following Hartmann’s protocol (Hartmann et al. 2017), where
the membrane is weakened by osmosis. Briefly, the cell pellet was washed in m(@Q H-O,
then in SED buffer (Table 2-2), followed by 1 mM Sorbitol wash, with 5 min
centrifugation at 5,000 - g, 4 °C between washes. The pellet was resuspended in CG
buffer (Table 2-2), protease inhibitors were added, 20 U Zymolyase per g of pellet, and
incubated for 15 min at RT with gentle agitation. The sample was centrifuged for 5
min at 750 - g, RT at minimum acceleration and deceleration speeds. The supernatant
was discarded carefully, and the protoplast solubilization buffer containing 1.5% DDM
(Table 2-2) was added. After 30 min incubation at RT, the suspension was centrifuged

for 30 min at 100,000 - g at 4 °C.




2.1.7 Affinity chromatography

In order to purify the protein of interest, the solubilized protein extract was incubated
with Co®" beads (1 mL of TALON resin, ClonTech) overnight at 4 °C and deposited
onto a gravity column; the proteins not retained were collected and named Ft
(flowthrough). First, two successive washes were carried out with a high salinity buffer
(HS) and a low salinity buffer (L.S) (Table 2-4). Then, the protein was eluted in elution
buffers E1-E4 (Table 2-4) with increasing concentrations of imidazole, which competes
with the protein for cobalt chelation. 5 mM 1,4-Dithiothreitol (DTT, Sigma-Aldrich)
and 2 mM EDTA were added to the fractions. They were either used immediately or
stored overnight at 4 °C.

Table 2-4 Composition of affinity chromatography buffers for Kir2.1

Tris-HCI1 Imidazole
KCl (mM) DDM (mM) Volume (CV)
pH 7.4 (mM) (mM)
HS 20 500 0.98 30 20
LS 20 150 0.98 30 20
El 20 150 0.59 90 2
E2 20 150 0.59 150 5
E3 20 150 0.59 350 7
E4 20 150 0.59 500 2

2.1.8 Size exclusion chromatography

The 150-350 mM imidazole fractions containing Kir2.1 were filtered through a 0.22 pm
PES membrane and concentrated by centrifugation at 800 - g in 100 kDa Millipore
filter-concentration tubes. Between 200 pl. and 400 pL of protein concentrated at 1
mg - mL~! were injected into a Superdex 200 Increase 10/300 GL column (Cytiva)
previously equilibrated in SEC buffer (20 mM Tris pH 7.4, 150 mM KCI, 1 mM EDTA,
and 0.59 mM DDM). The AktaPurifier system was used in isocratic mode at a 0.3

mL - min~ flow rate and a fraction volume of 0.5 mL.




2.2 IDENTIFICATION OF KiR2.1 FRACTIONS AND PoOST-

TRANSLATIONAL MODIFICATIONS

2.2.1 Identification of Kir2.1 fractions
2.2.1.1 Protein precipitation using TCA

Samples were precipitated by trichloroacetic acid (TCA) before electrophoresis. Pure
TCA was added at a 1:10 volume ratio as the fraction to precipitate, mixing well. After
30-min incubation on ice, the samples were centrifuged at 12,000 - g for 15 min at RT.
The supernatant was carefully discarded. The pellet was resuspended in 5 pl of 4x
Laemmli sample buffer (SB, Bio-Rad, Table 2-5), and 5 pL, of Tris-HC] pH 8.8 were
added to render the pH basic.

2.2.1.2 SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis

This technique allows the separation of proteins based on their molecular weight.
Following TCA treatment, the samples were mixed with SB containing dithiothreitol
(DTT, Euromedex) (Table 2-5) and added to the gels. The gels used were made in the
lab using 4% stacking gel and 10% separating gel. The migration occurs at a constant
amperage of 20 mA, 180 V between 45 min and 1 h with a Tris-Glycine-SDS buffer
(Table 2-5).

2.2.1.3 Native PAGE

Native PAGE gels were made under non-denaturing and non-reducing conditions
without TCA precipitation. The samples were mixed with Native-SB (Table 2-5) and
loaded onto ready-to-use 4-15% Mini-PROTEAN TGX gels (Bio-Rad). Migration takes
place using Tris-Glycine buffer (Table 2-5) at constant amperage, 20 mA, 180 V, in a
cold room for up to 4 h. (Wittig, Braun, and Schagger 2006)

2.2.1.4 @el staining

We reveal with Coomassie blue (G250 Bio-Safe, BioRad) by rinsing the gel after
electrophoresis and applying the coomassie solution until the bands turn blue. Then
rinse with Milli-QQ water. Alternatively, we reveal the gel with silver staining using

SilverQuest™ Silver Staining Kit (ThermoFisher Scientific) and following the




manufacturer’s instructions. Briefly, the gel was incubated with a fixative reagent (40%
ethanol, 10% acetic acid) followed by several washes of 30% ethanol, sensitizing
solution, 30% ethanol, and water. The gel was then stained with silver nitrate and

developed. What about coomassie blue?
2.2.1.5 Western blot

This technique allows verifying the presence of the protein by immunodetection. We
use the antigen-antibody relationship from the histidine tag and the anti-polyhistidine
antibody (Abcam). Transfer from the gel to a polyvinylidene fluoride membrane
(PVDF, 0.45 um, Cytiva) takes place for 2 h at a constant voltage, 100 V, in a transfer
buffer (Table 2-5). Alternatively, Bio-Rad transblot and reagents were used for a 7-min
turbo transfer. The membrane was washed with TBS-T (Table 2-5) and incubated for 1
h in a blocking solution (5% milk) to avoid non-specific interactions; after a quick wash
with TBS-T, the membrane was incubated 45 min in a solution of 0.1% (v/v) anti-
polyhistidine antibody coupled to alkaline phosphatase. The membrane was then
washed with TBS-T for 20 min to remove the excess antibodies. The revelation was
carried out by nitro-blue tetrazolium (NBT) and 5-bromo-4-chloro-3'-indolyphosphate
(BCIP) (Merck), BCIP being the substrate for the alkaline phosphatase.

Table 2-5 Composition of Electrophoresis and Western blot buffers at working conditions

Name Composition
277.8 mM Tris-HCI pH 6.8, 44.4% glycerol, 4.4% LDS,
0.02% bromophenol blue, 200 mM DTT
40% glycerol, 0.02% bromophenol blue, and 248 mM Tris

4x Laemmli sample buffer (SB)

Native-SB
pH 8.8
Tris-Glycine-SDS running buffer 25 mM Tris pH 8.3, 192 mM glycine, and 0.1% SDS
Tris-Glycine running buffer 25 mM Tris pH 8.3, 192 mM glycine
Transfer Buffer 25 mM Tris pH 8.3, 192 mM glycine, and 0.01% SDS
TBS-T (1X) 20 mM Tris pH 7.4, 150 mM NaCl, 0.05 % Tween 20

2.2.2 Mass Spectrometry and Post-Translational Modifications

Identification of fractions was done by mass spectrometry. Matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) was used
to determine the protein’s molecular weight from the protein’s mass to charge (m/z)
ratio in linear mode. Then, the sample was desalted and concentrated using Sep-Pak

and followed by a digestion step with trypsin gold (Promega). A second MALDI-TOF




test was carried out in tandem (MS/MS), and the peptides obtained were compared

with the theoretical sequence.
2.2.2.1 Phosphorylation

Phosphorylation has been investigated by mass spectrometry in solution and in-gel
digestion. An enrichment step with titanium oxide (TiO2) was necessary to determine
the phosphorylation sites. Next, an electrospray ionization (ESI) analysis coupled with
nanoflow liquid chromatography (nanoL.C) with two orbitrap analyzers in tandem was
carried out at the IBPS platform (L. Matheron). The analysis from gel digestion was
performed at Pasteur Institute (M. Matondo and M. Duchateau).

2.2.2.2 Glycosylation

Kir2.1 was treated with endoglycosidase PNGase F (Sigma-Aldrich) according to the

manufacturer’s protocol with a few modifications:

For 45 pL of protein solution (up to 5.7 mg - mL™") at pH 7.5, 2.5 uL of 2% SDS and
1 M g-ME solution and incubate for 24 h. Add 2.5 pL of 15% (v/v) TRITON X-100
(Anatrace) and 2.0 pL PNGaseF (2,000 U - mL™") to the solution and incubate for 3 h
at 37 °C. The reaction was carried out with a positive control (100 kDa contaminant)
and a negative control (sample treated with SDS and TRITON but without PNGase

Glycosylation was investigated via in-gel digestion of two gel bands using MS/MS on
an ESI-Quadrupole-TOF instrument at the 12BC platform (D. Cornu).

2.3 BIOPHYSICAL CHARACTERIZATION OF KIR2.1

2.3.1 Dynamic Light Scattering
2.8.1.1 Introduction

Dynamic light scattering (DLS) is a non-invasive technique that can study the dynamic
properties of proteins in solution. By observing the intensity fluctuations caused by
particles’ random motion as they collide in a fluid (Brownian motion), DLS allows the
determination of a particle’s size. Because DLS can measure the effects of buffer

conditions on the sample, this technique is often used as a buffer optimization step.




The velocity of Brownian motion is defined by the translational diffusion coefficient
(Dr), which can then be used in the Stokes-Einstein equation to determine particle size
(Stetefeld, McKenna, and Patel 2016):
Equation 2-1
kT
" 6mn Dy

where:

Ry is the hydrodynamic radius, ks is Boltzmann’s constant 1.3806 - 107 J - K™, T'is
the thermodynamic temperature, 1 is the medium’s viscosity, and Dy is the

translational diffusion coefficient.

Ry is the radius of the hypothetical sphere that diffuses at the same velocity as the
molecule being measured; it depends on the shape, surface structure, Debye length
(x7'), and ionic strength of the molecule. The Debye length is the distance of a particle’s
net screening or electrostatic effect in a solution; it is inversely proportional to the ionic
strength (Figure 2-3). Samples in a high ionic strength solution show a smaller diameter
than samples in a low ionic strength solution (Stetefeld, McKenna, and Patel 2016;

Debye and Hiickel 1923).

Low ionje strength, large 11 ligh iomic strength, small w7

Figure 2-3: Effect of ionic strength on the sample

The DLS detector sees the scattered photons as a function of time; thus, the intensity
fluctuates over time. In order to measure these fluctuations, the time scales studied
must be rapid: nano- to microseconds. Particles of different sizes fluctuate at different
rates. Small particles diffuse rapidly, so the intensity fluctuates quickly over time,
whereas large particles diffuse slowly, so there is a slow fluctuation for large particles.

The time dependence must be calculated to determine the particle’s size.

The time correlation is studied by multiplying the number of photons separated by the
delay time. Delay time + fluctuation = loss of correlation. Smaller particles diffuse

faster than large particles, so their correlation loss is faster than larger particles. When
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comparing the correlation after a short delay, the particles have not diffused much, so
the correlation is close to one, and the decay is close to zero. At longer delay times, the
correlation decreases, and the decay rate becomes exponential. We get the correlation
function if we plot this exponential decay in logarithm.
Equation 2-2
I(ty + 1)

G(1) =< I(to) W

where:

G(7) is the time autocorrelation function, I'is the scattered intensity, t is the time, and
1T is the delay between two points. The brackets <> represent averages. The intensity
at the initial time (%) is multiplied by the intensity at t,plus a delay time divided by
the intensity at time infinity. In other words, the scattering at ¢, is compared to that
at different time intervals, and a correlation is established. Because the diffusion occurs

in ns-ps time scale, t, is just a couple of seconds.
2.3.1.2 Experimental setup

A laser shines light onto a cuvette containing the sample to be analyzed. After colliding
with molecules, the incident light is scattered at all angles and is collected at a 90°
angle by a detector. The resulting scattered (diffracted) photons can either be in a
destructive or constructive phase where they cancel each other out or produce a signal
(speckle pattern). This signal is analyzed at different time intervals and autocorrelated

to extract information about the molecules’ dynamics.

2.83.1.3 Measurements

DLS was used to investigate the hydrodynamic properties of purified Kir2.1 on a
DynaPro instrument (Wyatt Technology Corp., Santa Barbara, CA). The sample
temperature was set to 8 °C with TC100-830 Temperature Controlled MicroSampler
(Protein Solutions/Wyatt Technology Corp). 20 uL of Kir2.1 at varying concentrations
post-SEC purification were loaded onto a cuvette and placed on the DynaPro. The
laser light wavelength was 830 nm, the scattered light was collected at 90° of the
incident light, and the correlation time was set to 0.5 ms with an acquisition time of

10 s for a total measurement of up to 1600 s.




2.3.1.4 Data Analysis

Data obtained on DLS were analyzed using Dynamics software versions 6 and 7.
First, all data points were plotted as a histogram, and the Ry and the polydispersity

percentage (%P, standard deviation) were obtained directly.

2.3.2 SEC-MALLS: a triple detection method to characterize membrane

proteins in solution
2.3.2.1 Introduction

The oligomeric state of membrane proteins (MPs) is challenging to study. Due to the
detergent micelles associated with MPs, classical methods to estimate the molecular
mass of proteins from the hydrodynamic radius, such as SEC, DLS, native gels, and
sedimentation velocity measurements, do not work well on MPs. SEC alone, for
example, cannot even give a reliable estimate of the MP-detergent hydrodynamic ratio
as lipids can also be associated with the complex. Therefore, these methods cannot be
used to infer the oligomeric state of MPs. Two methods that can accurately measure
the molecular mass of MPs, independently of the amount of detergent bound, are
sedimentation equilibrium centrifugation and static light scattering (Slotboom et al.
2008).

Kir2.1 was characterized by size-exclusion chromatography coupled with multiple angle
laser light scattering and differential refractive index (SEC-MALLS). This technique
determines the mass of the MP-detergent (MPD) complex and MP and D fractions
and the homogeneity of the complex without depending on column calibration. Unlike
DLS, where the measurements were done in-batch, the SEC column allows the
separation of biomolecules by hydrodynamic radius, and each complex can be

characterized separately.
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Figure 2-4. SEC-MALLS configuration
The classical Rayleigh relationship describes static light scattering (LS):

Equation 2-3

dn\?
ARg = Resample - Resolution =K E Myc
where:
Ligmpie — | n2
_ ple solvent 0
ARH - I ( 2 )Rtoluene
toluene Nioluene
and
Equation 2-4
2,2
_4m*ng
N \*

Rs denotes the Rayleigh ratio, defined as the total intensity of scattered light measured
at a scattering angle 6 from the scattering point. ARg denotes the excess light scattered
by the sample minus that of the solvent normalized by the scattering of a very pure
solvent, Toluene. My is the weight-averaged molecular mass; K is an optical constant

that depends on the RI of the solvent alone (n0), and the wavelength of the light (X).
N, is Avogadro’s number.

¢ is the concentration of the MP (in mg - ml™) and is related to the absorbance (U Vas)

and molar absorptivity (Ass) by Beer-Lambert’s equation.

Equation 2-5

AUVyg
Cprotein =~ 71— ata 1 cm pathlength;
280
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Asg is the molar extinction coefficient expressed in M~ - em™ and is calculated from

the protein’s sequence based on the tryptophan (W), tyrosine (Y), and cysteine (C)

amino acid composition.

Equation 2-6
Azgo (M~ tem™1) = 5500-nW + 1490 -nY + 125 -nC

Alternatively, Cprotein can be determined with a refractometer if the dn/dc of the protein
is known from literature or has been determined experimentally. The dn/dc is the
increment in the specific refractive index; it relates the change in the sample’s refractive

index (ARI, background-corrected signal) to its concentration.

Equation 2-7

ARI
Cprotein = dan

dc

Typically, the dn/dc for soluble proteins are well known (around 0.187 mL - g'), but
it can also be calculated using SEDFIT software from the primary structure. Unlike
soluble proteins, MPs are associated with detergents in solution, so we need to account
for the mass of the detergent bound per gram of protein (§). Knowledge of the amount
of detergent bound (§) to the protein can help optimize buffer conditions, as too little
detergent can promote aggregation and too much can hinder the stability of the MP
(Privé 2007). We thus study the MP-detergent (MPD) complex combining SEC (UV)
with LS and RI, which allows us to determine the protein’s mass and calculate the
amount of detergent bound to it (Gimpl, Klement, and Keller 2016; Slotboom et al.
2008).

Equation 2-8
MWcomplex =1+ S)MWprotein

And thus
Equation 2-9
Ccomplex = (1 + 5)Cprotein

With

Equation 2-10

(1 5
A280,complex ~ \Uss ' A280,pr0tein + 1+5 : A280,detergent

and




Equation 2-11

dn _ ( 1 )dn N ( 6 ) dn
dccomplex 1+6 dcprotein 1+6 dcdetergent
Alternatively, dn/dc of the complex can be determined experimentally

Equation 2-12

dn ARI 1
Ecomplex - AUV,g, [(1 + 5) ' A280,protein + (1 +_5) : AZBO,detergent

If the detergent used does not absorb at 280nm, the mass of the protein component

within the MPD complex can be easily calculated using the triple detection method:

Equation 2-13
ALS ° AUVZSO

M =
Wprotein K- A280,pr0tein (ARI)Z

Alternatively, the ASTRA software package can calculate the detergent-bound (§)
amount and determine the component masses directly from the refractive index and
the UV absorption data using the Protein Conjugate procedure if the dn/dc and A280

are known for both the protein and detergent.

Equation 2-14

(ARI . Azgo,protein> _ (d_‘l’l)
AUVZSO dc protein

(d_n) _ (ARI : AZSO,detergent)
dc detergent AUVZSO

Furthermore, solve for the dn/dccompex. which is then used to determine the mass of the
MPD complex.

Equation 2-15
ALS

M Wcomplex =

dn\?
K 040

The software then determines the mass fractions of the protein and detergent.
2.3.2.2 Experimental setup

All buffers were prepared using pure Milli-QQ water with a resistivity of 15 MQcm using
the Elix®, Millipore purification system, filtered through a 0.22 pm filter, and degassed
using Millipore vacuum pumps (Merck). A Superdex 200 Increase 10/300 GL column
(5200, Cytiva) was connected to a Shimadzu HPLC in line with a miniDawn™ TREOS




Multi-Angle Laser Light Scattering (MALLS, angles: 43.7°, 90°, and 136.3°) detector
(Wyatt Technology) and an Optilab® T-rEX™ refractometer. Data were analyzed by
ASTRA software package version 5.3.4.20 (Wyatt Technologies).

Monomeric bovine serum albumin (BSA, Merck, 66.4 kDa, A" = 0.66
L-mg"-cm™') was used as a standard protein of known molecular mass and oligomeric
state for equipment corrections (peak normalization, alignment, and band broadening).
The BSA sample was prepared fresh using SEC buffer and centrifuged at 100,000 - g
before injection. As previously described (section 2.1.7), histidine-tagged Kir2.1 (WT
and R312H) was purified with Co®" resin. The samples concentrated at approximately
0.8 mg - mL™" and 20 pL were injected on the S200 column pre-equilibrated overnight
with SEC buffer.

The dn/dc and extinction coefficients of Kir2.1 were calculated using the software
SEDFIT based on the protein’s primary structure (Table 2-6). In contrast, the dn/dc of
DDM solubilized in SEC buffer was measured using the Optilab® T-rEX™
refractometer. It was found to be 0.1291 mL.g".

2.8.2.8 System calibration

Equilibration of the system was done overnight with 0.4 mL - min—' flow rate using
SEC buffer with the RI on purge mode to exchange the reference and measurement
chambers. The temperature of the refractometer cell was fixed at 25 °C. The next day,
the UV lamp and LS laser were turned on. Once the UV, LS, and RI baselines were
stable, the reference RI was noted, the RI purge was switched off, and the RI baseline
was set to zero. 20 uL, of BSA at 5 mg - mL~" were injected. The collection interval was

set to 0.125 s.

2.3.2.3.1 Normalization

All detectors were normalized with the 90° LS signal to correct other LS1 and LS3
signals for scattering volume. A corrector coefficient is applied to the photodetectors
at different angles relative to LS2 (90°) based on the absolute light intensity calibration

performed with a reference (toluene).




Isotropic if size < J/20 Anisotropic with size > 2/20

Figure 2-5. Normalization of detectors at different angles is necessary because the light intensity can be

anisotropic.

2.3.2.3.2 Inter-detector delay (alienment)

Since the three instruments (UV detector, LS detector, and refractometer) are
physically separated and connected by tubing, we needed to calculate the volume
between them (Figure 2-4). The instrument-to-instrument volumes were set to zero, and
all three BSA curves (UV, LS, RI) were selected and used to calculate the inter-detector

delays. This delay was then applied to the subsequent experiments.

2.3.2.3.3 Band broadening

Correcting the enlargement of peaks during elution through the SEC is also necessary.
The detector with the widest peak (RI) was chosen as a reference for peak broadening
correction. A peak range was selected, covering from mid-height of the RI ascending
curve to after all detector signals have returned to the baseline, a fit was performed,

and the graph was updated.

2.3.2.3.4 Determining the mass of the Kir2.1-DDM complex

20 pL of Kir2.1 at 0.8 mg-mL™" in 0.03% DDM were injected and eluted at 0.4
mL - min~' flow rate at RT. The protein mass fraction of Kir2.1 was calculated directly
using the Protein Conjugate procedure from Astra V software, using the input

parameters in Table 2-6.

Table 2-6 ASTRA method settings for Mw measurements

Parameters BSA Kir2.1 Kir2.1_ R312H

Superdex 200 10/300 Increase

Flow rate (mL - min™?) 0.4 04 04
Solvent

Refractive Index 1.3308 1.3308 1.3308
Injector

Injected Volume 0.02 0.02 0.02
Sample

dn/de (mL - g™) 0.185 0.1929 0.1929

(s )



UV Extinction coefficient
(mL- g cm™)
Detergent (DDM)

Experimental dn/dc (mL - g™')

UV Extinction coefficient
(mL- g™ cm™)
Detergent (PCC-Malt)
dn/de (mL - g™t)
UV Extinction coefficient
(mL- g™ cm™)
Detergent (FC14)
dn/dc (mL - g™t)
UV Extinction coefficient

(mL- g™t cm™)

0.66 - 10° 1.0185 - 10° 1.0189 - 10°
0.1291 0.1291 0.1291
0 0 0
0.1600 0.1600
0 0
0.1188 0.1188
0 0

2.4 FUNCTIONAL ASSAY AND LIGAND-PROTEIN INTERACTION

2.4.1 Electrophysiology

The function of purified Kir2.1 samples was assessed by black film lipid bilayers using
the Orbit mini (Nanion Technologies) by collaborators S. Bendahhou and R. Scala.
The Orbit mini is a miniaturized horizontal planar lipid bilayer system with two
aqueous chambers divided by a partition containing four 100-pm holes, in which the
lipid bilayers are formed by 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC,
capacitance 15-30 pF, 1 F=1 kg'-m?-s*- A?). Each hole allows for an independent
recording. The aqueous chambers contained the same buffer at different pH (Composition
of Buffers used in Electrophysiology). Once the bilayer had formed, 1 pL of detergent-purified
Kir2.1 (WT or R312H, in 0.015% DDM) at 90 pg- mL™"' was added to the upper
chamber. All currents were sampled in the presence of 1% PIP,, at —100 mV, for 100
us, filtered at 1.25 kHz, recorded using Elements Data Reader (Nanion Technologies),

and analyzed using Clampfit software (Axon Instrument Inc).

Table 2-7 Composition of Buffers used in Electrophysiology

Location
Upper chamber

Lower chamber

Buffer Composition
150 mM KCI, 10 mM MOPS, pH 8
150 mM KCI, 10 mM MOPS, pH 7.4

'
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2.4.2 Surface Plasmon Resonance (SPR)
2.4.2.1 Introduction

The interaction between Kir2.1 and PIP, was characterized by surface plasmon
resonance (SPR) biosensors. The SPR is an optical phenomenon based on the
oscillations of free electrons on a metal film following excitation. These oscillations,
surface plasmon polaritons (SPPs), form an electric field that penetrates the
surrounding medium, plasmon wave, and is sensitive to changes in the medium’s
refractive index (RI). Any change in the medium’s RI due to a ligand binding onto the
matrix or an analyte onto a ligand will cause changes in the reflection angle of the
incident light and shift the SPR angle, the angle at which the intensity of the reflected

incident light is reduced.

-
Ligand ‘v:
a M 9

Dextran

Figure 2-6: SPR phenomenon

The SPR biosensor is a microfluidic system comprised of laser light, an SPR detector,
and a fluidic system or sensor chip made of glass with a metal film layer, often gold,
and multiple flow cells (Figure 2-6). The surface of the sensor chip can be coated with
different molecules to interact with various ligands. In SPR, ligand refers to the
biomolecule that can interact with the sensor chip’s matrix by its inherent chemistry
or functional groups. The shift in SPR upon binding the analyte to the ligand is
recorded in the form of a sensorgram using response units (RU) and compared to a

reference flow cell.

Protocols vary according to the type of sensor chip and ligand used. However, to
characterize the interaction between the ligand and analyte, the sensor chip must be
activated and the ligand immobilized. The analyte is then bound to the ligand and

allowed to dissociate spontaneously or by adding regeneration buffers. Several analyte




association and dissociation cycles are performed at increasing concentrations to

characterize the binding and kinetic parameters.

When regeneration is impossible without compromising the ligand’s integrity, single-
cycle kinetics (SCK) is used (Karlsson et al. 2006). Five analyte injections at increasing
concentrations at a regular interval are titrated onto the ligand following a blank
injection. SCK eliminates the need to regenerate between injections by accounting for
the changes in analyte concentration over the sensor chip surface over time and

adapting the sensor’s capacity.

The standard sensor chip, the CMS5, has a carboxymethylated dextran matrix
covalently bound to the gold film. Amino, carboxyl, thiol, hydroxyl, and aldehyde
functional groups on the ligand can be coupled to the CM5 carboxyl groups. Most
proteins can be immobilized to the sensor chip using amine coupling, as long as the
protein is compatible with acidic pH (Figure 2-7). Alternatively, many sensor chips with
different properties are commercially available. NTA sensor chips, for instance, have
nitrilotriacetic acid (NTA) attached to the dextran matrix and are used to immobilize

proteins with a histidine tag.
AR

&
EDC/NHS ! ! 5
—_—
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[a—
'.1- % Kir2.1 in DDM

PIP2

Figure 2-7: Basic SPR protocol. A CM5 sensor chip is activated with EDC/NHS, followed by ligand
injection (Kir2.1) in acidic pH and then analyte binding (PIP,).

2.4.2.2 Experimental setup

Every new sensor chip was inserted into the Biacore™ 3000 (Cytiva) and primed three

times with a running buffer using Biacore 3000 Control Software v4.1. A sensorgram
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was run on all four flow cells (FCs) to record the baseline resonance units (RU) per
channel. Then, a single channel sensorgram was run to activate the chip and immobilize
each protein sample one at a time. The binding and kinetics assays were run
simultaneously on two or four FCs, including the reference FC. All biosensor
experiments were performed either in duplicate or triplicate at 25 °C using the TKED
SPR buffer (20 mM Tris-HCI pH 7.5, 150 mM KCI, 0.05 mM EDTA, 0.05% DDM)

unless stated otherwise.

2.4.2.1 Activation of sensor chips and protein immobilization

2.4.2.1.1 CMS5 sensor chips

The CMb5 chip was activated by amine coupling by injecting 0.2 M N-ethyl-N’-(3-
dimethylaminopropyl) carbodiimide (EDC) and 0.05 M N-hydroxysuccinimide (NHS)
at 10 pL - min™ for 7 min. Kir2.1 (WT, R312H, and C154Y) was diluted to 25-50 nM
using sodium acetate pH 4.0-4.5 (Cytiva) for immobilization. The chip was then
saturated with a 10 pL - min™' flow of 1 M ethanolamine-HC] pH 8.5 (Cytiva) for 7

min.

2.4.2.1.2 NTA sensor chips

The NTA sensor chips (Cytiva) were activated by passing a flow of 0.5 mM NiCl, at
10 pL - min~! for 1 min. His tagged Kir2.1 at 25-50 nM concentration was immobilized
with a 5 pL - min™' flow for 10 min. The RU level was noted as the new baseline for

future comparisons.

2.4.2.1.3 L1 sensor chips

A sensor chip containing lipophilic groups (L1, Cytiva) attached to the dextran matrix
was first saturated with 200 pM BSA on both FC3 and FC4 channels at a flow rate of
5 pL - min™' for 5 min using HBS-N commercial buffer (Cytiva). The surface was then
cleaned with 40 mM n-octyl-B-D glucopyranoside (OGP) for 30 s at a 30 pL - min!
flow rate. The lipid PIP, was then immobilized at 10 pM concentration for 3 min at a

10 pL - min™' flow rate. The binding of 50 nM Kir2.1 onto immobilized PIP, was then
tested at a 5 uL. - min™" flow rate for 5 min using SPR buffer.




2.4.2.2 Control

For the negative control, Kir2.1 WT was immobilized on FC2 and ferritin on FC4 in
the same chip to 1358 RU and 1868 RU levels, respectively. 20 nM PIP, was injected

simultaneously on all channels at 5 pL - min™ flow.
2.4.2.83 Kinetic assays PIP; onto Kir2.1 on CM5 and NTA chips

The binding and kinetic assays were performed using single-cycle kinetics (SCK). PIP,
was serially diluted in running buffer to working concentrations (0.15 to 80 pM). PIP,
was injected at increasing concentrations for each cycle with a 5 pul - min™' flow over
the reference and ligand cells. Before the first PIP, injection, the running buffer was
injected and used as a double reference. Each injection consisted of 300 s contact time
with 300 s dissociation time. There was no regeneration step between injections, as
these buffers were detrimental to Kir2.1. The data were analyzed using BIAevaluation
Software 4.1, and kinetic parameters were determined using General Fit and the
titration kinetics 1:1 binding with drift model. The association and dissociation rate
constants, ko, and ke, respectively, and the dissociation constant (Kp), were determined

directly from the fitted curves.

2.5 TRANSMISSION ELECTRON MICROSCOPY AND STRUCTURE
DETERMINATION

2.5.1 Introduction to electron microscopy
2.5.1.1 Principle and resolution power

The structure of the human Kir2.1 was resolved by transmission electron microscopy
(TEM) in cryogenic conditions (cryo-EM). Electron microscopes (EM) are compound
microscopes that study nanoscale materials and biomolecules at the atomic level.
Where visible-light microscopes (VLM) use photons, EMs use electrons (e”) that, like
photons, have both particle and wave-like properties (De Broglie 1925).

The resolving power of a microscope, or, in other words, its ability to distinguish two
points of an object, depends mainly on the wavelength of the source used. The Rayleigh

equation can describe the resolution of VLMs:




Equation 2-16

_0.61A
pusin g

where:

A is the wavelength of VL (for green light ~550 nm), p is the refractive index of
radiation, and B is the semi-angle of collection of the magnifying lens. psing is the
numerical aperture and can be roughly approximated to 1. The resolution power of
VLMs is about 300 nm, corresponding to the diameter of 1,000 atoms (Williams and

Carter 2008). This resolution is insufficient in the structural study of biomolecules.

Electrons can be focused using a lens (Knoll and Ruska, 1932), and TEMs collect e
that have been transmitted through a specimen. When the electron beam passes

through the specimen, one of three scenarios is possible:

1) it is unscattered: it goes through the specimen unchanged; it has the same direction

and energy.

2) it is scattered inelastically: its energy is transferred to the specimen resulting in

beam damage and noise.

3) it is scattered elastically: its direction is changed, but there is no (detectable) change

in wavelength/energy.

The proportion of elastic and inelastic collisions is determined by the energy of the e

and the nature of the specimen.

Electrons have a tiny wavelength, A =0.002 nm at 300 keV, using de Broglie’s
equation(De Broglie 1925):

Equation 2-17
1.22
T E1/2
where:

Ais in nm, and F is the electron energy in electron volts (eV).

The resolution (8) of the electron microscope is thus not limited by the electron A but
rather by the quality of the specimen and the microscope setup. The resolution is also
limited by three optical aberrations, such as astigmatism (which should be corrected
by the operator), chromatic aberration, and sphericity aberration (Cs), which are

characteristics of the microscope. Theoretically, the higher the kV used to accelerate




the e— in the microscope, the higher its resolving power. For an in-depth explanation
of electron microscopy, several texts (P. J. Goodhew and Humphreys 1992; Frank 2006;
Williams and Carter 2008; P. Goodhew 2011) and excellent online courses are available

(Grant Jensen).
2.5.1.2 Basic anatomy of microscope

Electron microscopes share the same basic anatomy: an electron gun, four EM lens and
aperture systems, a vacuum system, a sample chamber, energy filters, and one or more
detectors (Figure 2-8). These components are described in section 2.7.1 in the
SUPPLEMENTARY MATERIAL at the end of this chapter. To reach a high
resolution, it is essential to have a coherent electron source (field emission gun, FEG),
apertures to screen out inelastic electrons, a high vacuum to avoid collisions, and a
camera with a high detection quantum efficiency. The latter’s invention, direct electron
detection cameras like the Falcon (Thermofisher) and K2-K4 (Gatan), is a major factor

in the resolution revolution that cryo-EM has undergone in recent years.
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Figure 2-8: Basic anatomy of a transmission electron microscope (from Pasteur Institute).

2.5.1.3 Beam damage, electron dose, and fragmentation

Not all e collisions are elastic; some inelastic collisions transfer energy to the sample

and produce beam damage and heat. Using EM in cryogenic conditions (cryo-EM), at

=
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high voltage, and with thin samples minimizes heat transfer. However, if the incident
beam energy is too great, the chemistry and structure of the sample can be damaged
by radiolysis, sputtering, or heating. The electron dose must be adjusted to low to
reduce beam damage. Since detectors can be quickly saturated even at low doses, the

electron dose is fragmented into several frames and later integrated to form an image.

Electron dose can be defined as the e charge density (C-m™2) bombarding the
specimen”. The e~ dose can be converted into e~ per unit area using e! =1.6- 107" C

(Williams and Carter 2008).

2.5.2 Image formation and contrast transfer

The image formation on EM depends on the electron beam (source) and its interaction
(elastic/inelastic collisions) with the specimen. 3D object information is obtained by
analyzing the micrographs as projections at different angle ranges (orientations) and
building a 3D model. Various computational corrections are necessary to recover an

image with maximum resemblance to the original object.

2.5.2.1 Contrast and the contrast transfer function (CTF)

2.5.2.1.1 Contrast

The relative differences in intensities (contrast) between the object of interest and the
background are essential, especially when observing a 2D image representation of a 3D
object. Electrons scattered by biological samples (made of C, N, O, H, light chemical
elements) do not intrinsically produce sufficient contrast to be observed directly on the
microscope. It is often necessary to introduce high-scattering atoms like Au or U to
achieve high contrast in the negative staining preparation of the specimen (section 2.5.4

below). In cryogenic conditions, the contrast is increased by a defocus.
There are two kinds of contrast: amplitude contrast and phase contrast.

Amplitude contrast results from scattered e~ stopped by the objective aperture due to
differences in the mass or thickness of the objects (Figure 2-9A). Since only a fraction of
the scattered e is transmitted, it is possible to discriminate between two points on the
sample whose diffusing power (i.e., the nature of the constituent atoms, the number of
these atoms, and consequently the local thickness) is different. Therefore, the number
of e collected at a point of the detector I(x,y) differs from that at a neighboring point
I(z + Dz, y + Dy).




The scattered e that passes through the lens contributes to phase contrast (Figure
2-9B). The unscattered and elastically scattered e~ travel different paths. They are out
of phase by m/2 (90°) and can interfere with each other constructively (or
destructively), forming Fresnel fringes. This resulting phase contrast can provide high-

resolution information about the specimen encountered.

At the focal plane, there is no phase contrast. Data is often collected with a defocus to
increase the contrast. Adjusting the height of the sample in the microscope column

(AZ) enhances differences in amplitude.

However, this increased contrast comes at a cost as the defocusing produces a loss of

resolution.
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Figure 2-9: Amplitude and phase contrast

2.5.2.1.2 The contrast transfer theory

Finally, the image represents a projection of the object’s structure modulated by a term

depending on the optical characteristics of the microscope.

The contrast transfer theory (Wade 1992; Zhu et al. 1997; Frank 2006; Spence 2017)
describes the relationship between the wave function describing the object (specimen)
and the final image. Its function, the contrast transfer function (CTF, Equation 2-18),
describes the effects of contrast quality arising from both amplitude W and phase
effects y(k) depending on the focus, spherical aberration, and electron beam coherence

(Zhu et al. 1997).

Equation 2-18
C(k) = 2[sin y(k) — W cosy(k)]

A simplified version (Frank 2006):
H'(k) = sin y (k) — Qo cosy (k)]

where:




Qo is a value of amplitude contrast ratio and can be determined manually by recording
at a series of defocus and measuring the H’(k) = 0 value positions. However, the CTF
estimation can be automated from the intensity at each spectral frequency (density
power spectrum) and the CTF parameters, which can be estimated using CTFFind
programs (Mindell and Grigorieff 2003; Rohou and Grigorieff 2015). The only
parameter that the operator can adjust is the stage height of Az (defocus).

2 1
i 0.9
0.8
g 0.7
o 05 o 0.6
g o C ot
= S 0.4
. S o.
Sl 0.3
= )
0.2
-1.5 e
-2

0o
0 0.050.10.15 0.20.250.3 0.35 0.4 0.45 0.50 0 0.05 0.10.150.2 0.250.3 0.350.4 0.450.50

C Spatial frequency D Spatial frequency
2 3
1.5
2.5
1
3
5 05 %
g 0 51.5
5 5
0-0.5 (& 1
-1
qE 0.5
=2 0 J
0 0.050.10.15 0.2 0.25 0.3 0.35 0.4 0.45 0.50 0 0.05 0.10.150.2 0.250.3 0.350.4 0.45 0.50
Spatial frequency Spatial frequency

Figure 2-10. CTF and its envelope function are depicted. Unpublished lecture material from N. Boisset.
A) CTF representation without the envelope. B) The envelope function is shown. C) Representation of
the CTF and envelope function product. D) The product of the CTF and the squared envelope function
is shown.

2.5.2.1.3 CTF Correction

The next step is to correct the image’s CTF to avoid exaggerated features and
distortions in the reconstruction. This correction is necessary because the C, and

applied defocus (among other CTF parameters) degrade the acquired images.

Many automated CTF correction methods are available, including phase flipping and
Wiener filtering. Phase flipping is the most straightforward CTF correction. It is done

by performing the following operation:

Equation 2-19

—F(k) forH(k)<O

Flio :{ F(k) forH(k) >0
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This correction results in a modified transform image with the correct phase throughout
the resolution domain. However, it does not correct the amplitude attenuation

dependent on spatial frequency.

Wiener filtering is a more careful correction and one of the most implemented CTF
correction techniques. It amplifies F'T' components close to zero, correcting the
amplitude of the CTF and its phase to a constant value close to 1 while avoiding
adding or amplifying background noise. This technique requires at least two defocus

series and is improved with more defocus groups. Figure 2-11 shows a typical example

using two defocus groups.

defocus 1 - defocus 2

Wiener filter U

1/16A 1A| 1094

Wiener Filter v

-

-3

After CTF correction

1114

Figure 2-11: Demonstration of Wiener filtering and phase flipping (from N. Boisset, unpublished lecture
material)
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2.5.3 Single-particle analysis

Many steps are necessary to extract a low-contrast image from noisy data and obtain
a high-resolution 3D reconstruction that is true to the original object. After optimizing
the sample preparation and data collection method, a critical step is the single particle
analysis (SPA). Figure 2-12 depicts a typical flowchart for analyzing noncrystalline cryo-

EM samples.

Sample
preparation

Negative Staining Cryo-EM
Data acquisition
2D images

Single-particle
analysis

Preprocessing Partlcl_fe se!_ectlon

—CTFparameters | 2D classification
estimation —

- Initial 3D map
Motion correction

3D classification

3D map
refinement

Final 3D map
Atomic n-"nodel

Figure 2-12 Single-particle analysis flowchart
2.5.3.1 Beam-induced motion correction

Sample stage drift degrades the image’s resolution. The blurring caused by this beam-
induced motion can be mitigated by aligning all the frames in a stack and correcting
it using an algorithm (Li et al. 2013) available on software like MotionCor2 (Zheng et
al. 2017). The frames are separated into subframes and local areas and aligned to
determine the type of motion, which can differ substantially from site to site. The
beam-induced motion is significantly higher at the beginning of data acquisition, the
first five frames, and markedly diminishes afterward (Li et al. 2013). Therefore,

eliminating the first five frames results in considerably lower image motion.

'
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2.5.3.2 Particle picking

The selection of particles can be made manually or automatically from micrographs
inspected previously (or not), stacked, and motion-corrected. The quality of the
particles selected will heavily influence the final result, so particular attention is
required for this step. Softwares are available for picking particles, including crYOLO
(Wagner et al. 2019), cryoSPARC, Warp, RELION, EMAN, and Gautomatch
(Ludtke, Baldwin, and Chiu 1999), which allow semi-automatic or fully-automatic

selections.
2.5.5.3 Particle extraction

The selected particles must now be extracted from the micrograph as individual images
or boxes. The box size is chosen so that one particle fits entirely inside without any
adjacent particles. The box is typically at least 30% larger than the size of the particle
to account for the imprecise location coordinates of the stacked particles (Cheng et al.
2015).

2.5.8.4 Reference-free 2D class averaging

Once the particles have been boxed, they are centered, aligned, and classified by cross-
correlation into groups depending on the particle orientation without a reference.
Stacking the particles and averaging the image increase the S/N ratio and allows the
classification of heterogeneous samples into homogenous subgroups (Figure 2-13). This
alignment-classification-alignment process (Frank 2006) is iterated until robust classes
are found. The samples can be collapsed into pixel groups or binned to accelerate the
process. This process is fully unsupervised; the only parameter controlled by the user
is the number of output classes. As a general rule, the number of classes is calculated

so that at least 200-300 particles will fall into each class (Scheres 2010).

Cross-correlation (CC) assesses the similarities between two functions and where the

similarities are found within the test image.

Equation 2-20

¢ = F'[F{f}- F{h}]




10 copies of the 8 types of heads + random noise Averages

Noise reduction by averaging

Raw
images

Averages of 2 5 10 25 200 images

Figure 2-13 Example of noise reduction by averaging and 2D classification (data from N. Boisset)

2.5.3.5 3D initial model

When 2D classes have been selected, they can be used to build an ab initio 3D initial
model by random conical method or angular reconstitution (Frank 2006) in the absence
of suitable structures of similar complexes. Building the 3D model is based on the
central section theorem that relates 2D projections of the 3D object to their FT in
reciprocal space. Fach 2D projection represents a central section of the object and is
oriented perpendicular to the direction of the e~ beam (Frank 2006). It is essential to
recover the maximum number possible of 2D orientations to create an accurate 3D

model.

Figure 2-14. Central section theorem. (Data from N. Boisset)

2.5.3.6 3D classification and refinement

The initial 3D model can then be separated into 3D classes and refined using all the

data sets and a low-pass filter to remove low-resolution artifacts. A multi-reference
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unsupervised refinement method is often used, where the data is separated into different
3D classes that are random variations of one consensus 3D model (Scheres 2010). The
number of models to be refined simultaneously, K, depends on the number of structures
in the data set. However, since this information is unknown at this step, multiple runs
are performed with varying K values until the number of new orientations or classes

has stabilized or the log-likelihood increase has leveled off.

2.5.83.1 Bayesian approach

To avoid overfitting noisy data in the 3D reconstruction, RELION uses a Bayesian
approach (Scheres 2012a; 2012b) to find a model with the highest probability of being
correct. Bayes’ law uses the maximum likelihood (ML) of observing the data z with
prior information y and assumes that noise is independent and follows a Gaussian

distribution.
2.5.3.2 Fourier Shell Correlation

The resolution of the 3D reconstruction can be evaluated using the Fourier shell
correlation (FSC). Fourier shell correlation calculates the volume of two independent
halved data sets and cross-correlates it with its F'T shell (Penczek 2010). Different
thresholds have been used, the 0.5 FSC and, more recently, the gold standard, 0.143

FSC, which is more optimistic and is now largely adopted.

2.5.4 Preparation of the specimen using Negative Staining

First introduced by Brenner and Horne in 1959 allows for obtaining images of
macromolecules with high contrast. The sample to be observed is applied to a TEM
grid coated with carbon and mixed with a high contrasting agent, typically 1-2% uranyl
acetate. The excess liquid is removed with paper or “blotted.” The sample is air-dried.
As the stain solidifies, it preserves the sample from damage, and the grids can be stored
indefinitely if proper care is taken. The stain forms a thin film throughout the grid and
penetrates, to some extent, into the crevices, channels, and irregularities in the sample’s
surface (Frank 2006). Although the stain can introduce slight distortions and artifacts,
it allows for obtaining low-medium-resolution structural information about the shape
of the molecules observed (up to 20 A resolution because limited by the size of the
grain of the staining). This is a necessary first step to determine if a protein is suitable

to be resolved by TEM.




2.5.4.1 Preparation of grids

The purified protein was immediately deposited on a microscopy grid for transmission
electron microscopy (TEM) observation. The small copper grids are 3 mm in diameter
with a 300-400 mesh (Agar Scientific) and are coated with a thin layer of carbon (either
added manually or bought with C film). The grids were made hydrophilic by a 30-s
glow discharge at 30 mA. 3 uL of fresh protein at 20-40 pg - mL~! were placed on the
grid and allowed to rest for 30-60 s. Excess fluid was removed (blotting) with Whatman
paper (Cytiva). Two sequential drops of 2% uranyl acetate, a heavy metal salt, were
used as a contrast agent. The extra fluid was blotted with Whatman paper and allowed

to dry before storing it in a grid box at RT.

2.5.4.2 Preparing carbon-coated grids for negative staining

Two carbon rods were sharpened and placed in high-current electrical terminals in a
vacuum machine in contact with each other. The carbon was evaporated in the air at
10~* to 107® mbar and deposited as a thin film on a freshly separated mica sheet (Agar
Scientific). The carbon was transferred onto the copper grids by placing the grids on
Whatman paper submerged in water in a crystallizing dish, placing the carbon-coated
mica sheet at the water surface, carbon side up. The mica sheet sunk to the bottom,
and the carbon film floated on the surface. The Whatman paper was lifted with

tweezers until the grids encountered the carbon film. The grids were then left to dry.

2.5.4.83 Acquisition and data collection

Micrographs were collected from a Jeol 2100 200 kV electron microscope equipped with
a LaBs electron gun and Gatan US 1000 (2k x 2k) camera with a high sensitivity model
U scintillator. Micrographs were manually recorded at RT using a 30,000-x

magnification with varying defocus values.

2.5.4.4 Data procession and image analysis of Kir2.1WT solubilized in FC14
and purified in DDM

Forty-nine micrographs of the best grid (determined by contrast, concentration,
particle distribution, and stain quality) were imported to EMAN 2.3 software for
particle picking and image analysis with the following parameters: 3.57 A /pixel (apix),
80% amplitude contrast (AC), particle size 54, and spherical aberration coefficient (CS)
2.0 mm (Table 2-8). Nearly 10,000 particles were picked manually and semi-




automatically using 76 x 76 px box size using the “e2boxer.py” feature of EMAN2
(Tang et al. 2007, 2).

The micrograph’s CTF parameters were estimated using the CTF auto-process
function set to mid-resolution. The 2D analysis used reference-free class averaging, 20
classes, and 8 iterations. The initial 2D alignment contained all the particles. The 2D
classes were then divided into “good” and “bad,” depending on how clear the image
was. The bad particles were removed from consideration for the initial model. The box
size was increased to 80 x 80 px using the “e2proc3d.py” script, and an initial 3D model
was made with no applied symmetry. This initial model was subsequently refined two

times using C4 symmetry.

Table 2-8 Summary of EMAN2 parameters for negative staining

Parameter Value

Data collection

Microscope Jeol 2100
Detector Gatan US 1000
Voltage (kV) 200
Pixel size (apix) 3.57
Reconstruction

Micrographs 49

Particles picked ~10,000
Amplitude contrast (%) 80
CS (mm) 2.0

Box size (pix?) 80 x 80

2.5.5 Cryo-EM

Negative staining is an essential step in visualizing biomolecules at a low resolution.
However, there are several limits to this technique. Whereas negative staining observes
samples in a dehydrated state with potential minor artifacts caused by the stain’s
possibly uneven distribution, cryo-EM allows the observation of fully hydrated
macromolecules embedded in vitreous ice and preserved in their true shape (Dubochet

et al. 1988; Frank 2006).

In cryo-EM, the sample is applied to the grid, excess liquid is blotted, leaving a thin
sample layer, and it is very rapidly plunged into liquid ethane, where a thin layer of
vitreous ice will form (Frank 2006). To avoid creating crystalline ice, achieving a very

high sample cooling rate is necessary. Crystalline ice is too thick and is therefore opaque
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to the electron beam. The grids must always be kept on liquid nitrogen to preserve the
sample at —180 °C. The temperature must be kept at —180 °C to prevent water from
transitioning from the vitreous to the crystalline phase because its volume changes,
damaging the macromolecule (Dubochet et al. 1988; Frank 2006). The liquid ethane is
supercooled by surrounding liquid nitrogen and an atmosphere of gaseous nitrogen to
maintain a low temperature and avoid water vapor contamination. The temperature
range of ethane in the liquid state is broader than that of liquid nitrogen. The quality
of the sample to be studied and the quality of the grid preparation are the limiting
factors to obtaining high-resolution images in cryo-EM when using a state-of-the-art

microscope and a direct electron detector.

Cryo-EM structure determination can be divided into three critical parts: sample

preparation, data collection, and image processing (image analysis).

2.5.5.1 Sample preparation

Control screen Liquid N, container

Anti-contamination
ring
Gridbox storage ring

Blotting pads Brass ethane cup

<+ Sample port

Door

Spider

Humidifier

Ethane lift I

Ethane holder

Figure 2-15: Vitrobot Mark IV for the preparation of frozen-hydrated specimens.
In cryo-EM, there is a wide choice of grids for sample preparation. The specimen
support can be made of copper, nickel, or gold, with a thin carbon foil, but sometimes
gold (UltrAUfoil grids) containing circular or square holes. The holes can be small or
larger with a regular hole size, spacing, and period (Quantifoil, QF). Sometimes an

irregular array is preferred, in which case the Lacey grids can be chosen (Figure 2-16).

For the preparation of h Kir2.1 in DDM, we chose R1.2 1.3 copper QF grids with
300 mesh. The round foil holes are 1.2 pm in diameter with 1.3 pum spacing. 3 nL of

'
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Kir2.1 at 0.7 mg - mL™" in 0.03% DDM were deposited onto the R1.2 1.3 copper QF
grids with an additional 2 nm carbon film and previously rendered hydrophilic by 20-
25 s glow discharge at 20-25 mA. The grids were blotted for 4 s with zero force at 4 °C
and 100% humidity and flash-frozen in liquid ethane using Vitrobot Mark IV
(Thermofisher, Figure 2-15). All grids were stored in liquid nitrogen, clipped, placed on
a grid holder (cassette), and docked onto the microscope for automatic loading. Sample
freezing conditions were tested on various grids, including Lacey and QF (copper QF
with carbon film, gold QF grids, and UltrAuFoil grids) (Figure 2-16). The good
preparation of the grids was checked in a Glacios 200 kV electron microscope equipped

with Falcon 3 direct electron detectors.
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Figure 2-16: Lacey vs. QF grid

2.5.5.2 Data collection of Kir2.1 in DDM

9,895 images were collected at 105,000x magnification on the Krios Titan 300 kV
equipped with a Bioquantum energy filter and K3 (Gatan) camera. The automation of
the data collection was done with the software EPU. Movies were recorded in electron-
counting mode using exposures of 4 s dose-fractionated into 36 frames with a dose rate
of 1.7139 e /A2, resulting in a total dose of 61.7 e /A. A defocus ranging from —1.2 to
—3.0 pm was used. The pixel size was 0.86 A /pixel.

2.5.5.3 Image analysis and building the 3D atomic structure

The image analysis protocol for h__Kir2.1 is detailed in Chapter 4. Briefly, after manual
inspection, the movies were motion-corrected and dose-weighted using MotionCor2
(Zheng et al. 2017), and CTF parameters were estimated using CTFFIND4 (Rohou
and Grigorieff 2015). Particles were picked using SHIRE-crYOLO and were submitted
to 2D classification using RELION. A 3D initial model was done using a C4 symmetry,

and after 3D classification using no imposed symmetry, a map from a 3D class was




obtained. A mask was applied to remove the detergent layer. 3D refinements with
decreasing values of initial angular sampling and local search degrees from auto-
sampling were done. The cryo-EM map was sharpened using the Auto-sharpen map
tool from the PHENIX program and subjected to handedness correction. The docking
of the TMD from an in silico model and the CTD from a crystal structure from mouse
Kir2.1 (PDB 1U4F) and real space refinements were done in PHENIX with a manual
refinement in Coot (Emsley and Cowtan 2004).

2.6 EXPRESSION AND PURIFICATION OF BACTERIAL HOMOLOG
MUTANTS: KIRBAC3.1 W46R AND S129R

2.6.1 Production

The synthetic KirBac3.1 gene was integrated into the pET-30a (4) (Novagen) plasmid
coding for a C-terminal 6x histidine tag and a Kan resistance gene, with an optimized
open reading frame (ORF) for expression in E. coli. The mutations W46R and S129R
were introduced by site-directed mutagenesis. The plasmid was introduced into BL21-
Codon Plus (DE3) (Agilent), containing resistance to Chloramphenicol (Cam)
antibiotic. The resulting KirBac3.1 monomer has a theoretical molecular weight of 34
kDa. The competent cells were transformed by heat shock following the manufacturer’s
protocol. The transformed cells were incubated overnight at 37 on LB-agar plates

containing Kan and Cam antibiotics.

2.6.2 Culture medium and growth conditions

A 20-mL starter LB culture containing 30 pg - mL~' Kan and 34 pg - mL™" Cam was
inoculated with a single colony of cells and incubated at 37 °C, 180 rpm overnight. The
next day, 1-L LB was inoculated with ~10 mL of the starting culture. The culture was
then separated onto two Erlenmeyer flasks and incubated at 37 °C, 180 rpm, until an
ODgooum between 0.6-0.7 (about 3-4 h) was obtained. 500 pL were aliquoted and labeled
pre-induction for SDS PAGE analysis. The culture was placed in the cold room for 1
hr. The cells were induced overnight with 0.4 mM IPTG at 19 °C, 180 rpm. The cells
were pelleted at 4,000 - g for 30 min at 4 °C, the supernatant was discarded, and the
pellet was resuspended with cold PBS pH 7.3 and separated onto Falcon tubes. 500 nL
were aliquoted and labeled post-induction for SDS PAGE analysis. After the cells were




pelleted at 4,000 - g for 30 min at 4 °C, the supernatant was discarded, and the pellets

were used immediately or stored at —80 °C.

2.6.3 Purification of KirBac 3.1 W46R and S129R

The pellet was resuspended in 10 mL of lysis buffer (50 mM Tris-HCI pH 8, 150 mM
KCl, 4 pg - mL~! DNase I, 500 pg - mL™" Lysozyme, and EDTA-free protease inhibitor
cocktail). The sample was incubated at RT for 15 min and then homogenized by Potter.

Two Cell D passes at 2 kbar followed the enzymatic lysis.

The lysate was solubilized directly with 68 mM n-decyl-B-D-maltoside (DM, Anatrace)
detergent for 4 h at RT with gentle agitation. The solubilized MPs are clarified by
centrifugation at 100,000 - g for 30 min at 4 °C. The supernatant is mixed with 1 mL
of pre-equilibrated Ni** resin and 5 mM imidazole and incubated for 1.5 h in the cold

roomnl.

The mixture was deposited onto a gravity column; the proteins not retained were
collected and labeled Ft. The resin was thoroughly washed with HS and LS buffer
containing high concentrations of n-tridecyl-p-D-maltoside (TriDM, Glycon). Then, the
protein was eluted with a one-step 400 mM imidazole (Table 2-9). The fractions
containing KirBac3.1 were pooled, filtered, and concentrated using a 50 kDa MWCO
and loaded onto an S200 column previously equilibrated with 50 mM Tris-HC1 pH 8.0,
150 mM KCI and 0.5 mM TriDM. The protein was eluted in isocratic mode at 0.3

mL - min—.

Table 2-9 Composition of affinity chromatography buffers for purification of KirBac3.1 mutants

- Tris-HCI1 KCl TriDM Imidazole Volume
uffer
pH 8 (mM) (mM) (mM) (mM) (CV)
HS 20 500 2 10 10
LS 20 150 2 20 7
E 20 150 0.5 400 2
( |
L)



2.7 SUPPLEMENTARY MATERIAL

2.7.1 Transmission Electron Microscope
2.7.1.1 FElectron gun

The Electron gun consists of a tungsten filament held at a very low voltage (—100 to
—300 kV) through which a current passes. Electrons are accelerated through a potential
drop which gives them kinetic energy. Different filaments exist, including tungsten,
lanthanum hexaboride crystals (LaBg), and field emission guns (FEG). FEG filaments
are the preferred choice to achieve high resolution as they produce e that have spatial
and temporal coherence; that is, they come out from the same position and with the

same initial speed.

As e escape this filament, they pass through a Wehnelt cylinder, a cup-shaped
electrode that focuses them before going through an accelerator stack. The accelerator
stack contains discs at sequentially higher voltages through which the electron drops.
Once it reaches the lowest plate, grounded at OV, the electron will have gained 100 kV
to 300 kV, depending on the microscope used. This potential energy is transformed
into kinetic energy, and the resulting electron will have about 70% of the speed of light.

EM lens and aperture systems

EM lenses consist of wires that focus e through an electromagnetic field to a focal
point and produce a magnified image of the original object. EMs are compound
microscopes comprised of a condenser lens system, an objective lens system, and a
projector lens system. Since the dimensions of these lenses are very small, they are not
perfectly aligned; therefore, each lens system contains deflectors that correct the path
of e". Because the lens field must be symmetrical to avoid image distortions and
aberrations, stigmators are included in each lens system. Another critical component
of an EM lens system is the aperture, which removes e~ scattered too far from the

beam path (online lectures by Grant Jensen).

The condenser lenses define how the beam impacts the sample. Depending on the
microscope, there can be two or three condenser lenses, designated C1, C2, and C3.

They control the beam’s intensity, spot size, and convergence angle.

The objective lens focuses the beam that came through the specimen into the back
focal plane, forming a first magnified image. The objective lens and aperture determine

the quality of the image. Its aperture screens out e  that have scattered too far.




Objective aberrations (spherical aberrations (Cs), chromatic aberration (Cc), and axial
astigmatism) can be present and need to be corrected as they would otherwise limit

the resolution of the microscope.

One to several intermediate lenses between the objective and the projector lens add to
the image’s magnification. Finally, the projector lens directs the image onto the

detector (Grant Jensen and (Frank 2006).
2.7.1.2 Detectors

In TEM, images formed can be projected onto a viewing screen or detectors. The image
observed on the viewing screen is analog and cannot be manipulated. It can, however,
be digitized by a detector. The digital image can then be electronically adjusted to

reduce noise or improve contrast and processed mathematically.

Fluorescent screens allow direct viewing of the specimen. They are often made of a
metal coated with fluorescent, or rather phosphorescent, a scintillator that converts
electron energy into light via cathodoluminescence (CL). The scintillator typically has

a long delay, so the screen can continue to emit light long after the electron hits it.

Photographic film is located below the fluorescent screen and records large high-
resolution images. Modern microscopes are still equipped with these films as they
provide excellent results; however, it is time-consuming as they must be developed and

then digitized.

Charge-coupled device (CCD) detectors are photosensitive silicon fiber optics, often
coupled to a scintillator, that capture signals from incoming light/electron beams and
store them in an array. The array (pixels) signals must be read out or transferred to
an output amplifier and integrated to form the digital image (Williams and Carter
2008; Frank 2006).

While CCD cameras allow recording images and spectra, integrating them into a digital
image, and storing them in a computer, they are not ideal for achieving high-resolution
structures as their detection quantum efficiency (DQE) is not optimal. DQE refers to

how the detector degraded the incoming signal into noise.

Equation 2-21

Sout
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where:

Sout/Nout is the output signal-to-noise ratio (S/N), and Si/Ni is the input S/N. The
ideal detector would have a DQE close to 1.

Direct-electron detectors combine the convenience of CCD cameras with the high DQE
provided by the photographic film (McMullan et al. 2009). These detectors have
monolithic active pixel sensors (MAPS) that detect individual e” passing through their
semiconductor membrane (Bai, McMullan, and Scheres 2015). These cameras are now
widely used to determine high-resolution structures; a few examples include the Falcon

(Thermofisher), K2, K3, and K4 (Gatan) cameras.

The default linear detection mode has a linear relationship between the incident
electron intensity and the output image signal. However, in this mode, the image can
be affected by variabilities in electron energy, which introduce noise. Like K2 and
onwards, recent electron detector cameras can avoid this limitation by counting the
individual electron events rather than integrating the signal. For the counting mode to
be efficient, the camera requires a high frame rate (>400 frames per second) to identify
the e~ separately and a long exposure time (Bai, McMullan, and Scheres 2015). Our

images were done using the counting mode.

2.7.1.3 Vacuum system, enerqy filters, and specimen stage

A high vacuum is necessary because the electrons interact highly with materials and
would be stopped in a normal atmosphere, and to ensure that only one electron hits
the specimen at a given time. Nevertheless, as e~ behave as waves, we still experience
constructive and destructive interference and electron diffraction, so filtering e of
different energies is necessary. The energy filter, located in-column or post-column,
separates inelastically scattered e~ from unscattered and elastically scattered e

(Williams and Carter 2008).
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3 BIOCHEMICAL AND BIOPHYSICAL
CHARACTERIZATION OF KIR2.1 AND

MUTANTS




3.1 INTRODUCTION

Despite MPs’ tremendous significance and the astronomical advances in structural
biology (notably cryo-EM), they constitute a minority of resolved structures. There is
an inherent difficulty that surrounds the study of MPs (Seddon, Curnow, and Booth
2004): 1) MPs are often expressed in low concentrations in their native cells
(bacteriorhodopsin being a notable exception), making recombinant expression (and
optimization) necessary, and even in heterologous systems, overexpression of
mammalian MPs may prove particularly tricky. 2) MPs are embedded in the cell
membranes; extracting them intact, in sufficient quantities, and functionally active is
still a challenge. 3) MPs’ intrinsic hydrophobicity forces them to aggregate in aqueous
solutions, creating the need to mimic the biological membrane to keep them stable in
aqueous solutions. 4) Finally, the environment chosen for stabilizing the MP must be

compatible with the biophysical and biochemical techniques used to characterize it.

The difficulties in the structural determination of membrane proteins can arise at any
step in the workflow from gene to structure, from insufficient protein production to
poor solubilization to aggregation and protein instability. This chapter will describe
the heterologous expression of human Kir2.1 in Pichia pastoris yeast. It will address
the production, solubilization, and purification steps necessary to establish a robust
protocol for obtaining Kir2.1 for structural studies. Then I will characterize the purified
Kir2.1 biophysically and biochemically, as well as two mutants responsible for AS and

their effects.

3.1.1 Recombinant expression of membrane proteins

Different expression systems are available to overproduce MPs recombinantly,
including bacteria, yeast, insect cells, fruit fly eyes, mammalian cells, and even cell-free
systems. Each system has its advantages and inconveniences; for details, please read
(Mus-Veteau 2010). The most used system to overexpress prokaryotic MPs is
Escherichia coli due to its convenience and low price. Although E. coli is unsuitable
for producing properly-folded eukaryotic MPs, a typical strategy is first to characterize
the bacterial homolog and then pursue the eukaryotic MP in a different system. For a
human protein, it would be best to produce it in mammalian cells, which will contain
a lipid environment closer to the native one; however, the expression levels are low,
and the production is costly. Yeast provides an excellent compromise, particularly

Pichia pastoris, which can be grown to very high densities with a tight regulation




through the AOX1 promoter and can produce properly folded MP with post-
translational modifications (Byrne 2015; Hartmann, Kugler, and Wagner 2016).

3.1.2 Detergents

Once the MP is produced, it must be extracted from the host membrane. Many
surfactants (surface-active agents) allow the solubilization and purification of MPs,
including detergents. Detergents are amphipathic surfactants comprised of a polar head
and a hydrophobic tail. Detergents have been indispensable for creating model
membranes to isolate MPs and protect them in wvitro. Unfortunately, there is no
universal one-size-fits-all detergent, and finding the optimal conditions is very protein
and system-dependent. Many parameters, including the critical micellar concentration
(CMC), detergent aggregation number (N.g), length of detergent chain, nature of the
MP, the lipid composition of the membrane it is embedded in, and the ionic strength
of the aqueous environment, play a non-negligible role in how good one detergent is
compared to another. Where one detergent could extract the MP effectively, it may be
too harsh to keep it stable. In contrast, a milder detergent could provide adequate

stability but low solubilization.

Much literature details detergents and how they interact with lipid membranes; a
reader with avid curiosity is invited to check out some excellent reviews (Helenius and
Simons 1975; le Maire, Champeil, and Mgller 2000; Seddon, Curnow, and Booth 2004;
Heerklotz 2008; Linke 2009).

A wide range of detergents exists, with different polar head chemistries including
maltosides, amine oxides, glucosides, glucopyranoside, propane sulfonate, and
neopentyl glycols. These categories can be grouped into three classes based on their

charge: 1) ionic detergents, 2) zwitterionic detergents, and 3) nonionic detergents.

Generally, for membrane proteins, nonionic detergents are preferred. More specifically,
maltosides are the detergents most widely used for the solubilization of proteins (Choy

et al. 2021; Le Bon et al. 2021).

3.1.2.1 Critical Micellar Concentration

Detergents can be solubilized in aqueous solutions, and their solubility depends on the
strength of the polarity of the head and the length of their hydrophobic tail. The

solubility is a tug-of-war between entropically unfavorable interactions and favorable




hydrogen bonds formed by the head group and water. The strong interactions between
water molecules are primarily responsible for apolar groups’ limited solubility in an
aqueous solution (Tanford 1973; Helenius and Simons 1975). These water interactions
must be broken or deformed when introducing a detergent molecule. As there is little
compensatory attraction between water and the hydrocarbon, the water molecules
nearest to it are pushed into organized cage-like structures. Furthermore, the internal
mobility of hydrocarbon chains, and thus the entropy, is decreased (Aranow 1963;
Helenius and Simons 1975).

At low concentrations, the polar interactions gained between the water and the polar
head are enough to keep the individual molecules in suspension. At a particular
concentration, called the critical micellar concentration (CMC), the negative entropy
will drive the hydrophobic tails to be sequestered away from water and organize
themselves in somewhat spherical arrangements. In these noncovalent arrangements,
called micelles, the polar heads face the water, and the tails are tucked away. The
detergent solubility and the number of molecules per micelle (aggregation number) will
depend on the length of the tail and the size and extent of the polarity of the headgroup.
The individual detergent molecules within the micelle are in thermodynamic
equilibrium with detergent monomers in the surrounding medium (Yeagle 2016).
Overall, the CMC is an influential parameter when discussing the effectiveness of a

detergent.

When considering the solubilization of MP from a biological membrane, one must add
detergent in great abundance, considerably above its CMC, to achieve the solubilization

of membrane fragments and eventually accommodate for the MP alone

(SUPPLEMENTARY MATERIAL section 3.6.1.2). Once solubilized in detergent,

MPs can be treated like soluble proteins as long as the detergent concentration is kept
above the CMC.

3.2 MATERIALS AND METHODS

See Materials and Methods section 2.1 and 2.3 (specifically 2.1.1, 2.1.2, 2.1.3, 2.1.4,
2.1.5, 2.1.7, 2.1.8, 2.3.1, 2.3.2)

3.3 RESULTS

Finding the optimal conditions for obtaining large amounts of high-quality membrane

protein for structural studies can be very time-consuming. Each step of the process is




subject to optimization: production, lysis, solubilization, and purification. To facilitate
the reading, I have included the optimization steps in the SUPPLEMENTARY

MATERIAL section at the end of this chapter. Altogether, the results section and
the corresponding supplementary material will explore the development of the

expression and purification protocol for Kir2.1 and some of the limitations encountered.

3.3.1 Heterologous expression of human Kir2.1 in Pichia pastoris

The synthetic KCNJ2 gene encoding the entire h_ Kir2.1 sequence (427 amino acids,
Uniprot P63252) with a PreScission protease cleavage site followed by 11 linker
residues, and a 10 histidine tag, was integrated into P. pastoris strain SMD1163 genome
through pPICI9K vector containing a strong methanol-inducible P4ox; promoter and
Kan resistance gene. The resulting protein has a theoretical Mw of 51.6 kDa as a
monomer and 206.4 kDa as a tetramer. The two AS-mutants, R312H and C154Y, were

also produced.

Collaborators R. Wagner and V. Kugler screened the clones by yeastern blot and
compared expressions by western blot (Figure 3-23). The clone showcasing the highest

expression levels were selected for Kir2.1 and mutants C154Y and R312H (Figure 3-1).

The production protocol in P. pastoris followed previously established protocol
(Hartmann, Kugler, and Wagner 2016) with minor variations. The pH (Figure 3-22,
top), agitation speed (Figure 3-22, bottom), culture growth times, induction starting
concentrations (Figure 3-23), and incubation times were varied to ensure optimal
conditions to produce Kir2.1. The initial Erlenmeyer culture flasks were traded for
Ultra High Yield Thompson flasks with a paper filter top, allowing better aeration.
This change increased cell culture growth by three and the cell yield by 1.34 after
induction (from 14.3 £ 0.8 g to 19.2 £ 0.5 g pellet per L induced).

The optimized production protocol included an overnight starter culture in BMGY pH
6.0 without antibiotics. A 5-7 h culture step with an initial concentration of 3.5 - 107
cells - mL~, followed by 18-24 h induction in BMMY (0.5% methanol) at RT with
1.2+ 10° cells - mL~!, with 220-250 rpm agitation (details in Materials and Methods
section 2.1.1).

Once the culture and induction conditions were established, they were used to produce
the mutant counterparts, R312H and C154Y. The stable clones expressing Kir2.1 were
selected by yeastern blot and western blot. Kir2.1 R312H had the same expression




levels as Kir2.1 (not shown), whereas Kir2.1 _C154Y yield was reduced in half (Figure
3-1 bottom right panel). No significant differences in culture growth were observed

(Figure 3-1 top right panel).

Kir2.1_WT clones ~_Kir2.1_WT clones
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Figure 3-1. Cell growth and expression of Kir2.1 and mutants in P.pastoris. Top panel: western blot of
Kir2.1_WT expressing clones and comparison of cell growth of best-expressing clone for Kir2.1, R312H
and C154Y mutants, respectively, at 30 °C. Bottom panel: yeastern blot selection of Kir2.1 R312H
(left) and Kir2.1 C154Y (center) expressing clones and western blot comparing protein expression
(right).

After obtaining Kir2.1 in P. pastoris cells, the next step is to lyse the cells and extract

Kir2.1 from the cell membranes.

3.3.2 Extracting human Kir2.1 from Pichia pastoris cell membranes

3.3.2.1 Cell lysis

Extracting Kir2.1 from Pichia pastoris proved particularly difficult. P. pastoris cells
contain a thick cell wall consisting of an outer layer containing mannoproteins and an
inner layer containing pB-1,6-glycan, B-1,3-glycan, and chitin (Cabib and Arroyo 2013).
Enzymatic lysis with Zymolyase was followed by mechanical lysis using pressure (Cell
Disruptor) or milling with glass beads. The lysis with glass beads provided better

results and was used when possible. For more details, please refer to

SUPPLEMENTARY MATERIAL section 3.6.3 Optimizing cellular lysis at the end
of this chapter.

'
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3.3.2.2 Finding the suitable membrane solubilization parameters

Initially, fifteen detergents were screened to determine the best choice (Table 3-1). The
yeast cells were lysed (with Cell D), and the MPs were pelleted. The MP pellet was

resuspended thoroughly and diluted to 5 mg-mL™'. The detergent was added in
significant excess (~100 - CMC) except for the detergents with CMC higher than 0.2%
or lower than 0.001% (Table 3-1). The sample was incubated for 45 min at RT under
gentle rotation and centrifuged at 100,000 - g for 30 min at 4 °C. The cell pellet

containing the insoluble MPs fraction was weighed after detergent treatment to test

the solubilization efficiency of these detergents. A large pellet indicated that the

detergent did not dissolve well; conversely, a small pellet indicated a detergent that

solubilized well.

Head group/
nature
Phosphocholine
1 (Lipid-like

surfactant)

Maltoside
(Nonionic)

Dimethylamine-
3 oxide
(Zwitterionic)
Maltoside
(Nonionic)

Propane
5 sulfonate

(Zwitterionic)

Glucoside

(Nonionic)

Maltoside

(Nonionic)

Neopentyl Glycol

(Nonionic)

Maltoside
(Nonionic)

Maltoside
(Nonionic)

10

Table 3-1 Detergent assay

Detergent

FCil4
n-Tetradecylphospho-
choline

Cymal-6
6-Cyclohexylhexyl-B-D-
maltoside

LDAO
n-Dodecyl-N-N-
Dimethylamine N-Oxide

DDM/TriDM

CHAPS
3-[(3-cholamidopropyl)-
dimethylammonio]-1-
propane sulfonate

oG
n-octyl-g-D glucoside

DDM
n-Dodecyl-R-D-maltoside

LMNG

Lauryl Maltose Neopentyl

Glycol

DM
n-Decyl-R-D-maltoside
HexaDM

CMC (mM, %)

0.12 mM (0.0046%)

0.56 mM (0.028%)

H20:1-2 mM (0.023%)
0.1 M NaCl: 0.14 mM

8 mM (0.49%)

H20:18-20 mM (0.53%)
0.1 M NaCl: 23.4 mM

H:0: 0.17 mM
(0.0087%)

(0.2M NaCl) ~ 0.12
mM (0.0061%)

0.01mM (0.001%)

1.8 mM (0.087%)

0.0006 mM (0.00003%)

Conc (mM, %)

18 mM, 0.7%
(150 - CMC)

55.2 mM, 2.8%
(98.6 - CMC)

145.4 mM, 2.2%
(97 - CMC)

4.5 mg TriDM &
6 mg DDM

86.5 mM, 5.3%
(10.8 - CMC)

265.3 mM, 7.4%
(14 - CMC)

19.5 mM, 1.0%
(114.9 - CMC)

9 mM, 0.9%
(900 - CMC)

165.5 mM, 8%
(92 - CMC)

3.8 mM, 0.19%
(6333 - CMC)

Unsol.
pellet

16 mg

26 mg

30 mg

35 mg

36 mg

36 mg

36 mg

36 mg

37 mg

44 mg

'
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NG

" Glucoside Nowil ol . H20: 6.5 mM (0.20%) 412.8 mM,12.7% 16 m
(Nonionic) ony gucoside 0.15 M NaCl: 6 mM (63.5- CMC) &
TRITON X-100 H.0: 0.010 - 0.016%
12 (Nonionic) o-[4-(1,1,3,3-Tetramethyl (1-4)(w/v) 16 mg - 1.6% 46 mg
ottomie butyl)-phenyl]-o-hydroxy- L WY me (100 - CMC)
poly(oxy-1,2-ethanediyl)
i H0: 0.033 mM
13 Maltoside Tfrﬂ?;vl L Domaltosid (0.0017%) 5.8 mM, 0.3% 50 mg
(Nonionic) n-iridecyl-p-D-maltoside 45\ NaCl: 0.024 (176 - CMC)
mM (0.0013%)
TetraDM
Maltoside 6.5 mM, 0.4%
14 -T. 1--D- 0.01 mM (0.00054% 51 m
(Nonionic) " etra.ldecy P ( ‘) (648 - CMC) &
maltoside
FOS-MEA 12 34.7 mM, 1.1%
15 (Zwitterionic) Dodecylphospho-N- 0.43 mM (0.014%) 52 mg
) (80.7 - CMC)
Methylethanolamine
Phosphocholine FC16 3.9 mM, 0.2%
16 (Lipid-like n-Hexadecylphospho- 0.013 mM (0.00053%) 57 mg
, . (302 - CMC)
surfactant) choline

Table 3-1 and Figure 3-2 present the detergents ranked in descending order of
solubilization efficacy in the conditions tested. FC14 resulted in the best solubilization
(Figure 3-2), followed by Cymal-6, LDAO, and DDM-TriDM mixture. Although CHAPS,
OG, DDM, and LMNG gave equally-weighed pellets, CHAPS and OG solubilized better
as they were only at 10- CMC, whereas DDM was at 117 - CMC and LMNG at

900 - CMC (Table 3-1).
Figure 3-2. Detergent screen for optimal solubilization of human Kir2.1 expressed in Pichia pastoris.

FC16,57

MEA 12, 52

FOS
FC14,2.3

RITON X-100, 46

{exaDM, 44

DM, 37

Cymal-€

DDM/TriDM, 1.03
S, 1

LMNC
DM, 0.97

CHAP
DDM, 1

0G, 1
{exaDM, 0.8

I 0, 0.7

TRITON X-100, 0.8

F
NG, 0

TetraDM, 0.7
FOS-MEA 12, 0.7

FC16, 0.6

UNSOLUBILIZED PORTION (MG)
RELATIVE SOLUBLIZATION

<

DETERGENTS
DETERGENTS

The detergent was added to a 5.12 mg - mL™! resuspended membrane pellet at concentrations indicated
in Table 3-1. On the left, the chart shows the mass of the insoluble pellet after treatment with detergent.
On the right, the chart indicates the relative solubilization normalized by setting the DDM solubilization
to equal 1.

Aside from solubilization efficiency, I was also looking for detergents compatible with

biochemical assays, used commonly for structure determination, not too expensive, and
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did not denature Kir2.1. Among the 15 detergents screened for solubilization, I chose
to go further with four: FC14, which provided the best solubilization, and DDM,
LMNG, and DM, three nonionic detergents with low CMC.

To describe these four detergents:

FC14 is a lipid-like surfactant. It efficiently solubilizes MPs from the membrane.
However, some literature points to denaturing and destabilizing properties, especially
o-helical proteins (Chipot et al. 2018). It has previously been used to purify Kir2.1
(D’Avanzo et al. 2010) and for structural determination using NMR (Choy et al. 2021).

DDM is a mild nonionic detergent in the maltoside category. It is compatible with
biochemical column purification steps, cryo-electron microscopy, crystallization, mass
spectrometry, SPR, and reconstitution in membranes for functional studies. It has
widely been used for the structure determination of membrane proteins and is generally

a safe starting point (Choy et al. 2021).

DM is similar to DDM but has a shorter tail (10 instead of 12 carbons) and a higher
CMC (10x).

LMNG is a mild nonionic detergent with a very low CMC. It has been increasingly
used for ion channels and GPCRs, particularly as an exchange after solubilization.

(Choy et al. 2021; Le Bon et al. 2021).

I then performed a second detergent screen using these four detergents. The lysis was
done using glass beads instead of Cell D. The membrane pellet was resuspended
thoroughly, diluted to 1.7 mg - mL™!, and treated with 1% detergent. The results were
observed using a western blot (Figure 3-3). These results were coherent with those
obtained by weighing the pellets (Table 3-1, Figure 3-2). FC14 solubilized exceptionally
well; only a faint band was discernible in the pellet. DDM (with and without cholesteryl
hemisuccinate lipid, CHS) solubilized better than LMNG and DM. Only FC14 and

DDM were considered for future experiments as they provided the best solubilizations.
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Figure 3-3. Western blot of Kir2.1 solubilization test using different detergents with or without added
lipids. SN1 indicates the lysed fraction post-glass-beads treatment. (P) designates the unsolubilized MP
pellet and (SN) the supernatant containing the solubilized MPs. The bands at 50 kDa, highlighted by

red arrows, indicate the presence of the Kir2.1-His tag.
The best solubilization conditions for FC14 were 6 mg - mL-! Kir2.1 with 0.5% FC14,
and the best results in DDM were obtained after incubation of 2 mg - mL~! Kir2.1 with

1.5% DDM for 30-60 minutes at RT.

3.3.3 Two-step purification, identification of Kir2.1, and analysis of post-

translational modifications by mass spectrometry

After extraction from the membranes, Kir2.1 followed a classic 2-step purification
where an affinity chromatography was followed by size exclusion chromatography
(SEC). Taking advantage of the histidine tag, a cobalt resin was used to separate Kir2.1

from contaminants, and then Kir2.1 was eluted in steps of 90 mM, 150 mM, 350 mM,
and 500 mM imidazole.
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Figure 3-4. two-step purification of Kir2.1. Left; SDS PAGE of affinity chromatography elution fractions
at 350 mM imidazole (1-6) revealed by silver nitrate. The Kir2.1 monomer (51.6 kDa) is visible at the
50 kDa band. Center: SEC elution profile of Kir2.1. Right: SDS PAGE of Kir2.1 after SEC purification

(center of the peak).
The SDS PAGE gels of the affinity chromatography fractions revealed two prominent
bands, one at 50 kDa, compatible with a Kir2.1 monomer, and another at 100 kDa.




For some productions, we observed a double band at 50 kDa, which raised the question
of post-translational modifications (PTMs). PTMs are numerous in eukaryotic proteins,
all the more so for membrane proteins. The hypothesis of phosphorylation and
glycosylation, in particular, was thus advanced since phosphorylation is involved in
biological regulation and the response to intracellular stimuli. Both are involved in cell

addressing.

Mass spectrometry (MS) experiments at Pasteur Institute done by in-gel digestion of
the 50 kDa and 100 kDa bands after affinity chromatography allowed us to confirm
the identity of Kir2.1 in the 50 kDa band (53.3% sequence coverage identified). They
characterized the band present at 100 kDa to be primarily an uncharacterized
transmembrane protein native to P. pastoris (C4R5N2_KOMPG) and some Kir2.1
dimer. One phosphorylated residue (S-14) was confirmed (without TiO; enrichment,

which has a high affinity for phosphopeptides).

MS experiments at the IBPS platform from the SEC fractions used for cryo-EM were
confirmed to be Kir2.1 (45% sequence coverage identified), including the beginning,
middle, and end. Kir2.1 was not truncated in any way. Three phosphorylation sites (S-
13, S-14, and T-353, Figure 3-5) were determined with probability scores greater than
97%.

MGSVRTNRYSIVSSEEDGMKLATMAVANGFGNGKSKVHTRQQCRSRFVKKDGHCNVQFINVGEKGQRYLAD
IFTTCVDIRWRWMLVIFCLAFVLSWLFFGCVEWLIALLHGDLDASKEGKACVSEVNSFTAAFLESIETQTT

IGYGFRCVTDECPIAVFMVVFQSIVGCIIDAFIIGAVMAKMAKPKKRNETLVESHNAVIAMRDGKLCLMWR

VGNLRKSHLVEAHVRAQLLKSRITSEGEYIPLDQIDINVGEFDSGIDRIFLVSPITIVHEIDEDSPLYDLSK

QDIDNADFEIVVILEGMVEATAMTTQCRSSYLANEILWGHRYEPVLFEEKHYYKVDYSRFHKTYEVPNTPL
CSARDLAEKKYILSNANSFCYENEVALTSKEEDDSENGVPESTSTDTPPDIDLHNQASVPLEPRPLRRESE

ILEVLFQGPTSLERAPGGGSHHHHHHHHHH

Figure 3-5. Kir2.1 sequence with segments identified by mass spectrometry. In red are the peptide
segments identified by in-gel digestion, and underlined are the peptide segments identified in solution.
In bold, the phosphorylation sites found with one phosphorylation site in blue were identified in both
runs, even without TiO, enrichment.

The contaminant at 100 kDa was reduced/eliminated by adding a 90 mM imidazole
step in the affinity chromatography. The presence of a faint band at 100 kDa is

expected as it contains the Kir2.1 dimer.

Although a unique N-glycosylation site was predicted for Kir2.1 (N-192) using
NetNGlyc 1.0 with a 0.6998 probability score, treatment with PNGase F enzyme did
not elucidate glycosylation in Kir2.1. Both 50 kDa bands were sent to MS, at the I2BC
platform, which identified Kir2.1 in both bands, but no glycol groups were identified.

We concluded that Kir2.1 was not glycosylated in this expression system.
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3.3.4 Evaluating the hydrodynamic radius of Kir2.1

3.3.4.1 Determination of Stokes radius from Size-exclusion chromatography

and column calibration with standard proteins
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Figure 3-6. Determination of Kir2.1 stokes radius based on SEC elution profile. The partition coefficient
(K,y) of the standard proteins and Kir2.1 (0.1) were determined experimentally using the elution volumes
from Superdex 200 10/300 GL and Superdex 200 10/300 Increase columns.

Kir2.1-DDM complex elutes at a similar volume as Ferritin, with an apparent Mw of
421.4 £+ 19.8 kDa. The hydrodynamic radius (Rs) of the Kir2.1-DDM complex was
calculated to be 64.7 + 1.3 A (6.5 nm, n=9) by relating the partition coefficient (Ka)
of standard proteins against their known Stokes radius (Figure 3-6). The partition

coefficient is the fraction of the column volume available to the sample (Equation 3-1).

Equation 3-1
K Ve = Vo
av — Vt _ VO

V. is the elution volume, V, is the total volume, and V) is the void column volume

(Laurent and Killander 1964).

While the R. obtained through this method, 64.7 + 1.3 A, does not indicate the
protein’s actual hydrodynamic radius, it can provide valuable information on the
elution of the protein-detergent-lipid complex. It can be handy when comparing the
elution profiles in different detergents. This R, is coherent with the previously described
radius of Kir2.1, 62.3 A (D’Avanzo et al. 2010). This slight discrepancy (within 1-3 A)
can be explained by any of the following differences in the two Kir2.1 proteins: they
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were expressed in different systems (P. pastoris vs. S. cerevisiae), from different
constructs (His-tag vs. flag-tag), and purified with different detergents (DDM vs.

FC14) that can leave or remove different amounts of lipids surrounding Kir2.1.

3.3.4.2 Dynamic Light Scattering — a method to check the quality of

membrane protein

Similar to the calibration of the SEC column, dynamic light scattering (DLS) provided
the Kir2.1-DDM complex Stokes radius, as this in-batch analysis cannot separate the
complex into its components. Its ability to evaluate the overall complex in different
buffers in a short time and gauge the quality of the sample made DLS a convenient,
complementary technique. During this thesis, I used DLS as quality control to assess
the polydispersity and aggregation of the sample (in conjunction with negative staining
analysis) before proceeding to cryo-EM imaging.
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Figure 3-7. DLS measurements showing R, values for Kir2.1 complex and DDM micelles. Two
replicates are shown, the first peak at 2 nm radius is the diffusion of the free detergent micelles in the
solution and the second one is consistent with Kir2.1-DDM. The autocorrelation functions for the

samples are shown at the bottom.

The autocorrelation curves of Kir2.1 showed an expected exponential decay as the
delay time increased (Equation 2-2) and the curves were fitted using Dynamics V7 to
determine the parameters, including Rs. DLS provided an R of 60.8 + 8.5 A (n=06)

for Kir2.1 with a weighted average polydispersity (%Pd) of 27.5% + 9.8%. The %Pd
gives an indication of the heterogeneity in the sample; typically, a sample with <20%
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polydispersity is a monodisperse sample. DLS provided an average Rs value of Kir2.1
consistent with that obtained through SEC calibration.

3.3.5 SEC-MALLS — a triple detection method to characterize membrane

proteins in solution

3.3.5.1 Analysis of Kir2.1 in DDM

Two SEC columns were used for the following experiments, the Superdex 200 10/300
GL (S200) and the Superdex 200 10/300 GL Increase (S200 Increase). These two
columns have equal separation properties; the latter is the newer version able to
withstand higher pressure. Although the elution profiles for both columns are similar,
there is approximately a 2 mL shift in elution volumes, which does not affect the results

but needs to be considered when comparing the profiles.

3.8.5.2 Kir2.1 in 0.018% DDM

Kir2.1 eluted as one main peak at 11 mL using the S200 column (Figure 3-8, A) in 20
mM Tris-HCI, pH 8, 200 mM KCl, 1 mM EDTA, 0.018% DDM buffer (0.018%-DDM).
This peak showed UV absorbance and was visible in the LS and ARI spectra. All three

signals aligned well at the center of the peak (data not shown).

Kir2.1 was homogeneous only at the center of the peak between 11.3 mL and 11.6 mL
(Figure 3-8, B). The Kir2.1-DDM complex displayed a molar mass of 254 £+ 20 kDa, with
Kir2.1 having a 215.2 £ 17.4 kDa molar mass and the DDM component a 38.7 + 20.8
kDa mass. Therefore, this elution volume corresponded to a Kir2.1 tetramer, as the
monomer is 51.6 kDa. This peak will from now on be referred to as the tetramer peak.
From 10.9 mL to 11.2 mL, the beginning of the peak showed some polydispersity with

a mixture of larger Kir2.1 molecules.

A prominent LS peak was visible at 9 mL with little UV contribution and no RI signal
(Figure 3-8, A). It points to substantial objects that diffuse prominently (in LS) with
absorbance at 280 nm but are few in quantity, as observed by the UV and ARI profiles.
This peak will henceforth be labeled as aggregates.

A third peak was observed at 15.6 mL in the LS and ARI spectra, consistent with
DDM micelles in control injection (Figure 3-8, C). This peak will be referred to as the
detergent peak. Figure 3-8, D shows that the DDM peak is homogeneous throughout.
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Figure 3-8. A) Kir2.1 SEC-MALLS elution profile in 20 mM Tris-HCI, pH 8, 200 mM KCl, 1 mM EDTA,
0.018% DDM (0.018% DDM SEC butffer) using Superdex 200 column (S200). LS, UV, and ARI spectra
are shown in red, green, and blue, respectively. B) Molar mass vs. volume distribution of the Kir2.1 and
DDM complex. The total molar mass, Kir2.1 molar mass, and DDM molar mass are shown. C.) 5%
DDM profile in S200 column equilibrated with 0.018% DDM SEC buffer. DDM elutes at ~15.6 mL (in
S200) with no UV contribution. D) Molar mass distribution vs. volume of DDM, DDM elutes as a
monodisperse entity; its structure is represented for reference.

Although the Kir2.1 tetramer was homogeneous at the center of the peak (Figure 3-8),
the beginning and end were polydisperse. The size of the micelles around Kir2.1 was
38.7 + 20.8 kDa. The detergent peak had a micelle size of 57.3 £+ 13.7 kDa was on
average significantly smaller than the 72 kDa (Table 3-2) previously reported (Strop
and Brunger 2005). The calculated N,y of DDM within the Kir2.1-DDM complex is 75
+ 40 and the N, for the free DDM micelles in solution is 111.

3.8.5.8 Optimization of SEC-MALLS

The S200 and S200 Increase columns allowed analysis of Kir2.1 and mutant
Kir2.1 R312H. These same S200 columns were used for Kir2.1 purification for all
structural and functional assays. A few other columns were tested, including Agilent
Bio SEC-3 and Phenomenex Biozen SEC-2, when optimizing the SEC-MALLS
protocol. However, these did not produce exploitable results as the protein interacted
with the matrix. No exploitable signal was observed even at the highest concentrations

tested.

The Kir2.1 samples were first analyzed following isolation of the presumed tetramer

portion post-SEC purification, concentrated ~100 times with a 100 kDa cutoff filter,
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and reinjected into S200 for SEC-MALLS analysis. The additional concentration step
resulted in aggregation, or the UV signal was insufficient to extract from the
background. The best results were obtained when the protein was injected into SEC-
MALLS right after affinity chromatography. The flow rate was reduced from 0.4
mL - min~' to 0.3 mL - min~! and the columns were systematically washed with NaOH

to remove background noise coming from the column. These conditions were used in
SEC-MALLS data presented hereafter.

3.8.5.4 Kir2.1in 0.03% DDM

After optimization, the SEC buffer was adjusted to 20 mM Tris-HCI, pH 7.4, 150 mM
KCl, 1 mM EDTA, and 0.03% DDM. The Kir2.1 profile (Figure 3-9, A) using the S200
Increase showed the tetramer peak shifted to 9.5 mL. Zoom on this peak showed that
all signals aligned perfectly at the center (Figure 3-9, B), allowing the ASTRA software
to determine the molar mass. The conjugate protein mass distribution showed Kir2.1
was extremely homogenous (Figure 3-9, C) throughout the peak in these buffer
conditions. This peak was consistent with a tetrameric assembly of Kir2.1. The Kir2.1-
DDM complex was determined to have a molar mass of 304.9 £+ 0.9 kDa, Kir2.1 being
203.9 £+ 0.6 kDa surrounded by 100.1 £+ 0.9 kDa of DDM, with a corresponding N, of
194 + 2. This free micelle mass, 76.4 + 1.7 kDa, seemed more congruent with published
micelle sizes, 72 kDa (Table 3-2)(Strop and Brunger 2005), than at 0.018% DDM, 57.3
+ 13.7.4 kDa (Table 3-2). The control injection (Figure 18) showed that the peak at
14.1 mL corresponded to DDM micelles with a Nagg of 148.

The profile at 0.03% DDM (4.5 - CMC) was more homogeneous than that at 0.018%
DDM (2.7 - CMC), possibly the concentration of DDM was simply not high enough.
The average molar mass of the free DDM micelles in 0.018% seemed too low compared
to the values found in the literature. Increasing the concentration of detergent in the
solution, increased the number of molecules coupled with Kir2.1 by at least the same
factor. In 0.018% DDM, 75 + 40 DDM molecules aggregate per Kir2.1 tetramer,
whereas in 0.03% there are 194 molecules per Kir2.1 tetramer. The mass-to-mass ratio

of accessible TMD of Kir2.1 to DDM is 1:3.75 in 0.03% DDM.
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Figure 3-9. A) SEC-MALLS profile of Kir2.1 in 20 mM Tris-HCI pH 7.4, 150 mM KCIl, 1 mM EDTA,
0.03% DDM. LS, UV, and ARI are shown in red, green, and blue, respectively. B) Zoom on Kir2.1
tetramer peak at 9.5 mL showing perfect signal alignment at the center of the peak. C) Conjugate
protein molar mass distribution vs. volume of Kir2.1 and DDM complex. The total molar mass, Kir2.1
molar mass, and DDM molar mass are shown.

3.3.6 Analysis of Kir2.1 solubilized in FC14

3.3.6.1 Biochemical analysis of Kir2.1 solubilized in FC14 and purified in
DDM

FC14 provided excellent solubilization yields (Figure 3-2 and Figure 3-3). Previous work
demonstrated that functional Kir2.1 could be isolated from S. cerevisiae cells using 1%
FC14 (D’Avanzo et al. 2010). For our construction, I observed that solubilizing and
purifying Kir2.1 exclusively in FC14 resulted in 55% of Kir2.1 being purified as
tetramers with an R; of 59.4 A (Figure 3-10, yellow) and 43% eluting as monomers (Rs:
31.3 A). The stability of the Kir2.1 tetramer in FCl4 and being able to fully
reconstitute Kir2.1 in other models to assess its interaction with ligands, among other

reasons, were concerns to our team. For this, I attempted detergent exchanges.

I recovered the tetrameric peak by exchanging FC14 with DDM in the affinity
chromatography step (Kir2.1-FC14-DDM, Figure 3-10, purple). However, the sample

produced some aggregates when concentrated by a factor of ~25 (Figure 3-10, red).
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Figure 3-10. SEC profile of Kir2.1 extracted in 0.5% FC14. Kir2.1 purified in 0.03% FC14 (shown in
yellow) elutes mainly as a tetramer at 11.55 mL (R.: 59.4 A) with a prominent peak at 15.43 mL (R.:
31.3 A) corresponding to the monomer. The purification in 0.03% DDM (shown in purple) resulted in
one tetramer peak. This sample tended to aggregate when concentrating by a factor of 25 (red).

The following section will investigate Kir2.1 extracted in 0.5% FC14 and purified in
either 0.03% DDM or 0.03% PCC-Malt.

3.3.6.2 Biophysical analysis of Kir2.1 WT solubilized in FC14 and purified
in DDM

An extraction with FC14 was tested, followed by an exchange to DDM detergent at
the affinity chromatography step (Kir2.1 FC14-DDM). 20-30 CV of buffer containing
DDM at 0.05% was added to the Kir2.1 immobilized in a Co*" resin, followed by the
usual elution steps and SEC. This amount was enough to stabilize Kir2.1 and recover
the tetrameric peak but insufficient to exchange FC14 fully, as SEC-MALLS analysis

will soon show.

The SEC-MALLS profile of Kir2.1 FC14-DDM (Figure 3-11) was similar to Kir2.1 WT
in DDM (Figure 3-9): the tetrameric peak eluted at the expected volume (9.5 mL).
However, we observed a few notable differences i) although all three signals were visible,
they could not align. Consequently, the ASTRA method could not determine the
protein molar mass. ii) A dip in the LS and RI baselines was observed at 15 mL (Figure

3-11, A). iii) Throughout the peak, the sample was not homogeneous (Figure 3-11, B). iv)




the detergent molar mass appeared negative, resulting in a predicted molar mass of the

complex lower than the protein.
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Figure 3-11. SEC-MALLS profile of Kir2.1-WT FC14-DDM in 0.03% DDM SEC buffer. The LS, UV,
and ARI spectra are shown in red, green, and blue, respectively. B) Molar mass distribution vs. volume
of Kir2.1-WT FC14-DDM. The Kir2.1-detergent complex total molar mass and Kir2.1 molar mass are
shown with varying mass values. C) 5% FC14 profile in the same buffer. FC14 eluted at 14.1 mL. A dip
in the LS and RI baselines is observed. D) Superposition of the ARI spectra components of 5% DDM
(red), 5% FC14 (green), and 5% FC14-DDM mix (blue).

FC14 eluted at 14.1 mL with equal LS and ARI peak contribution and little UV. The
dip in the LS and ARI baselines was also observed in the two controls where 5% FC14
(Figure 3-11, C) and 5% FC14-DDM were injected, and the superposition of FC14, DDM,
and FC14-DDM (Figure 3-11, D) revealed a shift to the left in all detergent injections
containing FC14. The detergent peak obtained in the sample (Figure 3-11, A) is similar
to that of the FC14-DDM mixture, confirming an incomplete exchange of FC14.
Nonetheless, the depletion of DDM from the baselines implies that FC14 and DDM are
miscible; therefore, a complete exchange could be possible under different exchange
conditions. The DDM concentrations should be significantly increased to displace

FC14, which has a very low CMC.




3.3.6.3 Biophysical analysis of Kir2.1 WT solubilized in FC14 and purified
in PCC-Malt

[ momentarily explored 4-trans-(4-trans-Propylcyclohexyl)-cyclohexyl o-maltoside
(PCC-Malt) during the purification steps (after solubilization with 0.5% FC14). PCC-
Malt is a new detergent that has a maltoside head like DDM. It has been increasingly
used recently and has been shown to increase membrane protein stability (Wagner,
Smits, and Schmitt 2019). The exchange was performed using the same conditions as

FC14-DDM (in parallel).

The Kir2.1 WT solubilized in FC14 and purified in PCC-Malt detergent (Kir2.1 FC14-
PCC-Malt) was also investigated by SEC-MALLS. The Kir2.1 FC14-PCC-Malt
tetramer peak eluted at the expected volume (9.5 mL, Figure 3-12, A). Still, similarly to
the Kir2.1 FC14-DDM profile, the three signals did not align, and the sample was not
homogeneous as there was variation in molar mass distribution (Figure 3-12, B).
Interestingly, the detergent component was not homogeneous throughout the peak
either; its molar mass varied significantly. This is indicative of a detergent mixture.
The dip at 15 mL was also present; however, it was less pronounced than FC14-DDM
(Figure 3-11). Superposition of 5% FC14 and 5% FC14-PCC-Malt (Figure 3-12, D) revealed
similar profiles, characterized by a shift to the left compared to 5% PCC-Malt and
depletion of the LS and RI signals. The FC14-PCC-Malt profile was identical to FC14;

however, the dip was considerably less in the protein profile (Figure 3-12, A).
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Figure 3-12. A) SEC-MALLS profile of FC14-PCC-Malt Kir2.1 in 0.03% PCC-Malt SEC buffer. The
LS, UV, and ARI spectra are shown in red, green, and blue, respectively. B) Molar mass distribution
vs. volume of FC14- PCC-Malt Kir2.1-WT. The Kir2.1-detergent complex total molar mass, Kir2.1
molar mass, and detergent mass are shown with varying mass values. C) 5% PCC-Malt profile. D)
Superposition of the ARI spectra components of 5% PCC-Malt (blue), 5% FC14 (green), and 5% FC14-
PCC-Malt mix (pink) in S200 Increase column equilibrated with 0.03% PCC-Malt SEC buffer.

3.3.6.4 Note on SEC-MALLS and incomplete detergent exchange

Neither Kir2.1-FC14-DDM nor Kir2.1-FC14-PCC-Malt profile could align correctly.
Indeed, the analysis quantifies the amount of detergent around the MP TMD via the
refractive increment index (dn/dc), among other parameters. Generally, the exchange
of detergents can be tricky because not all exchange methods are equivalent in exchange
efficiency. In addition, not all pairs of detergents have the same ability to be exchanged.
If there remains a mixed belt of detergent (FC14-DDM, FC14-PCC-Malt) around the
protein or mostly FC14, the results are difficult to interpret using SEC-MALLS.
Therefore, the analysis will be inaccurate if the detergent belt comprises several

detergents with a different refractive increment index.

This incomplete exchange may not pose any issues for techniques that do not rely on
quantifying complex components. A mixture of detergents may even improve
membrane protein extraction or purification. Here the mixture resulted in a sample

that was no longer destabilized into monomers.

Table 3-2 Summary of detergents parameters

Parameters DDM FC14 PCC-Malt

Type Nonionic Lipid-like surfactant Nonionic

{105}



Molecular formula CasHs011 CioH2NOP CarH47On
Formula weight 510.63 379.5 547.67
0.17 mM ~ 0.12 mM 0.036 mM
CMC: (H20)
(0.0087%) (0.0046%) (0.0002%)
Aggregation ~ 78-149 ~ 108 164

Number: (H20)
dn/dc (mL - g™")

(Vanaken et al. 1986)

Ryan et al 2013)

(Barret et al. 2013)

0.1291 0.1416 0.1600
(H20)
72 kDa
Micelle Size: 47 kDa 60-90 kDa
(Strop and Brunger 2005)
A280 nm: < 0.04 < 0.08

0, o Hor
HO HO. OH
Hm OH 0-P-0 ), o
DHO o \l»/__/ 6 S N NPV N g (™) o
o O-(CHz)y~CHy N o
OH

3.8.6.5 Structural analysis of Kir2.1 WT solubilized in FC14 and purified in
DDM

Kir2.1 FC14-DDM was further analyzed by TEM in negative staining (see Materials
and Methods 2.5.4). Approximately 10,000 particles were picked manually and semi-
automatically and were extracted using EMAN2 from 49 micrographs. Figure 3-13 shows

a micrograph with a few particles picked. Negative-stained particles appeared white on

a gray background.

B Used for refinement
(O Picked particle

Figure 3-13. Micrograph of Kir2.1 FC14-DDM and 2D classification. Left) Example of picking. Right)
2D classes. The particles in the 2D classes shown in yellow circles were selected for the initial model.
Refinements were done using those shown in green squares.

These particles were sorted into twenty 2D classes. These 2D classes hinted at a
tetrameric assembly of Kir2.1 as four sections could be distinguished in most. All the

particles were used for the initial 3D model with C1 symmetry and an initial model
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with C4 symmetry. Both models contained four clear sections. The C4 model displayed
the channel pore going through the channel longitudinally.

3D initial model - C1
f 1 \

3D initial model - C4 symmetry
P can?
h 90 °C 5 2
LAV 4
3

Figure 3-14. 3D initial models of Kir2.1-FC14-DDM in negative staining. The top panel (blue) shows
the initial model with no imposed symmetry (C1); four sections are visible. The bottom panel (pink)

shows the initial model with a C4 symmetry applied.

The C4 initial model (Figure 3-14) was refined twice using C4 symmetry using 3244
particles from thirteen classes (Figure 3-13). The final map was obtained at 18.4 A

resolution (Figure 3-15).
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Figure 3-15. 3D map from Kir2.1 FC14-DDM obtained by negative staining at 18.4 A resolution using
EMAN2. The side, top, and bottom views and the gold standard resolution graph are shown.

This low-resolution 3D reconstruction showed that Kir2.1 was amenable for single-
particle analysis (SPA) and confirmed that it was possible to retrieve a tetramer despite
solubilizing Kir2.1 in FC14. However, FC14 dissociated some of the tetramers into
monomers and these monomers are not easily seen on the EM image because they are

too small.




Ultimately, the solubilization and purification in DDM provided remarkable
homogeneity, despite not solubilizing everything. Due to the presence of monomer using
FC14 and the excellent results obtained with DDM, I chose quality over quantity and
decided to focus on DDM.

3.3.7 Analysis of Kir2.1 mutants: R312H and C154Y

The expression and purification protocol established for Kir2.1 was used to characterize
the mutants. The Kir2.1 R312H and Kir2.1 C154Y mutants have loss-of-function
mutations responsible for AS in humans. Both mutations were first identified in 2009
(Sacconi et al. 2009). R312 is located in the cytoplasmic region in the PIP; putative
binding site. In contrast, C154 is in the extracellular loop connecting the selectivity
filter and the internal helix. These two different profiles have the same effect, a

defective channel that does not conduct K+ current across the membrane.
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Figure 3-16. Comparison of SEC purification of Kir2.1 WT and R312H and C154Y mutants.

3.8.7.1 Analysis of Kir2.1_R312H

The next chapter will thoroughly discuss the role of residue R312 and the effect of the
R312H mutation on the function of the h_Kir2.1 channel. This section will briefly
explore the biochemical and biophysical characteristics of the Kir2.1 R312H mutant

expressed in P. pastoris yeast.

Kir2.1 R312H mutant was produced and purified following the same protocol as
Kir2.1 _WT. The culture growth and induction were similar to the W'T', and no




significant spectral or molecular weight differences were observed (Figure 3-16, Figure
3-17 A-C).
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Figure 3-17. SEC-MALLS profile of Kir2.1_R312H in 20 mM Tris-HCIl pH 7.4, 150 mM KCI, 1 mM
EDTA, 0.03% DDM. The LS, UV, and ARI spectra are shown in red, green, and blue, respectively. B:
Zoom on Kir2.1_R312H tetramer peak at 9.5 mL. The LS, UV, and ARI (shown in red, green, and
blue, respectively) align perfectly at the center of the peak. C. Molar mass distribution vs. volume of
Kir2.1__R312H and DDM complex.

The Kir2.1 R312H-DDM complex was very homogenous throughout the peak and had
a molar mass of 307.1 4+ 4.4 kDa consisting of tetrameric Kir2.1 R312H with 206.8 +
3.2 kDa molar mass and 100.3 £+ 4.9 kDa DDM (Figure 3-17, C). The N, of DDM in
the Kir2.1 R312H-DDM complex was 194 + 9, similar to the N, in the Kir2.1 W'T-
DDM complex, 194 + 2.

In conclusion. Kir2.1 R312H formed a homogeneous tetramer, like the WT
counterpart (Figure 3-17, C). Therefore, the mutation did not significantly disrupt its
structure or affect its ability to form a tetramer. These findings further support our
conclusion that the mutation does not have a significant effect on the protein’s

structure but is a functional effect.




3.3.7.2 Analysis of Kir2.1_C154Y mutant

Residue C154 is conserved in all eukaryotic Kir members. Two mutations at this site
are responsible for AS in patients, C154F (Bendahhou et al. 2005) and C154Y (Sacconi
et al. 2009). Mutations at this site, C154, to even alanine or serine, abolished current
in Xenopus laevis oocytes (Cho et al. 2000). Cho et al. recorded whole-cell and single-
channel currents of oocytes that expressed tetrameric constructs of Kir2.1 with one or
two C154Y mutant subunits. They found that one mutant subunit was enough to
abolish channel function in the tetramer (Cho et al. 2000). Similarly, Bendahhou et al.

attested to this dominant-negative effect in HEK293 cells (Bendahhou et al. 2005).

Cho et al. reported that mutating any C in Kir2.1 except for C154 and C122 resulted
in currents recorded (although diminished). However, mutating C122 or C154
completely abolished the signal, suggesting an intramolecular disulfide bond between
the two residues. The structure of the chicken Kir2.2 homolog revealed a disulfide bond
between C155 and C123 (Tao et al. 2009), Kir2.2 equivalent to C154 and C122 in
Kir2.1.

In this thesis, all the production, extraction, and purification steps followed the same
protocol established for Kir2.1 WT. Although the Kir2.1 C154Y mutation did not
affect the growth of P. pastoris cells (Figure 3-16), and the cell pellets obtained were
of comparable masses, C154Y had lower expression levels than R312H and WT (less
than 50%, Figure 3-1 right panel). The chromatography profile of Kir2.1 C154Y
revealed a single discernable peak at the volume corresponding to aggregates Figure 3-16,
right panel, cyan). A small portion eluted at the tetramer peak. Attempts to increase

the concentration only increased the percentage of aggregates (Figure 3-18).
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Figure 3-18 C154Y elution profiles and Native PAGE B) Native PAGE comparing Kir2.1 WT and
C154Y. Kir2.1 WT migrates as one entity, well above BSA. C154Y shows a band at the same level

and a more prominent one at the well level.

Nevertheless, the minuscule tetrameric fraction was used to conduct a few experiments.
A native PAGE (Figure 3-18, B) revealed that the tetramer fraction was polydisperse
and consisted primarily of aggregates and a faint amount of molecules that migrated
at the same level as the WT tetramer. C154Y tends to aggregate and the tetramers
formed are probably not correctly folded (Figure 3-18, A-B).

SPR analysis of the interaction between Kir2.1 (C154Y tetramer fraction with PIP,
revealed that PIP; was able to bind to C154Y with no significant differences in kinetic
parameters between C154Y (Kp= 6.98 £+ 2.25 uM) and the WT (Kp= 3.2 £ 0.8 pM),
suggesting that a properly-folded tetramer with an intra-disulfide bond is not a
prerequisite for PIP>-binding.
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Figure 3-19. SPR sensorgram of Kir2.1_C154Y (5844 RU level) immobilized onto a CM5 chip. Five
sequential injections of PIP, are shown, at 1.25-20 uM, at 25 pL - 5 mL~'. In color, experimental data;
in black, the fitted curve. The SCK assay was carried out in duplicate; only one replica is shown. The

sensorgram is expressed in response units (RU) relative to the time in s.




As we will see in chapter 4, determining the structure of Kir2.1 at 4.3 A resolution
allowed the confirmation of this intrasubunit disulfide bond between C154 and C122
(Figure 3-20). The disulfide bond is strategically located in the extracellular region,
connecting the selectivity filter in the P-loop to the extracellular turret. Thirteen
cysteines are present in each subunit, for a total of 52, but only C154 and C122 are
implicated in a disulfide bond. Due to its location and absolute conservation (Figure
3-20), one can infer that C154 is an essential residue in stabilizing the selectivity filter.
The lack of intermolecular disulfide bonds was initially corroborated by a gentle
treatment of Kir2.1 WT tetramer with low concentrations of SDS which elucidated

the monomer, dimer, and tetramer.
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Figure 3-20. Disulfide bonds in cryo-EM h_ Kir2.1 structure at 4.3 A resolution and alignment of amino
acids in different Kir channels. The TIGYG selectivity filter motif is underlined. The conserved C122
and C154 are in bold.

In conclusion, the loss of this unique disulfide bond has catastrophic effects on the
structural profile of Kir2.1 _C154Y and stability. Kir2.1 _C154Y tends to aggregate,
possibly by C122 forming disulfide bonds with any of the 11 available cysteines. The




channel misfolding may explain the low expression levels observed due to poor

trafficking or protein degradation.

3.4 DISCUSSION

The protein solubilization was more efficient using FC14 than DDM. However, FC14
dissociated some of the tetramers into monomers when used during the purification as
well as solubilization. This dissociation was corrected when FC14 was exchanged into

DDM during the purification steps.

Inability to fully exchange FC14 in current conditions. The dip in the LS and RI signals

indicated that the exchange was incomplete. Using thin-layer chromatography to
monitor the detergent exchange could help determine the proper conditions for
exchanging FC14 completely if needed. The concentration of DDM used was not
enough, the concentration of DDM in the wash buffer should be increased as well as
the number of CVs.

The aggregation effect of C154Y observed in vitro most likely results from misfolding.
With the mutation and dissociation of the disulfide bond, C122 is now available to
form disulfide bonds with other cysteines. Indeed, residue C149 in the selectivity filter
loop could replace C154 if the protein undergoes rearrangement.

Another hypothesis would be that the improper folding and instability would result in
a protein that is more easily degraded or not addressed correctly to the membrane.
Ideally, it would be interesting to test in a KCNJ2-deprived system if Kir2.1 C154Y
is addressed to the membrane. Given the importance of this channel in action potential
and development, this may not be feasible. Therefore, constructing a crosslinked
tetrameric Kir2.1_C154Y mutant with a GFP tag would elucidate the effect of C154-
C122 disruption on proper trafficking. It would be interesting to know if this protein

is addressed to the membrane without WT Kir2.1.
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3.6 SUPPLEMENTARY MATERIAL

3.6.1 Solubilization of membrane proteins

3.6.1.1 Types of detergents

1. Ionic detergents contain a net charge. They are highly effective at solubilizing
MPs but tend to denature them. Ex: SDS is a well-known ionic detergent
commonly used to denature proteins for electrophoresis.

2. Zuwitterionic detergents have both positive and negative charged groups but no
overall charge. They can be effective but are less harsh than ionic detergents.
Ex: CHAPS

3. Nonionic detergents have no charge. They are generally milder than ionic or
zwitterionic detergents though they can be deactivating depending on chain
length. Ex: Maltosides (DM, DDM), TRITON-100X

3.6.1.2 Stages of solubilization

In their renowned review, Helenius and Simons proposed a three-stage model of
solubilization of lipid bilayers which can be extended to understand the detergent-
membrane interaction (Helenius and Simons 1975). As the concentration of detergent
introduced to a suspension of pure phospholipid liposomes increases, they propose the

following sequence of events:

I) In the detergent binding stage, the micelles break down and partition into
the membrane changing its physical properties.

II) In the lamellar—-micellar phase transition stage, the membrane becomes
saturated with detergent, and mixed lipid-micelles form, eventually leading
to a complete phase transition into micelles.

IIT)  The size decrease of mixed-micelles stage: as additional detergent molecules
are added, the ratio of detergent/phospholipid increases in the mixed
micelles, and their size decreases.

This outstanding description is still used nearly universally in membrane solubilization
(Seddon, Curnow, and Booth 2004; Heerklotz 2008) and has been demonstrated by
many methods, including turbidimetry, fluorescence energy transfer, and electron
microscopy. Please see (Seddon, Curnow, and Booth 2004) and the references cited for

more details.




3.6.2 Cell culture optimization

Three different pHs were tested to establish the best cell growth conditions: pH 5.5,
6.0, and 6.5. The highest growth was observed at pH 6.0 (Figure 3-22). Since this agreed
with Hartmann et al., pH 6.0 was established for all future cultures and inductions.
The culture incubation time was tested at 1824 h and 5-7 h with comparable results
after induction. Therefore, the shorter incubation time was chosen to gain time.
Antibiotics were tested throughout the production versus exclusively in the initial
stages. The cells grew faster without antibiotics, and no contamination was observed
when including them during the initial selection of agar plates up to the starter culture.
Contamination was closely monitored by inspection using an optical microscope, which

shows clearly each P. pastoris cell (represented by white dots in Figure 3-21)

Figure 3-21. Pichia pastoris cell culture at 0.5 ODggonn in a Malassez chamber for counting cells. Each
round white object is a live Pichia pastoris cell. 188 cells have been selected inside the large rectangle
shown in red. The rectangle has an area of 0.05 mm? and 0.2 mm depth, accommodating 0.01 pL volume.

Cell cultures were incubated in parallel at comparable starting ODggonm ~1 with identical
parameters except for pH. This 1 ODgyum was equivalent to 3.5 £ 0.3 - 107 cells - mL~!
in the log phase using a Malassez cell (Figure 3-21). Different agitation speeds and
induction times were explored. Higher agitation speeds (>220 rpm) improved growth,

as expected.
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Figure 3-22. Effect of pH and agitation speed on the growth of Pichia pastoris culture. Top panel: Cell
cultures were incubated at comparable starting ODgpnn ~1 in parallel with identical parameters except
for pH. The curves at pH 5.5 (orange), 6.0 (blue), and 6.5 (gray) are shown with a linear trendline traced
in a dotted line. The bottom panel shows culture growth at 170 rpm (blue) and 200 rpm (orange)

agitation.

The starting ODg for expression was also explored, varying up to 10 (

Figure 3-23). At these high cell concentrations, the protein was not recovered, it was

all degraded. The best results were obtained with a starting ODegw of 3-3.5
corresponding to 1-1.2 0.2 - 10® cells - mL™".
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Figure 3-23. Western blot of clones expressing Kir2.1__WT. The top shows a screening of the twelve
transformed clones. The bottom panel shows the expression of clones #1 and #11, induced at starting

OD600 of 3.5 (left) and at 7 (right).




Induction times in Pichia pastoris have been reported to vary between 16 h and 60 h.
I was looking for short induction times that provided high-quality protein in sufficient
amounts. I observed no significant differences (~3% cell growth) in protein production

between 18 and 24 h induction times.

3.6.3 Optimizing cellular lysis

3.6.3.1 Enzymatic lysis

Enzymatic lysis with Zymolyase (AMSBio), a solution of enzymes that digest the yeast
cell walls, preceded the mechanical lysis. Initially, it was tested at 20 U per g of pellet
and was incubated for 1 h at 4 °C. The first test increased the incubation temperature
from 4 °C to RT while reducing the time from 1 h to 15 min. Although no significant
improvement was noted, this change did not have any adverse effects, such as

proteolysis of our protein Kir2.1; therefore, it was chosen for future lysis.

3.6.3.2 Mechanical lysis of Pichia pastoris with the Cell Disruptor

Six passes through the Cell Disruptor (Cell D, Constant Systems) at 2.7 kbar initially
followed these conditions of enzymatic lysis. The lysis efficiency was tested at 2.4 kbar,
2.5 kbar, and 2.7 kbar (maximum pressure). The cell pellets were resuspended to 0.25
g - mL™~! concentration in buffer, and the system was cooled to 4-7 °C. The lysates were
observed by optical microscopy and further purified to assess the effect of the lysis (if

any) on the solubilization of Kir2.1.

The microscopy results showed that Cell D effectively lysed P. pastoris cells at the
lowest pressure tested (2.4 kbar) after one pass (Figure 3-25 A-D). More live cells were
present at 2.4 kbar than at 2.5 and 2.7 kbar. Surprisingly, there was no significant
increase in the number of cells lysed from the first pass to the second or even the sixth
(Figure 3-25, AO-AIV).

Despite the efficient cell lysis observed on the microscope (Figure 3-25 A-D), after
separation by centrifugation, a significant amount of protein was found in the pellet
containing the cell debris and unlysed cells (P1) during the western blot (WB) analysis
(50%, Figure 3-25 E). P1 and SN1 lysis fractions at 2.4 and 2.5 kbar showed comparable
results, while 2.7 kbar showed little protein in the lysed fraction (SN1). All three lysis
pellets (P1) were resuspended, pooled, and lysed at 2.5 kbar. 36 mg of membrane
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proteins were recovered by adding this centrifugation, resuspension, and lysis cycle

(referred to as ‘mixed pellet’).

Next, the MPs contained in SN1 were pelleted at 100,000 - g, resuspended in TK buffer,
diluted to 2 mg - mL™!, and solubilized with 1.5% DDM. The solubilization of Kir2.1
was poor in all three lysis conditions, 2.4, 2.5, and 2.7 kbar (Figure 3-25 F'), although the

test was performed at optimized solubilization conditions (section 3.3.2.2 above).

3.6.3.1 DDM CMC in buffer conditions

I wished to determine the lowest concentration of detergent that we could use in the
cryo-EM grids to keep the protein stable. For this, we corroborated the CMC of DDM
in our buffer in conjunction with Jean-Jacques Lacapére at the LBM. The CMC of
DDM was experimentally determined by fluorescence using anilino-naphthalene
sulfonic acid (ANS) as a probe (Anatrace) on a MOS-200/M spectrometer (BioLogic)
set to 400 nm excitation and 490 nm emission. 4 pl. increments of DDM at 17 mM
(100 - expected CMC) were titrated onto our buffer solution containing ANS until
obtaining at least five recordings above the expected CMC. The CMC is defined by
the breakpoint in fluorescence and is determined by plotting the change in fluorescence
against the concentration of DDM. We found the CMC to be: 0.17 mM (0.0087%) in
H,0, 0.14 mM (0.0072%) in 0.2 M NaCl buffer, and 0.13 mM (0.0067%) in 0.2 M KCl
buffer, which consistent (slightly higher) with the 0.12 mM (0.0061%) value provided
by Anatrace. This simple experiment provides a fast way to verify the CMC of a
nonionic detergent in a specific buffer. It can be handy when working with detergents

that have only been characterized in water or not at all.
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Figure 3-24. Determination of the DDM’s critical micellar concentration using fluorescence spectroscopy.

A plot of change in fluorescence against the concentration of DDM in water (left, blue), 0.2 M KCl
buffer (center, red), and 0.2 M NaCl (right, cyan). The breakpoint in fluorescence defines the CMC.
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the fractions post solubilization with 1.5% DDM indicating the insoluble and solubilized fractions,
respectively. Black stars indicate where most of the protein was expected, while red stars show the
reference samples. The red arrows indicate the height where the Kir2.1 monomer is expected (50 kDa).

Solubilization was attempted at six different detergent-to-MP ratios (Figure 3-26), but
all yielded poorly.
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Figure 3-26. Western blot of Kir2.1 solubilization test using different membrane proteins (MP) to DDM
detergent concentration ratios following poor lysis. Fractions P (pellet) and SN (supernatant) designate
unsolubilized and solubilized fractions, respectively. A: 2.3 mg - mL~* MP: 1% DDM. B: 2.3 mg - mL™*
MP: 0.5% DDM, C: 4.6 mg - mL~* MP: 1.5% DDM, D: 4.6 mg - mL~! MP: 1% DDM, E: 4.6 mg - mL™*
MP: 0.5% DDM, F: 2.3 mg - mL~* MP: 1.5% DDM. The stars denote the lanes where a Kir2.1 band
was expected.

A qualitative test was then performed to compare the effect of additional passes
through the Cell D versus removing the lysed fraction and resuspending the unlysed

pellet.

A) lst
cycle

B) ond
cycle

C) grd
cycle

Figure 3-27. Optical microscopy and western blot analysis of lysis at 2.7 kbar. A-C show the effect of
lysis. Horizontally (from 1 to 3) is the effect of adding additional passes through Cell D. Moving vertically
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(from A to C) is the effect of centrifuging and resuspending before passing through Cell D. The western
blot shows the pellet and supernatant after three-cycle lysis at 2.7 kbar without zymolyase (P1/SN1),
membrane protein pelleting (P2/SN2), and solubilization fractions(P3/SN3). Stars indicate where Kir2.1
is expected. Red arrows show the expected molecular weight of the monomer (~50 kDa).

These microscopy results (Figure 3-27) confirmed that one pass was enough to lyse most
P. pastoris cells and showed that the percentage of cells lysed could only be improved
through centrifugation-resuspension-lysis cycles. However, increasing the number of
passes could have an effect on the size of the membrane fractions recovered. There was
a ~20% increase in lysis efficiency at the end of the third cycle. However, WB (Figure
3-27) showed roughly 40% of Kir2.1 remaining in the fraction containing cell debris and
possibly large membrane segments (P1). Additionally, this increase in lysis did not
increase the solubilization efficiency. Indeed, more protein was extracted as more cells
were lysed, but the solubilization remained poor; most Kir2.1 remained unsolubilized
(P3). Finally, this may indicate that a combination of several passes (26) and cycles

are required to maximize the amount of protein extracted by this method.

Several obstacles were encountered when using the Cell D. Much foam was created for
each cycle. Volume was lost as some exited through the entrance and bypassed the jet,
requiring an additional buffer to push out the remaining volume. Many runs stopped
before completion, and there was an altogether steady decline in performance (prior to
maintenance). Altogether, the lysis was improved by increasing the Zymolyase
concentration to 30 U per g of pellet, increasing the number of passes, and adding three
centrifugation-resuspension-lysis cycles to separate the lysed cells from the unlysed
cells. Nevertheless, the technical difficulties and the tedious, time-consuming protocol

pushed me to try different lysis methods.

3.6.3.2 Direct extraction by the formation of protoplasts

A strategy to bypass the mechanical lysis altogether was developed. Direct extraction
from protoplasts was performed, following the protocol described by Hartmann et al.
(Hartmann et al. 2017) and AMSBio. Protoplast refers to an entire cell without its cell
wall. The protocol for protoplast formation consisted of washes and buffers (Materials
and Methods section 2.1.6, and Table 2-2) that induced an osmotic shock that
weakened the cell wall. The cell wall was then lysed by Zymolyase treatment at pH
5.8, inducing protoplast formation. The membrane protein could then be directly

solubilized from these protoplasts.
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Figure 3-28. Comparison of SEC elution profiles after mechanical lysis vs. direct extraction. The SEC
profile of Kir2.1 lysed enzymatically and mechanically is shown in blue (10 g pellet). The direct

extraction from protoplast is shown in orange (20 g pellet).

This technique resulted in a yield reduction that varied from a factor of 2 to 8.5. Figure
3-28 illustrates two cell pellets from the same culture, one treated with mechanical lysis
(blue, 10 g) and the other by protoplast extraction (orange, 19 g). The protoplast

method yielded 8.5 times less protein.

Extraction through protoplast alone was not adequate. Therefore, 1 also explored
protoplast treatment combined with mechanical lysis. This combination resulted in
excellent lysis; however, roughly 40% of Kir2.1 wound up in the soluble fraction (SN2)
when combined with three cycles of Cell D. The remainder was poorly solubilized (Figure

3-29).

Here we see that the extraction of MPs relies on efficient cell lysis. If not enough cell
wall is removed, the detergent cannot adequately penetrate the plasma membrane to
solubilize enough protein (Figure 3-30). On the other hand, the plasma membrane can

be disrupted if the lysis conditions are too harsh (Figure 3-29, IIT).
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Figure 3-29. Comparison of lysis in Kir2.1. P1 (pellet) and SN1 (supernatant) 1.) 20 U Zymolyase per
gram of cell pellet, 6 passes on Cell D. I1.) 30 U Zymolyase/g + 6 x Cell D. III.) Protoplast formation
(30 U Zymolyase + an osmotic shock)+ 3 cycles Cell D. The red arrow shows Kir2.1 in the soluble
fraction (SN2). The stars denote the fraction where most Kir2.1 is expected.

Combining protoplast formation and one Cell D pass at 2.5 kbar provided better results

(Figure 3-30); only a small amount of Kir2.1 was found in the soluble fraction, and
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solubilization was better than either protoplast treatment or Cell D alone (Figure 3-30);

roughly 40% solubilization. These results emphasize the need for adequate lysis

conditions to solubilize Kir2.1 efficiently.
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Figure 3-30 Western blots of solubilization of Kir2.1 after lysis with Cell D, protoplasts, and protoplast
plus Cell D. On the left, Figure 3-25 F for comparison. On the right, WB shows the pellet (P3) and
supernatant (SN3) fractions post-solubilization with 1.5% DDM. The black stars indicate where most
protein is expected, and the red stars indicate the reference sample used as a control.

After purification, I compared the SEC profiles, but no significant differences were
observed. After all these experiments, we decided that protoplast treatment was not

ideal for our system, and it was better to pursue mechanical lysis.

3.6.3.3 Lysis of Pichia pastoris with the glass beads

Toward the end of my thesis, [ had the opportunity to test another mechanical method,
glass beads wusing the FastPrep24™ 5G homogenizer (MP Biomedicals) for
reproducibility (Materials and Methods section 2.1.2.2 and Table 2-3) (Hartmann,
Kugler, and Wagner 2016). Although there was no improvement in the number of cells
lysed (Figure 3-31) compared to Cell D (Figure 3-27), the solubilization step was
significantly more efficient (Figure 3-31) post glass bead lysis than the Cell D. Perhaps

due to a difference in the size of the membrane fractions formed.
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Figure 3-31. Lysis of P. pastoris cells using glass beads and WB analysis of Kir2.1 solubilization. WB
shows more protein in the solubilized fraction (SN3, 60%) than in the pellet(P3, 40%).

The overall performance of this method was much better than with Cell D; we now

routinely use the glass beads.

3.6.4 Conclusion

The solubilization of Kir2.1 from P. pastoris membranes was better after lysis using
the glass beads instead of the Cell D, perhaps due to a difference in the size of the
membrane fractions formed. A combination of good lysis with glass beads and

solubilization buffer conditions seems a prerequisite.

The direct extraction from protoplast was not successful. Perhaps the poor results are
due to an inefficient protoplast formation. If there is insufficient lysis, the detergent
cannot penetrate the membranes to extract the protein.

Perspective: survey protoplast efficiency OD800. The efficiency and time required for
protoplast formation can be determined by plotting ODS800 of the treated yeast cells
vs. time. To calculate efficiency, divide the OD800 at each time point by the starting

OD800, then multiply by 100.




4 CRYO-EM STRUCTURE OF THE
HUMAN KIR2.1 CHANNEL




4.1 INTRODUCTION TO CHAPTER

With the protocol established in the previous chapter, we obtained pure and
homogenous tetrameric protein that could be used for subsequent studies. This chapter
focuses on determining the structure of h_ Kir2.1 by cryo-EM, and the interaction of
Kir2.1 WT and R312H mutant with PIP,, fulfilling my thesis’ third and fourth
objectives. The structure of h Kir2.1 was solved with a global resolution of 4.3 A with
local resolutions at 3.7 A. The structural features, notably the G loop, are explored
and compared to available structures. Even when comparing to the ¢ Kir2.2 homolog
that shares 70% identity, we find significant discrepancies with potential implications

in the functional differences observed between the two.

To consolidate our findings and explore the conformational states available to Kir2.1
in the apo state, we used in silico studies. With molecular dynamics (MD) simulations
and normal mode (NM) analysis were able to recover, in the apo state, the large
conformational movements seen with other Kir structures bound to PIP.. These
conformational changes observed through in silico studies were subsequently validated

by the cryo-EM 3D classification maps.

These structural studies were combined with functional and binding assays to evaluate
the effect of the R312H mutation on the structure and function h Kir2.1. For this, the
interaction with the essential modulator PIP, was characterized by surface plasmon

resonance and compared to that of the R312H mutant.
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4.2 ABSTRACT

We present the first structure of the human Kir2.1 channel containing both transmembrane
(TMD) and cytoplasmic (CTD) domains. Kir2.1 channels are strongly inward rectifying K*
channels that play a key role in maintaining resting membrane potential. Their gating is
modulated by phosphatidylinositol-4,5-bisphosphate (PIP2). Genetically-inherited defects in
Kir2.1 channels are responsible for several rare human diseases, including Andersen’s
syndrome. The structural analysis (cryo-EM), surface plasmon resonance, and
electrophysiological experiments revealed a well-connected network of interactions between
the PIP2-binding site and the G-loop through residues R312 and H221. Additionally, molecular
dynamics simulations and normal mode analysis showed the intrinsic tendency of the CTD to
tether to the TMD and a movement of the secondary anionic binding site to the membrane even
without PIP,. Our results revealed structural features unique to human Kir2.1 and provided
insights into the connection between G-loop and gating and the pathological mechanisms
associated with this channel.

Teaser




First human Kir2.1 structure reveals the G-loop connection with gating for the loss of function
in Andersen’s syndrome mutant

4.3 INTRODUCTION

Inward-rectifier potassium (Kir) channels are a group of integral membrane proteins that
selectively control the permeation of K* ions across cell membranes. They are particular in that
the channels conduct K* ions easier in the inward direction (into the cell) than in the outward
direction (out of the cell). The small outward K* current through Kir channels controls the
resting membrane potential and membrane excitability, regulates cardiac and neuronal
electrical activities, couples insulin secretion to blood glucose levels, and maintains electrolyte
balance (1).

All Kir channels are tetramers of identical or related subunits and share characteristic structural
features. They possess a canonical pore-forming transmembrane domain (TMD) made of two
transmembrane helices (M1 and M2) separated by a K* ion selectivity filter and a large
cytoplasmic domain (CTD) containing both amino (N-) and carboxy (C-) termini. The CTD
extends the ion conduction pathway and provides docking sites for regulatory ions, proteins,
and ligands (2). The inward-rectification mechanism results from a block on the cytoplasmic
side of the channels by endogenous polyamines and Mg?* that plug the channel pore at
depolarized potentials, resulting in decreased outward currents. The blockers are then removed
from the pore when the K* ions flow into the cell at hyperpolarized potentials. This voltage-
dependent block results in efficient conduction of current only in the inward direction (3-5). In
addition to being inwardly rectifying, Kir channels respond to a variety of intracellular
messengers that directly control the channel gating, including phosphoinositides (PIPs), G
proteins (Kir3 channels), ATP (Kir6 channels), and changes in pH (Kirl channels) (1). The Kir
family is encoded by 16 genes (KCNJ1-18), and classified into seven sub-families (Kirl-7).

To fulfill crucial biological roles, the gating of all eukaryotic Kir channels is directly controlled
by regulatory lipid ligands such as PIPs. Different Kir isoforms display distinct specificities for
the activating PIPs (2). Kir2.1 channels are selectively activated by the signaling lipid
phosphatidylinositol-4,5-biphosphate (PIP2), while some members (such as Kir3.1/3.4) are less
stringent in their PIP sensitivity, and all PIPs indiscriminately activate others such as Kir6.2.
PIP2 binds to a “primary site” (6, 7), and its sensitivity is enhanced by the binding of a bulk of
anionic lipids (positive allosteric regulators) to a “secondary site” (8, 9). On the other hand, the
bacterial KirBac channels are inhibited by PIPs (6, 10).

Kir2.1 is the protein product of the KCNJ2 gene, which has been shown to play a critical role
in excitable cells and developmental processes (11). Kir2.1 is expressed at high levels in the
heart, skeletal muscle, and neural tissue. The extent of rectification varies among the different
subfamilies, ranging from weak (Kirl) to strong (Kir2). Several crystallographic structures of
Kir channels with Mg?* have been published. One study has reported the crystallographic
structure of KirBac3.1 channel with an electron density attributed to spermine. Yet, KirBac3.1
is missing numerous critical spermine-interacting residues (12). The molecular blocking
mechanisms of polyamines and Mg?* are still under scrutiny. KCNJ2 mutations are associated
with four disorders, namely Andersen’s syndrome (AS), atrial fibrillation (AF), short QT
syndrome (SQT), and catecholaminergic polymorphic ventricular tachycardia (CPTV) (11, 13—
15). While AF- and SQT-associated mutations lead to a gain of channel function, those
associated with AS and CPTV are all loss of function mutations. AS is a rare and complex
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disorder showing variability in patient diagnosis. The most common phenotypes are periodic
paralysis, cardiac arrhythmias, and distinctive physical features with development anomalies
(16).

It has been proposed that the G-loop is involved in channel modulation by PIP2 and other
ligands (17, 18). The G-loop is a conserved motif extending from G300 to Y315, composed
predominantly of residues with short hydrophobic side chains that may constrict the pore
diameter in some states of the channel (19). Even though the role of the G-loop is yet to be fully
understood, several structural studies raise the possibility that this motif undergoes relevant
conformational changes for channel gating (17-20). However, it is not known how the G-loop
gate integrates into channel gating and how it affects the gating kinetics of Kir channels.

In order to shed light on the structural mechanism of the human Kir channels and the associated
rearrangements underlying PIP,, Mg?*, and polyamines-dependent gating, detailed structural
information is crucial. Here we used cryo-electron microscopy (cryo-EM) combined with image
analysis to elucidate for the first time the structure of a human Kir channel, Kir2.1, at atomic
resolution in the closed state. Our findings reveal unique structural features of the human Kir2.1
channel, among other eukaryotic Kir channels. Furthermore, computational investigations
(normal mode analysis and molecular dynamics simulation) reveal crucial conformational
movements, including compaction of the structure and opening movements at the interface
between the TMD and CTD, which could facilitate the binding of PIP». In addition, we provide
biophysical and functional data on the Kir2.1 channel (WT and the mutant R312H, a mutant
responsible for AS disease (21) ), and we propose a putative activation mechanism involving
the transmission of the signal to the G-loop upon PIP2 binding.

4.4 RESULTS

4.4.1 Protein expression and purification of human Kir2.1 WT and R312H.

Until recently, the effect of residue R312 on the binding of PIP; to Kir2.1 was still
controversial. The R312Q mutation has been suggested to weaken the interaction of
Kir2.1 with PIP; (22). However, more recent biochemical binding assays have indicated
that this mutation does not significantly affect the PIP; binding (23). To clarify this point,
we investigated the affinity of PIP2 to the WT channel and R312H mutant (naturally
occurring AS-causing mutation) and the impact of this mutant on the Kir2.1 function. The
human Kir2.1 wild-type (WT) channel and its R312H mutant counterpart were recombinantly-
produced in and purified from the yeast Pichia pastoris. The size exclusion chromatography
(SEC) elution profile of the Kir2.1 WT (Fig. S1) shows a prominent elution peak at 11.80 mL,
corresponding to its tetrameric quaternary structure. SDS-PAGE and Western blot analyses
reveal the monomeric form of Kir2.1 at its expected size (~50 kDa, Fig. S1). Similar results
were obtained with the Kir2.1 R312H mutant (data not shown).

4.4.2 Overall cryo-EM structure of the human Kir2.1 channel

The structure of the human Kir2.1 channel was resolved by single-particle cryo-EM analysis
(Fig. S2, Fig. 1A) to an average resolution of 4.3 A (Fig. S3) for the whole protein. The local
resolution map shows that some regions, especially in CTD, can reach 3.7 A resolution, mainly:
the G-loop region, the PIP2 binding site, residue R312, and its vicinity (Fig. S3B). The final
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structural model contains all typical structural features of Kir channels (Fig. 1 A-B). In the
TMD, the outer (M1) and inner (M2) transmembrane helices are observed, in addition to two
short helical elements (the slide and the pore helices) and the selectivity filter which contains
the K" channel signature sequence (T-X-G-Y/F-G). The CTD is rich in B-strands and
encompasses the G-loop in the apex of the cytoplasmic pore. This is the first time that the entire
human Kir2.1 channel has been resolved at high resolution; it is also the first cryo-EM structure
of a Kir2 channel. This Kir2.1 structure covers an external flexible N-terminal loop (region 41—
54) that interacts with CTD and PIP2, which has only been continuously modeled in Kir2.2
PIP2-bound crystal structures (3SPI, 3SPG, and 5KUM) (7, 24). This segment has been shown
to be important in the gating process (25).

The resolved Kir2.1 structure exhibits ion-conduction pore constrictions along the helix bundle
crossing region (HBC) and the G-loop (see following sections). It is 121 A long and 78 A wide
(Fig. 1). This extended conformation is also observed in the apo-Kir2.2 crystal structure (3JYC)
(26) and the apo-Kir3.2 cryo-EM structure (6XIS) (27), both of which are in a closed state.
Thus, these data suggest that the human Kir2.1 structure was obtained in the non-conductive
closed state. A single disulfide bridge between C122 and C154 residues of the same chain is
observed in the outermost region of the TMD, close to the extracellular loops (Fig. 1C). Finally,
it was possible to accurately map the location of most of the AS-causing mutations in the Kir2.1
structure (Fig. S4). Moreover, we studied in detail the impact of one of them, R312H, located
outside the PIP2-binding site, on the structure and function of the human Kir2.1 channel (see
following sections). The accession code for these structures are PDB 7ZDZ and EMD 14678.

4.4.3 Ions’ location in the pore channel

No density consistent with K" ions or any other ions were observed in the selectivity filter. The
cryo-EM structure of apo-Kir3.2 (6XIS) is another structure reported with no K ions inside the
selectivity filter, despite its slightly larger pore diameter than Kir2.1 (see next section).
Nevertheless, the presence of three K ions is observed when the same channel is in complex
with PIP; (cryo-EM PIP»-Kir3.2 structure, 6XIT) (27). In most crystallographic structures, four
K" ions are present at the selectivity filter; this includes the crystal structures of apo-Kir2.2,
PIP>-Kir2.2 (3JYC and 3SPI, respectively), apo-Kir3.2, PIP».Kir3.2 (3SYO and 3SYA,
respectively), and KirBac3.1 (i.e., 3ZRS) (7, 17, 26, 28). Note that for crystallization assays
and cryo-EM sample preparation, the concentration of KCl in the medium is approximately the
same (150-200 mM).

Three ions (two Str* and one K*, Fig. 2 in blue and green, respectively) are present in the pore
below the selectivity filter. The two circular densities, located just below the selectivity filter
and slightly below the G-loop, were attributed to Sr** ions. These cryo-EM densities show a
high magnitude (still persistent at 13 ¢ and 15 o map threshold respectively) and exhibit higher
cross-correlation values (cc = 0.82 and 0.76, respectively) when modeled as Sr** ions, compared
to when modeled as Mg?* (0.51 and 0.57) or K" ions (0.41 and 0.49). The divalent cation Sr**
mimics Mg?*, a biologically important metal ion blocker of eukaryotic Kir channels (29). The
first Sr** ion is located below the selectivity filter at equidistance from the 032 of the D172 side
chains (~7 A) and the Oyl of the T142 side chains (~6—7 A), the innermost residue of the
selectivity filter. The second Sr**ion is located below the G-loop at ~8—11 A from Og1/0g2 of
the E299 side chains and ~9—10 A from Og1/0¢2 of the E224 side chains. It is, interestingly,
closer (~6 A) to the carbonyl backbone of the A306 in the G-loop region. Sr** ions at similar
positions have also been found in the crystal structure of chicken Kir2.2 (26), where crystals
were grown in the presence of 10 mM Sr’. However, no Sr*" was added in the sample

{132}



preparation for cryo-EM analysis, but there are traces of Sr** ions in the yeast medium.

A third circular cryo-EM density with a persistent magnitude up to a 6 o map threshold is
observed in the outermost region of the CTD. This density was interpreted as a K™ ion (cc=
0.84). This K" ion is dehydrated and directly coordinated to two D255 residues from opposite
chains with typical K-O distances of 2.8 A (Fig. 2). This confirms that the long pore extends
quite far from the cytoplasm (20). A K" ion in a similar position has been found in the crystal
structure of the CTD domain of mouse Kir2.1 R218Q/T309K (2GIX) (30). However, in this
structure (2GIX), the K" ion is hydrated and interacts with the four D255 residues through eight
water molecules.

4.4.4 Four constriction points (gates) in the Kir2.1 channel

The analysis of the radius between the van der Waals surfaces of the central ion conduction pore
using the HOLE software (37) shows four constriction points located at the selectivity filter and
residues 1176, M180, and A306 (Fig. 3, A and B). The selectivity filter has a very tight structure
(pore radius less than 0.2 A). Two of the other narrow points, 1176 and M 180, are located in the
TMD immediately below the Sr** ion present in this region. These constriction points have a
minimum pore radius of 0.77 A (1176) and 1.05 A (M180) and close the pore leading to the
CTD. Similarly, in the apo-Kir2.2 crystal structure (3JYC) (26), [177, equivalent to 1176 in
Kir2.1, is also described as a constriction point with a similar pore radius (Fig. 3C). M180 is
equivalent to residue Y132 of KirBac3.1 located at the helix bundle crossing, a well-described
constriction point in the bacterial channel (72, 32). The fourth constriction point is located at
A306 at the apex of the G-loop at the pore entrance into the CTD; this feature has also been
observed in the mouse CTD Kir2.1 crystal structure (1U4F) (20). This constriction point is
unique to Kir2.1 and is not present in Kir2.2 (3JYC) and Kir3.2 (3SYO) structures (Fig. 3C).

4.4.5 Structural comparison between Kir2.1 and Kir2.2 structures

The superposition of Caatoms of TMD and extracellular region (a.a 72—182) of the four chains
of human Kir2.1 channel cryo-EM structure resulted in a root mean square deviation (RMSD)
of 1.0-1.4 A (Table S1A). The region that presents the most significant deviation is the
extracellular region (a.a 112—-121), including the C-terminal end of the M1 helix and the
extracellular loops, indicating high conformational flexibility (Fig. S5A). Moreover, Ca
superposition between the four chains of Kir2.1 structure and the crystal structures of Kir2.2 in
the absence and presence of PIP, (3SPI and 3JYC, respectively) resulted in an RMSD of 4.6—
5.0 A (Table S1A). These high RMSD values are mainly due to deviations observed in
extracellular and selectivity filter regions (a.a 141-147) (Fig. S5B). This Ca superposition
reveals that the selectivity filter in human Kir2.1 is closer to the center of the pore channel
compared with the Kir2.2 structures (Fig. S5B), resulting in a narrower pore (as shown in the
previous section). The superposition of Ca TMD and the extracellular region between the Kir2.2
crystal structures reveals lower RMSD values than the comparison between the Kir2.1 chains
(0.8 A and 1.0-1.4 A, respectively, Table S1A). This is due mainly to a smaller deviation in the
extracellular region (Fig. SSA-B), suggesting this region of Kir2.1 channels can present higher
conformation flexibility than the same region in Kir2.2.

Superposition between Ca atoms of CTD (a.a 192-364) from the four chains of human Kir2.1
channel cryo-EM structure resulted in RMSD values 0of 0.9—1.6 A (Table S1B). When compared
with the crystal structure of mouse Kir2.1 CTD (1U4F), Ca CTD superposition resulted in
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RMSD values of 1.3-1.9 A (Table S1B). In both superpositions, the CTD regions that present
the greatest deviation are two flexible loops exposed to the solvent (a.a 281-291 and a.a 330—
340) and the C-terminal end (a.a 357-364). The G-loop presented low Ca RMSD values in both
comparisons (0.4-0.7 A between the four human Kir2.1 chains (Table SI1C) and 0.5-0.7 A
between human and mouse CTD) (Table S1C). These data indicate that the G-loop displays a
stable backbone conformation in the Kir2.1 CTD structures, although previously described as
intrinsically flexible (20).

4.4.6 PIP; binding interaction with Kir2.1 WT and mutant R312H

The association and dissociation rate constants, kon and kofr, respectively, and the dissociation
constant (Kp) of the Kir2.1 WT and R312H mutant were determined directly from surface
plasmon resonance (SPR) experiments and the fitted curves using CM5 sensor chips. Kir2.1
WT was immobilized at 3,900-6,500 RU (response units) levels on CM5 sensor chips.
Sequential injections of PIP, ranged from 0.15 to 20 uM (Fig. 4A). The Kp, derived from
Kott/Kon, Was determined to be 3.2 + 0.7-107° M. The average kon and Kos are 1.8 + 1.1-10° Ms™?
and 5.2 + 3.5:1073 s7%, respectively. Kir2.1 R312H was immobilized to 4,000-4,130 RU level
on CM5 sensor chips. Sequential injections of PIP, ranged from 0.15 to 20 uM. The derived
Kp, was determined to be 3.7 + 1.2:10° M with an average Kon Of 4.5 + 2.3-102 Ms™* and Koff
of 1.4 +4.5.10% s (Fig. 4B). R312H showed a ten-fold difference in affinity compared to WT.
However, both have affinities in the micromolar range, which corresponds to generally low
binding affinity. This indicates that the R312H mutation slightly modifies the Kp but does not
impede the binding.

4.4.7 Functional studies on Kir2.1 WT and mutant R312H

The purified proteins (Kir2.1 WT and R312H) were investigated in reconstituted planar lipid
bilayers. The electrophysiological recordings of Kir2.1 WT and R312H mutant in the absence
of PIP2 showed no channel activity (data not shown). However, recordings in the presence of
1% PIP2 at =100 mV revealed an open probability (Po) of 70% for the WT form (Fig. 4C) and
less than 1% for the Kir2.1 R312H mutant (Fig. 4D). These activities were all silenced by
applying 100 uM BacCl: to the upper chamber.

4.4.8 Interaction network between R312, H221, and E303 residues

In the human Kir2.1 channel structure, residue R312 is involved in an inter-subunit interaction
network with residues H221 and E303 of the clockwise-adjacent chain (top view from the
extracellular side) (Fig. 5 and Fig. S6). Except for chain C, the oxygen atoms of the R312 side
chain can establish inter-subunit contacts at distances of 3-3.4 A with the oxygen atoms of the
H221 imidazole ring of the adjacent chain, although both are positively charged. Indeed,
computational approaches have demonstrated that arginine can form strong like-charged
contact pairs with histidine, which are not weakened by the unfavorable electrostatic interaction
between the side chains (33). Moreover, except for chain B, R312 can establish inter-subunit
salt bridges (3.4-3.7 A) with E303 of the adjacent chain, a residue present in the G-loop. E303
can also establish intra-subunit salt bridges (3.4 A) with H221 near residues K219 and R218.
These two critical residues have been previously reported to control the binding of PIP: to the
Kir2.1 channel, with the mutation R218Q abolishing such a binding (23, 34). Fig. S7 highlights
the cryo-EM density map quality for H221, E303, and R312 in the four Kir2.1 chains, with a
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local resolution of 3.7 A (Fig. S3).

The R312H mutation was modeled in the human Kir2.1 channel to understand its implication
in the interaction network described above. Arginine was changed to histidine using Chimera
software, followed by local energy minimization. The analysis of the interaction network
distances showed that the nitrogen atoms of the H312 imidazole ring were further away from
the nitrogen atoms of the H221 imidazole ring of the adjacent chain than the distances observed
in the WT structure (Fig. 5 and Fig. S6). Furthermore, all salt bridges involving E303 are lost
because the distances between O¢2 of E303 and nitrogen atoms from H312 and H221 increased
to 4.9-9.0 A. These data suggest that R312 helps coordinate the position of H221 and E303 side
chains to maintain the salt bridges established by E303 with the two other residues. The
mutation R312H abolishes this particular network of interactions.

4.4.9 Investigation of global motions of the Kir2.1 channel by normal mode

analysis

The first Kir2.2 channel crystal structures revealed significant structural differences between
the apo and PIP;-bound structures. In the apo-Kir2.2 crystal structure, the protein is observed
in an extended conformation, and the linker between CTD and TMD is disordered in the outer
region (a.a 57-70). On the other hand, in the PIP>-bound structures, this linker adopts a helical
conformation, and the CTD approaches the membrane’s inner surface, translating toward the
TMD by 6 A (7, 26). Similar results about PIP,-induced channel compaction were observed in
Kir3.2 cryo-EM structures (27). Furthermore, this compact structure has also been associated
with a gating conformational change (35). However, it is uncertain that PIP, binding could be
responsible for the movement of CTD toward TMD since the crystal structures of Kir2.2
(5KUM) and Kir3.2 (3SYO and 3SYP) have been obtained in the compact form without PIP»
(17). This suggests that large conformational movements are involved in the gating of this
channel. These large-scale conformational movements generally take place on nanoseconds to
microseconds time scale, often not reached in classical molecular dynamics simulations. Low-
frequency normal mode (NM) analysis is a relevant tool to overcome this limitation and
characterize these conformational movements and has been successfully used to describe
structural aspects of several proteins (36, 37). NM analysis was performed to assess whether
the lowest frequency modes would describe the channel’s compaction/extension movement in
the absence of PIP>. We calculated the first five lowest frequency modes as they are sufficient
to get the overall collective motions (38).

The longitudinal length of Kir2.1 (Fig. S8 left panel) was evaluated by the Ca-Co distance
between the most distal points of the structure: residues K117 (in the extracellular loop) and
E363 (lowest part of the C-terminal region). Tethering of the CTD to the TMD was assessed
by the Ca-Ca distance between D78, located in the slide helix at the interface between the
membrane and the CTD, and K219, located in the CTD; the latter has been identified as a PIP>
binding controller, being close to H221 (2). In the extended structure of the Kir2.1 channel
obtained here, the protein is seen to be 121 A long and has a D78/K219 Ca-Ca distance of ~15
A (Fig. S8 left panel). After the initial energy minimization necessary for the all-atom NM
calculation (constituting the reference structure), a slight decrease in the protein’s longitudinal
length and a slightly closer distance between the CTD and TMD were observed (Fig. S8 middle
panel). To better analyze the motions corresponding to the five lowest frequency modes, +3.0
A structural displacements were achieved along each of them. Then, the absolute value of the
longitudinal length difference between the two extremes of the displaced structures along each
of the mode vectors and the CTD-TMD tethering length were calculated.
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Mode 5 was the only NM for which the Ca K117/E363 and D78/K219 distances varied
cooperatively by at least 6 A between the displaced structures at +3 A and —3 A (Fig. S8 right
panel). A displacement of —3 A along the mode 5 from the energy-minimized reference
structure leads to a compaction of the entire protein down to 113 A and a reduction of Ca-Ca,
D78/K219 down to 9.7 A (Fig. 6). On the other hand, the reverse +3 A displacement leads to
an extension up to 121 A and to an increase of the Ca-Ca D78/K219 distance up to 15.8 A,
which are values close to those observed in the cryo-EM structure (Fig. 6A). These data show
that NM 5 was able to recover and describe the extension/compression conformational motion
of the Kir2.1 channel even without PIP2 (Fig. 6A; Video S1).

Modes 1 and 2 describe a swing motion that results in a lateral opening of the area located at
the interface between CTD and TMD in adjacent chains (Figs. 7 and S9, Videos S2 and S3).
Mode 1 describes a swing motion between chains B and C in this interface area and chains A
and D (Figs. 7A and S9A, Video S2). The extent of this motion was evaluated by the Ca-Ca
distance between R82 and K219 from adjacent chains (R82(B)/K219(C) and R82(D)/K219(A))
(Fig. S9A). A displacement of +3 A along the mode 1 from the reference structure leads to an
increase of Co. R82(B)/K219(C) distance of 5.1 A, and the reverse —3 A displacement leads to
a 1.8 A an increase of Ca R82(D)/K219(A) distance (Fig. S9A). K187 is a residue that interacts
directly with a PIP2 phosphate group (7) and is located in the central region of the inner loop
between TMD and CTD. We observed a significant increase in the solvent-accessible surface
area (SASA) of the residue K187 from chains B and D by 10.0 AZand 20.0 A2, respectively,
after applying +3 A displacements along the NM 1 (Fig. S9A). Mode 2 describes the same
swing motion as mode 1, but between chains A and B and chains C and D (Figs. 7B and S9B,
Video S3). Likewise, the Ca R82/K219 distances increase in the £3 A displaced structures
along the NM 2 (by 2.1 A and 5.8 A for R82(A)/K219(B) and R82(C)/K219(D) distances,
respectively) as well as the SASA of the K187 residues (by 13.7 A%and 15.3 A? for K187(A)
and K187(C), respectively) (Fig. S9B and Video S3). In conclusion, modes 1 and 2 may
describe an inherent movement of opening the PIP2 binding site in the four possible PIP>
binding sites available in the Kir2.1 structure. The residues involved in putative PIP2 binding
for Kir2.x (R80, W81, R82, K182, K185, K187, K188, R189, R218, and K219) (2) are shown
in Videos S2 and S3.

Finally, the motions referring to modes 3 and 4 can be seen in Videos S4 and S5; we do not
address them in detail.

To identify in our cryo-EM data sets the different conformational states described by NM
analysis, we followed the protocol described by Scheres et al. (39). The compression/extension
conformations, were observed when the particles from class 3 of the second 3D classification
round (blue box, Fig. S2) were submitted to 3D classification using local angular searches (Fig.
S10). This 3D classification provided two classes (classes 2 and 6; Fig. S10), which after 3D
refinement, resulted in maps with size-length of 120 A and 113 A (Fig. S10), values similar to
those observed along the +3.0 A structural displacements in NM5 (Fig. 6). Concerning the
lateral opening at the interface between CTD and TMD similar to that described by modes 1
and 2, we noticed that class 3 from the first round of 3D classification presented already this
feature (red box, Figure S2). This was confirmed when we submitted the particles of this class
to a 3D classification using local angular searches. In all classes resulting from this 3D
classification, it was possible to observe the lateral opening of the structure (Figure S11). This
interesting conformation can lead to increased accessibility of the PIP2-binding site, as
described by the NM1 and NM2 (Fig.7).




4.4.10 Investigation by MD simulations of local motions of residues K64
and R67

Residues K64 and K219 have been identified as constituting a secondary binding site, directly
interacting with non-specific anionic phospholipids (PL"). These positive allosteric regulators
increase the PIP; sensitivity by 10—100 fold (8, 9, 24). We studied the local motion of K64 (at
the N-terminal end of the slide helix) by carrying out molecular dynamics (MD) simulations on
the cryo-EM structure of Kir2.1 (extended conformation) embedded in a POPC lipid bilayer for
200 ns in triplicate. Snapshots of the K64 position during MD simulations show that this residue
can approach the membrane significantly in most of the chains and replicas. Moreover, for three
of the chains, we observed that K64 can enter the membrane (Figs. 8 and S12, Video S6). These
data support the previously proposed movement of K64 tethering to the membrane (9, 24),
which would be required for the PL™ binding to this secondary binding site. In addition, the
dynamics of R67 (in the vicinity of K64 and closer to the membrane) were also examined.
Snapshots of the R67 position along the MD simulations show that this residue can penetrate
the membrane for most of the chains and therefore gets significantly closer to the membrane
than K64 residue (Figs. 8 and S12, Video S5). The analysis of the distances between the K64
and R67 residues to the phosphate groups of the inner membrane shows that these residues
move toward the membrane (Figs. 8 and S12). Furthermore, this analysis also shows that K64
and R67 have similar trajectory profiles and may have inherent coupled local motions. Finally,
the Ca RMSD and Ca root mean square fluctuations (RMSF) from the MD simulations are
shown in Fig. S13. All three replicas exhibited Co. RMSD variation of less than 0.5 A in the last
50 ns of the MD simulations (Fig. SI3A). Ca RMSF analysis shows that extracellular loops
have the highest RMSF values in all four chains of the human Kir2.1 structure (Fig. S13B),
indicating a high level of backbone flexibility. On the other hand, G-loop exhibits low Ca
RMSF values, indicating a low level of backbone flexibility in this region.

4.5 DISCUSSION

4.5.1 Conducting ions and blocking ions compete for sites in the pore

Strong rectification of Kir2.1 has been attributed to two principal electronegative regions: D172
in the M2 helix (40) and E224/E299 below the G-loop (4/). The arrangement of residues is
essential for blockade because they create negatively charged rings in the channel pore, which
is crucial for the blocking and rectification of Kir2.1 channels (4). Mutations of these residues
decreased the affinity for blockers such as Mg?** and polyamines and reduced the intensity of
inward rectification (1, 42). Our data support these findings, as one of the Sr** blocking ions is
located in the TMD, below the selectivity filter near D172, and in the cytoplasmic domain near
E224 and E299 just below the G-loop (Fig. 2). Each site contains several negatively charged
carboxyl groups that create a strong electric field that easily accommodates multivalent cations.
St?* ions are used in electrophysiological experiments to promote the blockade of Kir2.1
channels (43). The Sr** blocker just below the selectivity filter is stabilized not only with the
negatively charged ring made of D172 but also with T142 (conserved in all Kir members)
located at the same distance as D172 (~6-7 A), which could help stabilize Sr** (Fig. 2).
However, this site is too wide (diameter of ~14 A) to ensure the direct coordination of a
dehydrated ion in the center. The Sr** ions at the center of the site should most likely interact
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with D172 and T142 through bridging water molecules. The second Sr**, just below the G-loop,
is stabilized by the negatively charged residues E224 and E299. In addition, the backbone
carbonyl group of A306 is closer to the Sr** than the other negatively charged groups (Fig. 2).
Interestingly, A306 is conserved only in the Kir2 subfamily (the strongest rectifiers) and KirBac
(1.1 and 3.1). But, again, the pore diameter is too large (diameter of ~13 A) to allow direct
coordination; presumably, bridging with water molecules seems important. The presence of
blocking ions could influence the conformation of the pore and, in particular, the radial size of
the selectivity filter, which is very narrow (less than 0.5 A in diameter, Fig. 3) and cannot
accommodate a K ion whose diameter is 2.67 A when dehydrated (44).

Another di-aspartate cluster (D255/D259) has been described as important in determining the
extent of inward rectification of the Kir2.1 channel (20). Multivalent blocking ions can occupy
this site. For instance, the chicken Kir2.2 channel structure shows an Sr** ion in this position
(D256) when the crystals were grown in the presence of Sr?* (26). In our case, we identified
one K" ion at this position, which suggests that conducting and blocking ions may compete for
the same sites in the pore. The high concentration of KCI present in the buffer for cryo-EM
analysis (150 mM) probably favors the occupation of this site.

4.5.2 Inherent local and large-amplitude motions of the human Kir2.1

channel structure may describe the mechanism of CTD tethering to
TMD

It has been suggested that the PIP, binding displaces the CTD by approximately 6 A in Kir2
and Kir3 channels: the CTD becomes tethered to the TMD, resulting in a compacted shape of
the channel (from 120 to 114 A longitudinally) (7, 27) (3SPI and 6XIT). However, some apo-
Kir2.2 and apo-Kir3.2 crystal structures exhibited a compact conformation even in the absence
of PIP, (17, 24) (3SYO and 5KUM). The 5% lowest frequency NM describes the
extension/compression conformational motion of the human Kir2.1 channel (Fig. 6 and
Video S1) and shows that the Kir2.1 longitudinal length can vary from 121 A (extended
form) to 113 A (compact form) as the CTD moves closer to the TMD in the compact form
of the channel (Fig. 6 and Video S1). These conformation states were also found on cryo-
EM experimental data (Fig. S10). These findings demonstrate that
extension/compression movement is a natural large-amplitude motion of the Kir2.1
channel and that its compact form can be achieved even in the absence of PIP». In addition,
the PIP; binding sites can be more accessible due to a swinging movement that results in
alateral opening at the interface between CTD and TMD described in modes 1 and 2 (Figs.
7 and S9 Videos S2 and S3). Interestingly, protein conformations presenting this lateral
opening with various amplitudes were identified in our cryo-EM study (Fig. S11).

Using MD simulations, we then investigated the motions of residue K64, which is part of
the secondary binding site (9, 24). We recovered its tethering motion to the membrane
and demonstrated that R67, in a coupled local movement with K64, can penetrate the
membrane (Figs. 8 and S12, Video S5). Note that the conformation of Kir2.1 remained in
its extended form along the MD simulations. The movement of K219, also considered part
of the secondary binding site (9) and pointed out to be PIP2- binding controller (2), toward
the membrane is noticed during normal mode analysis (large movements, Fig. 6 and Video
S1), but not in MD simulations.

Altogether, our observations support the intrinsic Kir2.1 compaction and an inherent opening
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of the PIP; binding site in the absence of PIP;. The former large conformational movement
could possibly be initiated by the local movements of K64 and R67 residues into the membrane.
Therefore, PIP> binding would not induce the compact conformation but would instead stabilize
the compressed state.

4.5.3 Central role of the G-loop in the gating and mechanism for releasing

the constriction point

Previous studies have supported a functional role of the G-loop region. For instance,
endogenous miRNAs could physically bind to Kir2.1 at the G-loop, modulating cardiac
electrophysiology (45). In addition, two residues in the G-loop, E303 (20) and C311 (46), are
important for channel conductance and gating.

The crystal structure of the CTD domain of mouse Kir2.1 R218Q/T309K (2GIX) (30) indicated
a possible role of two salt bridges, E303/R312 and R218/T309, for G-loop gating. MD
simulations from Li et al. suggest that G-loop gating may be regulated by three pairs of weak
electrostatic interactions (E303-H221, H221-R189, and E303-R312)(47).

Previous studies by Pegan et al. describe the G-loop as an intrinsically flexible region (20). Our
structural comparison of the human and mouse Kir2.1 shows that the G-loop backbone exhibits
a similar conformation in both structures. In addition, MD simulations indicate that the G-loop
adopts a rigid structure in the closed conformation without PIP. (one of the lowest RMSF values,
Fig. S13). Both mouse and human Kir2.1 structures exhibit a constriction point in the G-loop
at residue A306. Although we showed that the G-loop is rigid in the absence of PIP2, it must
undergo a conformational change in order to release the constriction point and gate.

Here, we demonstrated by SPR experiments on Kir2.1 WT and its R312H mutation counterpart
that residue R312 does not significantly alter the affinity of human Kir2.1 for PIP>. Nonetheless,
electrophysiological recordings clearly showed that the Kir2.1 R312H mutant channels could
not open despite binding PIP,. These data indicated that binding of PIP> to Kir2.1 alone is
insufficient to induce channel opening, emphasizing the requirement for structural signal
transmission of PIP>-binding at gating.

Structural analysis of R312 in the human Kir2.1 cryo-EM structure shows that this residue is
involved in a strong network of inter-subunit interactions (salt bridges and like-charged contact
pairs) with residues H221 and E303 (on G-loop, close to the A306 constriction point), both on
the adjacent chain. Our studies highlight the relevance of the structural integrity of E303-
mediated salt bridges with R312 and H221 for proper G-loop gating. These findings support
the previous work of S. Pegan et al. (27) and of J. Li et al. (45) with significant differences: i)
where Li et al. found weak interactions (E303-H221 and E303-R312) on the Kir2.1 modeled
structure, we found strong interactions. In addition, they observed the weak interaction H221-
R189, which we have not identified because both side chains are far away in our cryo-EM
structure (separation distance > 10 A). ii) the R218/T309 salt bridge described in Pegan et al.’s
work is not seen in our structure; because the distance between the two side chains in the human
Kir2.1 channel cryo-EM structure is too large to allow any interaction (> 12 A).

In conclusion, our human Kir2.1 channel cryo-EM structure describes a well-connected
interaction network between the PIP2-binding site residues, R218 and K219, and the G-loop
region (E303) via residues R312 and H221. Our data suggest that the conformational changes
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required for the G-loop opening are most likely controlled by PIP,-binding. The replacement
of R312 with histidine leads to a complete loss of the interaction network described above.
Therefore, the interaction network integrity between subunits seems necessary for the proper
allosteric transmission of the signal between R312 and the G-loop of the adjacent subunit upon
PIP2 binding, which possibly allows the release of the constriction point on the G-loop. We can
then hypothesize a PIP>-dependent G-loop gating mechanism that consists of the following:
PIP2 binding triggers local conformational changes in the position of the side and main chains
of R218 and K219, which, due to the structural proximity, lead to significant changes in the
position of H221, displacing it laterally toward the intracellular medium. This movement would,
in turn, cause E303 and R312 of the adjacent chain to move in the same direction, causing the
G-loop to open. This, of course, needs to be confirmed by detailed experiments. Finally, the
results regarding R312H mutation indicate a direct involvement of an AS-causing mutation in
the G-loop gating of the Kir2.1 channels.

4.6 MATERIALS AND METHODS

4.6.1 Protein expression

Protein expression was handled according to Hartmann et al. (48). Briefly, the synthetic KCNJ2
genes encoding residues 1 to 427 (the whole sequence Uniprot reference P63252) of human
Kir2.1 WT and R312H mutant were cloned in a pPICIK vector upstream of a sequence coding
for a PreScission protease cleavage site (LEVLFQGP) followed by a linker of 11 amino acids
and a 10His tag. The plasmids were introduced in Pichia pastoris strain SMD1163 (his4, pep4,
prbl), and the resulting colonies were further analyzed via an in situ Yeastern blot
immunoassay in order to identify the best expressing clones. For protein production, a freshly
streaked colony was grown overnight in BMGY (1% (w/v) yeast extract, 2% (w/v) peptone,
1.34% (w/v) yeast nitrogen base without amino acids, 1% (w/v) glycerol, and 0.1 M phosphate
buffer at pH 6.0) at 30 °C with shaking at 250 rpm until an OD600 of 3-5. Expression of the
recombinant Kir2.1 was induced with methanol by transferring yeast cells ina BMMY medium
(1% (wl/v) yeast extract, 2% (w/v) peptone, 1.34% (w/v) yeast nitrogen base without amino
acids, 0.5% (v/v) methanol, and 0.1 M phosphate buffer at pH 6.0) and incubating them for
about 20 h at 22 °C. Cells were harvested by centrifugation, washed in PBS buffer (pH 7.4),
and stored at —80 °C until use.

4.6.2 Protein purification

To purify, the Kir2.1 WT and Kir2.1 R312H cells were resuspended in buffer A (50 mM Tris-
HCI pH 7.4, 200 mM KCI, 1 mM EDTA, 1 mM PMSF) and protease inhibitor cocktail tablets
(Roche and Merck). Cells were first incubated with 20U Zymolase 20T (Amsbio) per gram of
pellet for 15 min at room temperature, then ruptured using a Constant System Cell Disruptor
or, better, a FastPrep 24 (MP Biomedicals). Cell debris was removed by a 5 min centrifugation
at 4,000xg, 4 °C. The supernatant was collected and centrifuged for 30 min at 100,000xg, 4 °C
to collect crude membranes. The pellet was subsequently resuspended in buffer B (50 mM Tris-
HCI pH 7.4 and 150 mM KCI), and the membrane proteins were solubilized by addition of 29.3
mM DDM (1.5% n-Dodecyl-D-maltoside, Glycon) for 30 min at room temperature with
stirring, and then centrifuged for 30 min at 100,000xg at 4 °C. Supernatant was added to pre-
equilibrated (50 mM Tris-HCI pH 7.4, 150 mM KCI, 30 mM imidazole, 0.03% DDM) 1 mL
cobalt affinity resin (TALON, Clontech) at 4 °C incubated for 45 min. The protein was eluted
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with an increasing concentration of imidazole. After the addition of 5 mM DTT, the eluted
protein was concentrated on 100 kDa cutoff Vivaspin concentrator, filtered through 0.22 uM
pore size PES membrane, and injected on a superdex-200 size exclusion chromatography
column Increase 10/300 GL (Cytiva) pre-equilibrated with buffer C (20 mM Tris-HCI pH 7.4,
150 mM KCI, 0.03%/0.59 mM DDM, 1 mM EDTA) using the Akta Purifier system (Cytiva).
Fractions corresponding to the tetramer were pooled, added 2 mM DTT, and concentrated to
reach about 0.7-1 mg/ml concentration

4.6.3 Surface plasmon resonance (SPR)

The interaction between Kir2.1 and the lipid PIP2 was characterized by SPR on a Biacore™
3000 instrument (Cytiva) controlled by Biacore 3000 Control Software v4.1. All biosensor
experiments were performed in triplicate at 25 °C using the running buffer (20 mM Tris-HCI
pH 7.5, 150 mM KCI, 0.05 mM EDTA, 0.05% DDM). In all experiments, a flow cell was left
blank to be used as a reference for the sensorgrams. Kir2.1 (WT/R312H) was immobilized onto
a carboxymethylated dextran (CM5) sensor chip. The activation of CM5 chips and
immobilization of the protein steps were done using standard Biacore procedures (Flow: 10
pL/min, Contact time: 7 min, Protein concentration: 25-50 nM). Briefly, the CM5 chip was
activated by amine coupling by injecting 0.2 M N-ethyl-N’-(3-dimethylaminopropyl)
carbodiimide (EDC) and 0.05 M N-hydroxysuccinimide (NHS). For immobilization, the
protein was diluted to 25-50 nM using sodium acetate pH 4.0-4.5, and saturation was achieved
with 1 M ethanolamine HCI pH 8.5 (Cytiva).

The binding and kinetic assays were performed using single-cycle kinetics (SCK). PIP, was
serially diluted in running buffer to working concentrations (0.15 to 20 uM). For each cycle,
PIP2 was injected at increasing concentration with a 5 pL/min flow over both the reference cell
and the ligand cell. Before the first PIP injection, a running buffer was injected and used as a
double reference. Each injection consisted of 300 s contact time with 300 s dissociation time.
No regeneration step was done between injections, as these buffers were detrimental to Kir2.1.
The data were analyzed using BIA evaluation Software 4.1, and kinetic parameters were
determined using General Fit and the titration kinetics 1:1 binding with drift model. The
association and dissociation rate constants, kon and Kofr, respectively, and the dissociation
constant (Kp), were determined directly from the fitted curves.

4.6.4 Functional reconstitution of Kir2.1 WT and R312H mutant in lipid
bilayer

Kir2.1 (WT and R312H) protein purified in DDM detergent (0.03%) was added to the upper
chamber (150 uL) to a preformed bilayer. The Orbit mini apparatus was used (Nanion,
Germany, horizontal planar lipid bilayer system), with two chambers separated by a partition
with a 100 um hole where the lipid bilayer is formed by 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC,10-30 pF). The upper and lower chambers contained 150 mM KCl,
10mM MOPS, pH 7.4. Currents were recorded using Elements Data Reader (Nanion,
Germany) and analyzed using Clampfit (Molecular Devices, CA, USA) software, sampled at
100 ps, and filtered at 1.25 kHz. The recording was performed at 24 °C using a Nanion
temperature control unit.




4.6.5 Sample preparation and cryo-EM data collection

Negatively-stained electron microscopy showed good homogeneity and optimal distribution of
a K* channel molecule. After optimizing the cryo grid preparations, quantifoil (1.2/1.3) Cu 300
mesh grids with a thin carbon layer were glow discharged for 25 s prior to sample freezing. 3
pL of Kir2.1 at 0.6 mg/ml concentration were placed on the grid, blotted for 3.0 s, and flash-
frozen in liquid ethane using a Vitrobot Mark Il (Thermofisher) operated at 4 °C and 100%
humidity. The EM data collection statistics are available in Table S2. A total of 9,895
micrographs were collected on a Titan Krios G3 microscope operated at 300 kV equipped with
a K3 direct electron detectors and a bioquantum/K3 energy filter (Gatan Inc.). The automation
of the data collection was done with the software EPU. Movies were recorded in electron-
counting mode using exposures of 4 s dose-fractionated into 36 frames with a dose rate of
1.7139 electrons/A?, resulting in a total dose of 61.7 electrons/A. A defocus range of —1.2 to
—2.8 um was used. The pixel size was 0.86 A/pixel.

4.6.6 Cryo-EM data processing

After a visual inspection to remove poor quality micrographs (containing ice contamination,
thick ice, low contrast, abnormal background), a total of 7,188 micrographs were selected for
further cryo-EM data processing. The movies were motion-corrected and dose-weighted using
MotionCor2 (49), and contrast function parameters (CTF) were estimated using CTFFIND4
(50). A total of 1,031,472 particles were automated picked using SPHIRE-crYOLO (57) and a
trained network of about 2,000 particles. The image processing was then performed using
RELION (52, 53). The extracted particles were binned 4 times and subject to one round of 2D
classification. A total of 837,808 particles were extracted (no binned) from 45 2D-class averages
and subjected to 3D Initial Model ab-initio construction using C4 symmetry. Then, the obtained
3D initial model was submitted to three rounds of 3D classification, the first two using C1
symmetry and the last one using C4 symmetry. The best class from the last round of 3D
classification contained 63,584 particles. After the creation of mask to masking out the
detergent layer, the map resulted from this class was refined using 3D Auto-Refine using C4
symmetry with decreasing values of initial angular sampling and local searches from auto-
sampling, being the final map obtained using 1.8 and 0.5 degrees, respectively. The resolution
of the final map is 4.3 A (gold-standard FSC= 0.143). This final map was subjected to
handedness correction and B-factor map sharpening using the Auto-sharpen tool available in
the PHENIX software suite (54). Fig. S2 shows the complete cryo-EM processing workflow.
Cryo-EM data collection information is summarized in Table S2.

4.6.7 Model building and refinement

An initial in silico homology model of human Kir2.1 was generated using I-TASSER (55) and
the crystal structure of the chicken Kir2.2 channel (3JYC) (26) as a template. For building and
refinement of the atomic model, the TMD (55-184 region) of this in silico model was placed
into the final sharpened cryo-EM map using the Dock in Map tool available in PHENIX (54).
For the CTD (188-367 region), the crystal structure of the CTD from mouse Kir2.1 channel
(1U4F) (20) was placed into the final cryo-EM map using the same approach. Once the models
were placed in the cryo-EM density map, the loops that connect the two domains (185—-187
region) and an N-terminal loop (41-54 region) absent in the in silico model were manually built
using Coot (56). Visual inspection of the cryo-EM density map revealed that it was also possible
to manually build a fraction of the N-terminal region that reaches the CTD (41-54 region).
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After these manual builds, several iterative cycles of refinement using the
phenix.real space refine in PHENIX with secondary structure restraints and manual
adjustments in Coot provided the final cryo-EM model for the human Kir2.1 channel.
Refinement statistics are summarized in Table S2. All figures were generated using Chimera,
ChimeraX, PyMOL, and VMD software.

4.6.8 R312H mutation modeling

The R312H mutation was modeled on the human Kir2.1 channel cryo-EM structure by
replacing the arginine residue with the most likely rotamer of histidine in the Chimera software.
Next, local energy minimization was performed using Chimera (around 6.5 A of the modeled
histidine, keeping other protein atoms fixed) using 1,000 steepest descent steps (0.02 A step
size), 20 conjugate gradient steps (0.02 A step size), and the AMBER ff14SB force field. After
energy minimization, no clashes and bad contacts were observed between the modeled histidine
and its vicinity.

4.6.9 Normal mode analysis

The first five internal lowest frequency modes of the entire Kir2.1 channel structure were
obtained by carrying out all-atom NM calculations using a physical force field. The protein was
first energy minimized in vacuum to a low energy gradient of 1076 kcal x mol x A™* by applying
10,000 conjugate gradient (CONJ) steps, followed by 100,000 adopted basis Newton-Raphson
(ABNR) steps by using the CHARMM36m force field (57). Electrostatic interactions were
calculated with a distance-dependent dielectric constant. The NMs were calculated using the
DIMB diagonalization method (58) in CHARMM under the same force field parameters as
those described previously for initial energy minimization.

Two outer structures were generated for each mode, one corresponding to a structural
displacement of 3.0 A RMSD along the mode with respect to the minimum energy structure
and the other in the inverse direction with the same RMSD value. These outer structures were,
in turn, energy minimized by applying an umbrella potential to maintain their positions along
the modes. CHARMM’s VMOD module was applied to generate these structures. In addition,
intermediate structures between —3.0 A and 3.0 A RMSD were also generated by steps of 0.1
A to make the video animations for each mode. The first six NMs were not taken into account
as they are rigid-body overall modes (three rotations and three translations). Thus, the five NMs
described here refer to modes 7-11, but they were renumbered from 1 to 5.

4.6.10 Molecular dynamics (MD) simulations

The structure of the human Kir2.1 channel was subjected to MD simulations using NAMD
software (59) under the CHARMM36m force field. All preparation steps were performed using
CHARMM-GUI server (60). The Kir2.1 channel was embedded in a lipid bilayer containing
176 POPC molecules, with a size of 80 A in the x and y directions. The complete system has
box dimensions of 106.8 x 106.8 x 165.1 A and contains 44,276 molecules of water and 246
neutralizing ions. The KCI concentration was 0.15 M. The system was heated and equilibrated
in the standard equilibration protocol suggested by CHARMM-GUI developers, gradually
decreasing protein and membrane atomic positional restraints during a duration of 2 ns. Finally,
the production run was performed without any positional restraints for 200 ns in triplicate. The




distances between the K64 and R67 residues to the plane of the phosphate groups from the inner
membrane were calculated, with the inner membrane centered at Z=0.

Accession numbers: PDB 7ZDZ and EMD 14678
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Fig. 1 Cryo-EM map and atomic structure of the human Kir2.1 channel. (A) Sharpened
cryo-EM map of human Kir2.1 obtained at 4.3 A resolution (bottom, side, and top views). (B)
Side view of human Kir2.1 atomic structure fitted in the cryo-EM map (white surface). The
chains A and C are in cartoon and highlight the typical structural features of Kir channels:
Outer helix (M1, yellow), inner helix (M2, cyan), pore helix (dark blue), slide helix (red),
selectivity filter (magenta), extracellular region (light blue), G-loop (black) and helix bundle
crossing (HBC) region. The Sr?* (green) and K* (purple) ions inside the pore channel are
represented as spheres. Chains B and D are in gray ribbons for clarity. Gray horizontal bars
indicate the plasma membrane. The TMD and CTD are indicated. (C) Top view of the human
Kir2.1 atomic structure fitted in the cryo-EM map. The four chains (A, B, C, and D) are in a
blue cartoon. The cysteine residues (C122 and C154) involved in the intra-subunit disulfide
bridge are highlighted as red sticks. Protein dimensions are shown.
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Fig. 2 Ions’ location along the pore in the human Kir2.1 channel cryo-EM structure. Cryo-
EM densities modeled as Sr?* (blue mesh at 5 6) and K* (green mesh at 2.5 6) ions inside the
pore of human Kir2.1 cryo-EM atomic structure (blue ribbon). Insets: detailed views of the
regions where the ions are located. The distances between these ions and the negatively charged
atoms of the closest residues (yellow sticks) inside the pore channel are indicated.




A

Selectivity ’
filter ]
FERSe————

1176 ——
M180

AR

%Sr2+

—— 7

g

e ———
Lo Lo b b b ba ba b b b o I
0 05 1 15 2 25 3 35 4 45 5 55 6

Pore radius (/o\)

UONDAIIP IB[N[[3JRNUI 0] IR[N[[3RNXT

C
Human Kir2.1 Chicken apo-Kir2.2 (3JYC) Mouse apo-Kir3.2 (3SYO)
Selectivity filter } Selectivity filter i Selectivity filter =

"5* o ‘r._\ A

1176 7 177§

mis0 © £
'Qa : ?\'; g}m’;

A306 “ &
piy &
£ £l £
<) L £

Fig. 3 Pore radius analysis of human Kir2.1 channel structure and constriction points. (A)
Plot of the pore radius between van der Waals surfaces. The constriction points (selectivity
filter, 1176, M180, and A306) and the position of the two Sr?* ions are highlighted. (B) Three
constriction points below the selectivity filter: 1176 (yellow sphere), M180 (orange sphere), and
A306 (purple sphere). Chains A and C are in light blue and green cartoons, respectively. Chains
B and D are in gray ribbons for clarity. Sr** (blue) and K* (red) ions are represented as spheres.
The insets show the zoom of the three constriction points, where the spheres represent the van
der Waals surfaces. (C) Comparative analysis of pore radius (stippled surface) between van der
Waals surfaces among human Kir2.1, chicken Kir2.2, and mouse Kir3.2 channel structures
(light gray ribbons). Along the central ion conduction, red: insufficient space for a water
molecule, green: one or two water molecules could fit, and blue: many water molecules could
fit. Constriction points were considered where the red volume was visualized. Horizontal dashes
were placed to compare the constriction points in human Kir2.1, apo-Kir2.2, and apo-Kir3.2
pore channels. Molecular graphics images were prepared with VMD. Pore radius was analyzed
using the HOLE software.
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Fig. 4 Biophysical and functional assays on Kir2.1 WT and R312H mutant. (A-B)
Comparative binding kinetics of PIP2 on Kir2.1 WT (A) and R312H mutant (B) immobilized
on a CM5 chip. Five sequential injections of PIP2 are shown, 1.25-20 pM, at 25 pL/5min. In
color, experimental data; in black, fitted curve. The single-cycle kinetics assays were carried
out in triplicate; only one replica is shown. The SPR response is expressed in response units
(RU) relative to the time in seconds. (C-D) Electrophysiological recordings of Kir2.1 WT (C)
and R312H (D) reconstituted in lipid bilayers in the presence of 1% PIP, at =100 mV. Kir2.1
WT shows an open probability (Po) of 70%, and Kir2.1 R312H has a Po of less than 1%.
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Fig. 5 Interaction network between R312, H221, and E303 residues in the human Kir2.1
channel cryo-EM structure. Cartoon representation of the human Kir2.1 channel cryo-EM
structure highlighting (inside the circle) the location of the R312 residue. The insets show the
intersubunit interaction network of R312 in the WT (top) and that of H312 in the R312H mutant
(bottom) between chains A and B. The chains A, B, C, and D are shown in green, blue, gray,
and yellow, respectively. Residues R218, K219, H221, E303, and A306 are represented as
yellow sticks. The chains are indicated in parenthesis. Salt bridge distances are highlighted in
red dashes and the other distances in black dashes.
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Fig. 6 Description of extension/compression conformational movement of the human
Kir2.1 channel using normal mode analysis. (A) Ribbon representation of the human Kir2.1
cryo-EM structure after displacement of —3 A (green; compacted structure) and +3 A (blue;
expanded structure) along mode 5. The longitudinal length and the Ca-Ca distance between
residues D78 and K219 (represented by spheres) are indicated in A. (B) Description of the
compression movement on the cartoon representation of the human Kir2.1 structure (cyan). Red
arrows show Co. displacement from the reference structure toward the =3 A compacted structure
along the mode 5. Orange spheres represent D78 and K219. Gray horizontal bars indicate
plasma membrane boundaries.
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Fig. 7 Description of the opening of the PIP2 binding site of the human Kir2.1 channel
using normal mode analysis. (A-B) Description of the conformational movement on the
cartoon representation of the human Kir2.1 structure. Chains A, B, C, and D in cyan, orange,
green and yellow, respectively. Red arrows show Ca displacement from the reference structure
toward the displacement of +3 A and —3 A along the modes 1 (A) and 2 (B).
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Fig. 8 Tethering of K64 and R67 to the membrane displayed in molecular dynamics
simulations. (A) Human Kir2.1 cryo-EM structure and membrane (POPC bilayer) system used
in MD simulations. The Kir2.1 channel structure is represented in a green cartoon, and the
residues K64 and R67 of chain B are highlighted. (B-E) show the trajectories analysis of the
K64 and R67 residues along the 200 ns of MD simulations in some representative chains of the
three replicates. In each of these panels, snapshots along MD simulations are shown: 0 ns
(green), 50 ns (cyan), 100 ns (magenta), 150 ns (yellow), and 200 ns (salmon). K64 and R67
residues are highlighted in sticks. (B-E) show the distances between the K64 and R67 residues
to the plane of the phosphate groups from the inner membrane. To calculate these distances, the
inner membrane was centered at Z=0. The 0 value represents the membrane level. (B) Chain B,
replica 2. (C) Chain D, replica 1. (D) Chain B, replica 3. (E) Chain D, replica 2.




4.9 SUPPLEMENTARY MATERIALS
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Fig. S1.

Sample preparation. Gel-filtration profile of human Kir2.1 obtained on a Superdex 200 10/300
column with absorbance measured at 280 nm at 0.3 mL/min in 0.5 mL fractions. Analysis of
SDS-PAGE (insert left) and Western Blot detection using anti-His antibodies (insert right) show
one band at 50 kDa, corresponding to Kir2.1 monomer. The sample has been identified by LC-
MS/MS.
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Fig. S2. Data processing workflow for the single-particle cryo-EM analysis of the human
Kir2.1 channel. All steps to obtain the final cryo-EM map of the human Kir2.1 channel at 4.3
A resolution are shown, including the number of particles presented in all steps, the maps
from all classes obtained in the three rounds of 3D classification and the symmetry applied.
Red and blue squares indicate the classes whose particles were subjected to a round of 3D
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classification using fine angular searches to assess the structural heterogeneity of the particles
(see Figs. S9 and S11). The insets show a representative micrograph obtained at Titan Krios
G3 microscope operated at 300 kV equipped with a K3 direct electron detectors and a
bioquantum/K3 energy filter and representative 2D-class averages of the particles showing the
most frequent views.
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Fig. S3.

Data of human Kir2.1 cryo-EM structure. (A) Fourier shell correlation (FSC) curves. The
resolution of the final cryo-EM map was estimated by the half-maps FSC curve (orange curve)
using the “gold-standard” cutoff value (0.143). The map vs. model curve is also shown (cyan
curve) and the resolution was estimated using the recommended cutoff value (0.5). (B) Local
map resolution calculated using Phenix. Some important regions of the protein (PIP2-binding
site, G-loop and the residue R312 and its vicinity) that present a local resolution between 3.7 -
3.8 A are indicated.
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Fig. S4.

Representation of the disease-associated mutations in the structure of the human Kir2.1.
Loss-of-function mutations associated with Andersen’s syndrome (red) and gain-of-function
mutations associated with short QT syndrome, atrial fibrillation, and autism spectrum disorders
(green) are highlighted on a single subunit of the structure of the human Kir2.1 protein. Del is
for deletion. Mutations R40X, S369X, T400M, and N410S are not represented here because the
Kir2.1 structure covers only residues from 42 to 366.
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Fig. S5.

Structural comparison between Kir2.1 and Kir2.2 structures. Ca atoms superposition
between the human Kir2.1 channel cryo-EM structure and crystal structures of mouse
Kir2.1 CTD (1U4F) and chicken Kir2.2 (in the absence and presence of PIP2; 3JYC and 3SP],
respectively). (A) Ca atoms superposition of TMD and extracellular region (a.a 72-182)
between the four chains of human Kir2.1 channel. (B) Ca atoms superposition of TMD and
extracellular region (a.a 72-182) between the chain A of human Kir2.1 channel cryo-EM
structure and one chain of crystal structures of chicken Kir2.2 in the absence and presence
of PIP2. The chains B, C, and D of the human Kir2.1 channel are also represented. The
extracellular region and the typical features of TMD (M1 and M2 helices, selectivity filter
and slide helix) are indicated. (C) Ca atoms superposition of CTD (a.a 192-364) between
the four chains of human Kir2.1 channel. (D) Ca atoms superposition of CTD between the
chain A of human Kir2.1 channel cryo-EM structure and the four chains of the crystal
structure of mouse Kir2.1 CTD. The regions with the highest RMSD are indicated (a.a281-
291, a.a 330-340, and C-terminal end). The G-loop is also indicated.
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Fig. S6

Impact of the R312H mutation on the human Kir2.1 channel structure. (A)
Intersubunit interaction network of R312 in the WT (top) and that of H312 in the R312H
mutant (bottom) between chains B and C. (B) idem for chains C and D. (C) idem for chains
D and A. The chains A, B, C, and D are shown in green, blue, gray, and yellow, respectively.
The chains are indicated in parenthesis. Residues R218, K219, H221, E303, and A306 are
represented as yellow sticks. Salt bridge distances are highlighted in red dashes and the
other distances in black dashes.
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Fig. S7

Electron density maps of the residues R312, E303, and H221 in the human Kir2.1
cryo-EM structure. The residues are shown as yellow sticks, and the chains A, B, C, and
D are in green, blue, gray, and yellow cartoons, respectively. The respective chains are
indicated in parenthesis. Maps at 4 o.
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Fig. S8 Contribution of normal modes to extension/compression movements and tethering of
the CTD to the TMD. Left panel: human Kir2.1 cryo-EM structure 121 A long (gray ribbon).
Residues D78 and K219 are shown as spheres and the Ca-Ca distance is indicated. Middle
panel: reference structure after energy minimization, used for NM calculation. Ca-Ca distance
of residues D78 and K219 is indicated. Right panel: Mode 5 was the only NM in which both
Ca K117-E363 (red bars) and D78-K219 (black bars) distances were reduced by at least 6 A
(dashed line) between the calculated structures after +3 A and —3 A RMSD displacement
along the NMs.
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Fig. S9 Contribution of normal modes to opening of the PIP; binding site in the human Kir2.1
channel. Ribbon representation of the human Kir2.1 channel cryo-EM structure after +3 A
RMSD displacement along the modes number 1 (panel A) and 2 (panel B). The reference and
the displaced structures are shown in green and orange, respectively. The residues R82, K187,
and K219 are shown in sticks. The lateral graphs display the solvent accessible area (SASA)
of K187 and the Ca-Ca distance between R82 and K219 residues from adjacent chains over
+3 A RMSD displacement along the modes 1 and 2. Gray horizontal bars indicate plasma
membrane boundaries.
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Fig. S10 3D Classification of the particles from the class 3 of the second round of
3D classification (see Fig. S2) using fine angular searches. The maps and the number
of particles for the six classes obtained in this 3D classification are shown. The maps of
two of these classes were subequently subjected to 3D Auto-Refine and after detergent
masking, handness correction and sharpening provided two different maps that
illustrates the compact and the extended conformations of the Kir2.1 channel (size in
length of 113 A and 120 A, respectively).
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Fig. S11. 3D Classification of the particles from the class 3 of the first round of 3D
classification (see Fig. S2) using fine angular searches. The maps and the number of particles
for the six classes obtained in this 3D classification are shown.
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Fig. S12. K64 and R67 tethering to the membrane emerging from molecular dynamics
simulations. Analysis of the 200 ns MD trajectories concerning K64 and R67 residues in the
four chains in the three replicates. In each of these panels, snapshots at different times along
the MD simulations are shown: 0 ns (green), 50 ns (cyan), 100 ns (magenta), 150 ns (yellow),
and 200 ns (salmon). K64 and R67 residues are highlighted in sticks. These panels also
contain the distances between the K64 and R67 residues to the plane of the phosphate groups
from the inner membrane. To calculate these distances, the inner membrane was centered at
Z=0. The 0 value represents the membrane level.
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Fig. S13. Root mean square deviation (RMSD) and root mean square fluctuation (RMSF)
analysis of MD simulations of the human Kir2.1 cryo-EM structure. (A) Ca RMSDs of the
protein in the three 200 ns long MD replica trajectories. Replica 1, 2, and 3 are shown in
black, red, and green, respectively. (B) Ca RMSF of the residues from one representative
replica (Replica 3) MD trajectory. Chains A, B, C, and D are shown in black, red, green, and
blue, respectively. The most important structural regions, and the regions that present high
RMSF values are indicated.




Surface Plasmon Resonance controls and supplementary experiments
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Fig. S14. Activation of CM5 sensor chip with NHS/EDC and immobilization of Kir2.1 WT. 50
mM Kir2.1 (in sodium acetate pH 4.5) was injected at 50 puL/5 min. The surface chip was
saturated with ethanolamine pH 8.
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Fig. S15. Activation of CM5 sensor chip with NHS/EDC and immobilization of Kir2.1_R312H.
50 mM Kir2.1 (in sodium acetate pH 4.5) was injected at 50 uL/5 min. The surface chip was
saturated with ethanolamine pH 8.
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Fig. S16. Negative control: Comparative binding of PIP2 on Kir2.1 WT and Ferritin on CM5
chip. 20 pM PIP2 was injected at 25uL/5min. PIP2binding is specific to Kir2.1 as no PIP, bound
to Ferritin.
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Fig. S17. Comparative binding of PIP, on Kir2.1 WT at different concentrations on a CM5
sensor chip.
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Fig. S18. Activation of NTA sensor chip with NiCl, and immobilization of Kir2.1 WT. 50 mM
Kir2.1 was injected at 50 pL/5 min. The surface chip was saturated with ethanolamine pH 8.

Response (RU)

10

-500

0

500 1000 2000 3000 4000

Time (s)

Fig. S19. Binding kinetics of PIP2 on Kir2.1 WT on an NTA sensor chip. Five sequential
injections of PIP2 are shown, 0.312-5 pM, at 25 pL/5min. In color, experimental data; in black,
fitted curve. The single-cycle kinetics assays were carried out in duplicate; only one replica is
shown. The SPR response is expressed in response units (RU) relative to the time in seconds.
The Kp determined 2.54 + 1.45 uM, consistent with that observed with CM5 surface chip.




Table S1.

Ca superposition between various Kir2 channel structures

(A) Superposition of TMD. Pairwise superposition of TMD between chains of human Kir2.1
cryo-EM structure, chicken apo-Kir2.2, and PIP>-Kir2.2 crystal structures (3JYC and 3SPI,
respectively). (B) Superposition of CTD. Pairwise superposition of CTD between chains of
human Kir2.1 cryo-EM structure and mouse CTD Kir2.1 crystal structure (1U4F). (C)
Superposition of G-loop. Pairwise superposition of G-loop (300-315 region) between chains
of human Kir2.1 cryo-EM structure and mouse CTD Kir2.1 crystal structure (1U4F). Root mean
square deviation (RMSD, A) of Ca atoms.

Human Kir2.1 - Chain A
Human Kir2.1 - Chain B
Human Kir2.1 - Chain C
Human Kir2.1 - Chain D

Chicken apo-Kir2.2 (3JYC)
Chicken PIP,-Kir2.2 (3SPI)

Human Kir2.1 - Chain A
Human Kir2.1 - Chain B
Human Kir2.1 - Chain C
Human Kir2.1 - Chain D

Mouse Kir2.1- Chain A
(1U4F)

Mouse Kir2.2- Chain B
(1U4F)

Mouse Kir2.3- Chain C
(1U4F)

Mouse Kir2.4- Chain D
(1U4F)

Chicken apo-Kir2.2 (3JYC)
Chicken PIP;-Kir2.2 (3SPI)

Human Kir2.1 - Chain A
Human Kir2.1 - Chain B
Human Kir2.1 - Chain C
Human Kir2.1 - Chain D

Mouse Kir2.1- Chain A
(1U4F)

Mouse Kir2.2- Chain B
(1U4F)

Mouse Kir2.3- Chain C
(1U4F)

Mouse Kir2.4- Chain D
(1U4F)

Human

Kir2.1 -

Chain A
1.45
1.20
1.01

4.84
5.01

Human
Kir2.1 -
Chain A

1.47
1.57
0.91

1.30
1.30
1.29

1.27

3.96
3.89

Human
Kir2.1 -
Chain A

0.66
0.56
0.46

0.68
0.69
0.59

0.65

Human
Kir2.1 -
Chain B

1.45
1.20
1.39

4.75
4.91

Human

Kir2.1 -

ChainC
1.20
1.20

1.28
4.64
4.79

A: Superposition TMD

Human

Kir2.1 -

Chain D
1.01
1.39
1.28
4.89
5.04

B: Superposition CTD

Human

Kir2.1 -

Chain B
1.47
1.30
1.47
1.70
1.75
1.74

1.72

4.19
4.11

Human
Kir2.1 -
Chain C

1.57
1.30

1.48
1.90
1.91

1.92

1.89

4.36
4.29

Human

Kir2.1 -

Chain D
0.91

1.47
1.48

1.38

1.38

1.37

1.36

4.10
4.03

C: Superposition G-loop

Human
Kir2.1 -
Chain B

0.66

0.53
0.60

0.61

0.67

0.62

0.60

Human
Kir2.1 -
ChainC

0.56
0.53

0.60
0.61
0.63
0.60

0.58

Human
Kir2.1 -
Chain D

0.46
0.60
0.60

0.62

0.67

0.59

0.64

Chicken Chicken
apoKir2.2 PIP,Kir2.2

(3JYC) (3SPI)
4.84 5.01
475 4.81
4.64 4.79
4.89 5.04
- 0.81
0.81 -
Mouse Mouse Mouse Mouse Chicken Chicken
Kir2.1 Kir2.1 Kir2.1 Kir2.1 apo-Kir2.2 PIP,-Kir2.2
Chain A Chain B Chain C Chain D (3JYC) (3SPI)
1.30 1.30 1.27 1.27 3.96 3.89
1.70 1.75 1.72 1.72 4.19 4.11
1.90 1.91 1.92 1.89 4.36 4.29
1.38 1.38 1.37 1.36 4.10 4.03
- 0.32 0.28 0.35 3.87 3.80
0.32 - 0.27 0.30 3.87 3.79
0.28 0.27 - 0.29 3.89 3.81
0.35 0.30 0.29 - 3.86 3.78
3.87 3.87 3.89 3.86 - 0.76
3.80 3.79 3.81 3.78 0.76 -
Mouse Mouse Mouse Mouse
Kir2.1 Kir2.1 Kir2.1 Kir2.1
Chain A Chain B Chain C Chain D
(1U4F) (1U4F) (1U4F) (1U4F)
0.68 0.69 0.59 0.65
0.61 0.67 0.62 0.60
0.61 0.63 0.60 0.58
0.62 0.67 0.59 0.64
- 0.28 0.24 0.19
0.28 - 0.29 0.27
0.24 0.29 - 0.22
0.19 0.27 0.22 -



Table S2.

Cryo-EM data collection and refinement statistics

Sample
Data Collection
Microscope
Detector
Voltage (kV)
Pixel size (A/pixel)
Dose/frame (e/(A?)
Number of frames
Defocus range (um)
Movies collected
Movies used
Reconstruction
Particles extracted

Particles used for final reconstruction

Final Resolution (A) (FSC =0.143)

Map Sharpening B-factor (Autosharpen/Phenix)

Overall b_sharpen applied {13\2}
Final b_iso obtained (A?)
Model composition

Model coverage

Non-hydrogen atoms
Ligands

Refinement
Model-to-map CC, .
Model-to-map CCooume
Model-to-map CCphezye
Mean CC for ligands
drmoder (A)
drsc_meaa (A) (FSC = 0.5)
r.m.s deviations
Bond length (A)
Bond angles (°)

Validation
MolProbity Score
Clash Score
Ramachandran Plot Outliers (%)
Rotamer outliers (%)
CPB outliers (%)
EMDB ID
PDB ID

Human Kir2.1

Titan Krios
K3 Summit
300
0.86
1.71
36
-1.2t0-2.8
9,895
7,188

1,031,472
63,584
43

404.73
69.95

Chain A (42-366; 324/427 residues)
Chain B (44-364; 320/427 residues)
Chain C(43-363; 320/427 residues)
Chain D (41-365; 324/427 residues)
10358
K:1
Sr: 2

0.70
0.68
0.50
0.81
4.30
44

0.003
0.86

2.2
12,57
0.31
0.35
0
EMD-14678
7ZDZ




Video S1.

Structural movement of the human Kir2.1 channel between —3 A and 3 A RMSD
structures displaced along mode 5. 0.1 A RMSD step size displacement. The longitudinal
length of the structure and the D78-K219 Ca-Ca distances are highlighted. D78 and K219
residues are in red and orange spheres, respectively.

Video S2.

Structural movement of the human Kir2.1 channel between —3 A and 3 A RMSD
structures displaced along mode 1. 0.1 A RMSD step size displacement. Chains A, B, C and
D are shown in cyan, orange, green, and yellow, respectively. The residues involved in
putative PIP2 binding for Kir2.x (R80, W81, R82, K182, K185, K187, K188, R189, R218,
and K219) are highlighted in gray sticks.

Video S3.

Structural movement of the human Kir2.1 channel between —3 A and 3 A RMSD
structures displaced along mode 2. 0.1 A RMSD step size displacement. Chains A, B, C and
D are shown in cyan, orange, green, and yellow, respectively. The residues involved in
putative PIP binding for Kir2.x (R80, W81, R82, K182, K185, K187, K188, R189, R218,
and K219) are highlighted in gray sticks.

Video S4.

Structural movement of the human Kir2.1 channel between —3 A and 3 A RMSD
structures displaced along mode 3. 0.1 A RMSD step size displacement.

Video S5.

Structural movement of the human Kir2.1 channel between -3 and 3 A RMSD
structures displaced along mode 4. 0.1 A RMSD step size displacement.

Video S6.

K64 and R67 tethering to the membrane displayed by molecular dynamics simulations.
200 ns of MD simulations of the human Kir2.1 channel. The chains B and D of replica 2 were
chosen as representative models of the trajectories of the K64 and R67 residues. The protein
is represented in cyan cartoon, and residues K64 and R67 are represented in yellow and red
sticks, respectively. The membrane is represented as dots (carbon, phosphate, and oxygen
atoms are represented in gray, blue, and red dots, respectively). The membrane was kept still
for the purpose of visualizing the trajectories of both residues. Step size of 20 ps.




5 RECONSTITUTION OF KIrR2.1 1IN
MODEL SYSTEMS: AMPHIPOLS AND

NANODISCS




5.1 INTRODUCTION

Although proven to be essential in obtaining MPs, detergents have many drawbacks
in the structural characterization of MPs. Detergent micelles are in a thermodynamic
equilibrium where monomer molecule associates and dissociates. During solubilization,
free detergent molecules insert into the phospholipid membrane. When the detergent
concentration is high enough, lipid/detergent/protein mixed micelles are formed. The
detergent concentration must be high enough so one micelle contains only one protein,
meaning that one needs about 10 micelles per protein molecule. The free micelles serve
as a “hydrophobic sink” (Popot 2010) for molecules previously linked to the protein.
Because they can dissociate essential protein-protein and protein-lipid interactions,
they actively contribute to destabilizing the protein over time (Popot 2010). Many of
the structures solved in cryo-EM solubilize the protein in a detergent and then
exchange it into a non-detergent membrane mimetic (Choy et al. 2021; Le Bon et al.
2021). Therefore, 1 investigated two different strategies for stabilizing the purified
Kir2.1 channel without detergent: Amphipol trapping and reconstitution into

nanodiscs.

The first part of this chapter will focus on Amphipols (Apols), amphipathic surfactants
developed by J.L. Popot et al. and further developed by M. Zoonens et al. Amphipols
bind to the membrane protein’s transmembrane domain by multiple hydrophobic
contact points. They form stable complexes with the protein and have slow dissociation
rates. Note that amphipols do not associate to form micelles; hence do not have a CMC.
Therefore, the detergent can be easily removed without affecting the protein-Apol
complex. Apols will be used to stabilize the protein to obtain a structure at a higher

resolution.
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Figure 5-1 Schematic arrangement of DDM (left) vs. Apols (right) around Kir2 TMD. The chemical
structure of Apol A8-35 is depicted.




The second part of this chapter will focus on reconstituting Kir2.1 into nanodiscs. It is
a section showing the nanodisc reconstitution’s optimization process, which is not
always straightforward. I have chosen to showcase this trial and error part in the hopes
of helping the next struggling Ph.D. student reading this manuscript. Nanodiscs are
discoidal lipid bilayers stabilized by membrane scaffolding proteins (MSPs) derived by
S.G. Sligar from ApoA-1, a human high-density lipoprotein. They provide a more
native environment to membrane proteins. The size of the nanodiscs formed is
determined by the length of the MSP and the stoichiometry of lipids chosen for the
reconstitution. I decided to test three MSPs of different lengths: MSP1, MSP1D1, and
MSP1E1, forming 9.7-9.8, 9.5-9.7, and 10.4-10.6 nm discs, respectively. We will begin
with the necessary production and purification of the membrane scaffolding protein

(MSP) and lipid preparation and end with the preliminary results and perspectives.

DDM

Figure 5-2. Schematic representation of DDM vs. nanodisc around Kir2 channel. The right panel shows
MSP and POPC wrapped around the TMD.

5.2 PART I: CHARACTERIZATION OF KIR2.1 IN AMPHIPOLS

5.2.1 Materials and Methods

Amphipols (Apols) are amphipathic surfactants that bind to the membrane protein’s
transmembrane domain by multiple hydrophobic contact points. Apols form stable
complexes with the protein, and the detergent can be easily removed by (1) the addition
of bio-beads or (2) by cycles of dilution under the detergent’s critical micellar

concentration (CMC) and concentration (Popot et al. 2003; Zoonens et al. 2014).

5.2.1.1 Preparing Amphipols

A8-35 amphipol (Apols) powder was dissolved in Milli-Q water at 50 mg - mL~! and
5.58 mg - mL~. The Apol solution was homogenized with vortex and incubated for 2 h

at RT with gentle agitation to ensure proper rehydration.




5.2.1.2 Preparing Bio-Beads

Polystyrene bio-beads (Bio-Rad) were washed with 96% ethanol followed by several
washes in milli-QQ water, with centrifugation for 2 min at 4700 rpm 4 °C, and then

stored in water with some NalNs.

5.2.1.8 Reconstitution of Kir2.1 in Amphipols

The concentration of purified Kir2.1 was determined by NanoDrop 2000
spectrophotometer, confirmed by the BCA test, and converted into mass units. 6 pg of
resuspended Apol were added to each 1 ng of Kir2.1 in solution (Table 5-1) and incubated
for 45-60 min at 4 °C with gentle agitation.

5.2.1.4 Detergent removal

Bio-Beads were added at 20 times the mass of DDM detergent initially present in the
sample and incubated for 3 h at 4 °C under gentle agitation. The Bio-Beads were

discarded after a 5-min centrifugation step was performed to discard.

Table 5-1 Reconstitution of Kir2.1 in Amphipols

Concentration of Volume of Mass of Kir/Apol Mass of Starting Apol  Volume of

Kir2.1 Kir2.1 Kir2.1 mass ratio Apol Concentration Apol
0.155 pg - mL * 900 nL 139.5 pg 1:5.5 767.25 ng 50 mg - mL ! 15.35 L.
Concentration of Sample Mass of Bio-Beads
DDM Volume DDM to add
0.03% 900 pL 0.27 mg 5.4 mg

The structure of Kir2.1 in DDM was solved at 4.3 A resolution (Chapter 4) using QF
1.2-1.3 copper grids with a thin carbon layer added. Indeed, adding an extra carbon
layer was required; otherwise, Kir2.1 would be deposited entirely in the carbon film
outside the holes. This extra carbon layer added noise to the images, limiting the cryo-
EM map’s resolution. Additionally, Kir2.1-DDM showed a slight preferential
orientation in cryo-EM grids. The side views were more represented than the top and
bottom views. The cryo-EM map has its lowest resolution in this top region consisting

of flexible loops.




5.2.2 Results

5.2.2.1 Finding the suitable Kir2.1: Apol ratio

The reconstitution of Kir2.1 in Amphipols was studied by negative staining and cryo-
EM. The goal was to determine which ratios were best for obtaining a stable, non-
aggregated tetramer that could subsequently be structurally analyzed. Various Kir2.1:
Apol ratios were evaluated (n=2) 1:0.5, 1:1, 1:2, 1:3, 1:4, 1:5, and 1:6 (Table 5-2) to
identify the ideal Apol mass ratio required to keep Kir2.1 soluble and stable in an
aqueous solution without detergent. Once DDM was removed with Bio beads, negative

staining grids were made and observed.

Table 5-2 Ratio of Kir2.1 to Apol

Concentration Volume Mass of Kir2.1:Apol Mass of
of Kir2.1 of Kir2.1 Kir2.1 mass ratio Apol

0.083 nug - pL-t 40 uL 3.32 ug 1: 0 0
0.083 nug - pL-t 40 uL 3.32 ug 1: 0.5 1.66 ng
0.083 pg - uL! 40 puL 3.32 ug 1: 1 3.32 ug
0.087 pg - uL! 40 puL 3.48 ug 1: 2 6.96 ug
0.087 ug - pL-! 40 uL 3.48 ug 1: 3 10.44 g
0.087 ng - pL-! 40 puL 3.48 ug 1: 4 13.92 ug
0.087 pg - uL! 40 uL 3.48 ug 1: 5 174 ng
0.087 pg - uL! 40 puL 3.48 ug 1: 6 20.88 ug

Two controls were performed, a positive control containing Kir2.1 in DDM, untreated,
and negative control where DDM is removed without adding Apols. In negative
staining, the positive control showed Kir2.1 as a white particle on a gray background,
as expected. The sample is very concentrated, and thus particles are in close contact

with each other, with little aggregation.

The negative control (1:0) consisted of enormous aggregates of Kir2.1, which is
expected as DDM was removed with bio-beads and no further amphipols treatment
was conducted. The 1:0.5 ratio showed that the protein was aggregated, forming small
protein clusters with uneven distribution across the carbonated copper grid, indicating
insufficient Apols to keep the protein soluble. The 1:1 ratio displayed minor aggregation
throughout the grid. It is the minimum ratio sufficient to allow reconstitution into
Apols, although it does not provide a homogeneous sample. Ratio 1:2 allowed a good
distribution of particles and kept the protein stable, and prevented aggregation. The
best ratios were 1:4 and 1:5, showing excellent sample distribution across the grid,

different orientations, and little to no aggregation, despite the elevated concentration.
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The contrast in ratio 1:6 was not as sharp as 1:4 and 1:5; the particles seemed a little

diffuse, perhaps due to an excess of free Apol.

Kir2.1in DDM

Figure 5-3 Kir2.1 to Apol ratios

A stability test was performed with the ratio of 1:4, where a negative staining image
was taken on day zero (Figure 5-4, left), the protein was stored at 4 °C for 7 days, and
grids were prepared on day seven (Figure 5-4, right), and observed again by negative
staining. The results indicated that Kir2.1 was very stable in Apol, as there was
minimal aggregation after a week, the particles showed good distribution on the grid,
and the particles retained their usual appearance. Kir2.1 in detergent (DDM) does not
show this stability and starts to aggregate after 3 days.

——
| —
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Figure 5-4. Negative staining image of Kir2.1 1:4 Apol. In each image, two Kir2.1 particles are selected
(in a green circle) as an example. Left panel: Image taken right after exchange. The particles are
homogeneous with an even distribution throughout the grid. Right panel: shows the same sample after
one week of storage at 4 °C. The individual particles remain discernible (with some clustering) and well
distributed throughout the grid.
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Figure 5-5 SEC profile of Kir2.1-Apol

An SEC was performed after reconstitution into Apols. The elution profile showed no
indications of aggregation, and Kir2.1-Apols eluted as a single peak at 9.76 mL with a
corresponding Rs of 65 A(in agreement with 64.7 + 1.3 A in Kir2.1-DDM).

5.2.2.2 The cryo-EM grid preparation trials.

Following the encouraging results observed of Kir2.1-Apol on negative staining and
SEC profile, I investigated the sample using cryo-EM to determine the potential of
obtaining a structure at a higher resolution. For this, I tested two parameters in
parallel: eliminating the extra carbon layer from the QF grids (in DDM) and the effect
of the exchange into Apol on the distribution of particles on the grid.
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Kir2.1in 0.03% DDM B. 1Kir2.1:5.5 Apol

sa0m =4

Figure 5-6. Cryo-EM image of Kir2.1 in DDM and in Apol. Kir2.1 appears as a gray particle on a gray
background. A) Kir2.1 at 0.4 mg - mL-" in 0.03% DDM showed no particles in the foil holes without an
extra carbon layer. B) Kir2.1 at 0.4 mg - mL-"at 1: 5.5 Apol ratio deposited well in the foil holes without
carbon.

The distribution of Kir2.1 was investigated in different types of cryo-EM grids,
including QF, Lacey, and UltrAuFoil QF (Table 5-3). Kir2.1-DDM did not deposit into
the holes (Figure 5-6 A) unless carbon was present, apart from the UltrAuFoil grids
made of a gold support and gold film. The freezing conditions of Kir2.1-DDM in
UltrAuFoil grids are currently being explored with essential ligands. On the other hand,
Kir2.1 in Apols was deposited into the foil holes (Figure 5-6 B) in all the grids tested

using the same blotting conditions.

Table 5-3 Summary of grid distribution of Kir2.1 in DDM vs. in Apols

Grid Type Grid Grid + Carbon Kir2.1 distributed in foil holes?
Support Film layer DDM AR-35
QF Cu C n/a
Lacey Cu C n/a
QF Cu C Yes
QF Au C Yes
UltrAuFoil Au Au Yes

5.2.2.3 Grid preparation, data collection, and image analysis of Kir2.1 in Apol

3 pL of purified Kir2.1-Apol (1:5.5 ratio) at 0.6 mg - mL ™" was added to glow discharged
QF 1.2-1.3 300 mesh gold grids, using the same blotting conditions as Kir2.1-DDM.
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18,826 images were collected at 105,000x magnification on the Krios Titan 300 kV in
electron counting mode at identical conditions as section 2.5.5.2 data collection with
the following exceptions: exposures of 2.11 s dose-fractionated into 60 frames with a
dose rate of 1.02 ef/AQ, resulting in a total dose of 58.86 e*/A, and the defocus ranged
from —0.6 to —2.4 pm, with 0.2 pm regular intervals. Two acquisitions were made per

foil-hole.

After manual inspection, the micrographs containing poor ice quality or too much
carbon (outside the foil hole) were discarded, and only 6,961 images were retained for
image analysis. The movies were motion-corrected and dose-weighted using
MotionCor2 (Zheng et al. 2017). The CTF parameters were estimated using
CTFFIND4 (Rohou et Grigorieff 2015). Only the 6,641 images with a resolution below
7 A were kept. A total of 2,188 particles were picked manually using SHIRE-crYOLO,
and a picking model was created using the PhosaurusNet network to train the software.
A total of 781,076 particles were picked using SPHIRE-crYOLO and were submitted
to 2D classification using RELION. The extracted particles were binned 4 times and
subject to one round of 2D classification (100 classes). Forty-six classes containing
720,622 particles were selected for the 3D initial model using a C1 and C4 symmetry
(no binning). The C1 initial model was chosen and subject to 3D classification using
no applied symmetry. A 3D class containing 223,834 particles was subject to a second

round of 3D classification.

Kir2.1 in Apols provided a much better contrast than in DDM. The particles were
visible even at a low defocus, —0.8 pm, allowing us to set the data collection at a lower
defocus than Kir2.1-DDM. More micrographs were estimated to reach a resolution

better than 5 A.

The first round of 2D classification showed many particles in the top and bottom views,
which were not as present in Kir2.1-DDM. This sample also revealed many more angles,
as shown in Figure 5-7, bottom. In addition, some classes of the 2D classification show
that we eliminated the thick layer of detergent around the TMD of the protein. It
seems that the density of the Apols around the TMD is much lighter, which is a
significant improvement as we suspect that this detergent layer might have limited the

resolution of this transmembrane domain of the protein.
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Figure 5-7. Particle picking and 2D classification of Kir2.1-Apol. The partlcles plcked (top) and the 2D
classes selected for the 3D initial model (bottom) are contoured by red squares.

Forty-six 2D classes containing 720,622 particles (Figure 5-7) were selected and used
for the 3D initial model using a C1 and C4 symmetry. The 3D initial model with no
imposed symmetry (C1) was chosen for the first round of 3D classification (Figure 5-8),
where one class containing 223,834 particles was selected for a second 3D classification
round. The Apol surrounding Kir2.1 was not apparent in these models either, contrary
to the large DDM belt around Kir2.1, and the secondary structure was already quite
visible at this stage (Chapter 4).




3D Initial Model
C1 symmetry
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110,876 particles 57,252 particles 328,660 particles 223,834 particles

Figure 5-8. 3D initial model and the first round of 3D classification of h_ Kir2.1 in Apols

I am currently doing the subsequent analysis on this data set and will be the subject
of an upcoming article. However, we can already conclude that exchanging the protein
into Apols provided a more stable environment that allowed us to obtain a better

distribution of particles in the grids.

5.3 PART II: RECONSTITUTION KIR2.1 IN NANODISCS: INITIAL EXPERIMENTS

Obtaining a structure of Kir2.1 in Apols may allow us to reach a higher resolution and
get more insights into the gating mechanisms. Notwithstanding, we search to observe
Kir2.1 in a native-like environment associated with ligands. For this reason, I tried
reconstituting Kir2.1 into nanodiscs containing POPC. Nanodiscs are discoidal lipid
bilayers stabilized by membrane scaffolding proteins (MSPs). MSPs were ‘discovered’
by S. Sligar and are commercially available or can be obtained as plasmids to clone,

produce, and purify.

5.3.1 Materials and Methods

5.3.1.1 Production of the Membrane Scaffolding Protein (MSP)

MSPs incorporated onto on pET28a plasmid, respectively, were a gift from S. Sligar
and were sent in the form of DHbalpha bacterial stabs. The plasmid contained a

kanamycin (Kan) resistance gene and the MSP synthetic gene (either MSP1, MSP1D1,
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MSP1E1, or MSP1E3D1) coding for a Tobacco Etch Virus (TEV) cleavage site and a
6x histidine tag. DHbalpha bacteria were streaked onto Luria Broth (LB, Merck) and
agar plates and incubated at 37 °C overnight. One single colony was added to a 2 mL
LB medium with 50 pg - mL~' Kan antibiotic and incubated overnight at 37 °C at 230

rpm.

The plasmid was isolated using QIAprep Spin Miniprep Kit (Qiagen) and following the
manufacturer’s protocol for low-copy plasmids. The DNA concentration was measured
at 350 nm with the Nanodrop 2000. Competent BL21(DE3) cells (Agilent Technologies)
were transformed by heat shock following the manufacturer’s instructions. Briefly, 100
pl of competent cells were added to 14-mL BD Falcon polypropylene round-bottom
tubes, 25 mM B-ME was added, and the cells were incubated on ice for 10 min. 20 ng
of DNA were added and incubated on ice for 30 min, followed by a 45-s heat pulse at
42 °C. After 2-min incubation on ice, 0.9 mL of preheated SOC medium (42 °C, Table
5-4) were added to the transformation reaction and incubated at 37 °C for 1 h at 230
rpm. The transformed cells were spread onto LB-agar plates with 50 pg - mL~" Kan

and incubated overnight at 37 °C.

5.5.1.2 FExpression of MSP1D1: culture medium and growth conditions

The MSP was expressed and purified using previously published protocols (Denisov et
al. 2004; Ritchie et al. 2009) with modifications for flask cultures instead of fermenters.
A 30 mL starter LB culture containing 30 pg - mL~! Kan was inoculated with a single
colony of cells and incubated at 37 °C, 220 rpm until ODgsum reached approximately
0.4-0.6 (56 h) and stored overnight at 4 °C.

1 L Terrific Broth (TB, Table 5-4) was inoculated with enough starting culture to obtain
an ODgoum of 0.04. The culture was then separated onto two Erlenmeyer flasks and
incubated at 37 °C, 220 rpm, until attaining an ODgyun between 0.8-1.2 (about 3 h).
500 pL were aliquoted and labeled pre-induction for SDS PAGE analysis. The cells
were induced for 3 h with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at 37
°C, 220 rpm. The cells were pelleted at 8,000 - g for 10-15 min at 4 °C, the supernatant

was then discarded, and the pellet was either used immediately or stored at —80 °C.
Table 5-4 Composition of MSP1D1 expression buffers

Reagent LB medium TB medium SOC medium

Yeast extract (%) 2 2.4 0.5




Reagent LB medium TB medium SOC medium

Tryptone (%) 2 2 2
Glycerol (%) 0.4 0.4
0.017 M KHoPO,,

Phosphate buft
osphate buffer 0.072 M KoHPO4

NaCl (mM) 171 10
KCI (mM) 2.5
MgCl, (mM) 10
Glucose (mM) 20

5.3.1.83 MSP1D1 purification

The cell pellet (46 g) was resuspended in 20-50 mL of 20 mM phosphate buffer pH
7.4, 1 mM PMSF. Triton X-100 was added to a 1% final concentration once the pellet
was resuspended entirely, and some Benzonase (Merck) was added. The cells were lysed

by sonication (Table 2-3), and the lysate was clarified by 30-min centrifugation at
30,000 - g, 4 °C.

The lysate was then incubated with 1 mL of pre-equilibrated Ni** Sepharose Metal
Affinity resin (Cytiva) for 2.5 h at 4 °C. The sample was loaded onto a gravity column
and washed with 25 CV of Buffer A, Buffer B, and Buffer C (Table 5-5). The MSP was
eluted in 20 CV of Buffer D.

Ten 1.5-mL elution fractions were collected and analyzed by SDS-PAGE. The fractions
containing the MSP were pooled and dialyzed overnight against Buffer E at 4 °C. The
protein sample was filtered using 0.22 pm PES membrane, concentrated to 4-13
mg - mL~" using Pierce™ Protein Concentrator PES, 10K MWCO, and stored at 4 °C

if used directly or —80 °C for later use.

Table 5-5 Composition of buffers for purification of MSP1D1 and MSP1E3D1

Name Composition
Buffer A 40 mM Tris-HCI, 0.3 M NaCl, 1% Triton X-100, pH 8.0
Buffer B 40 mM Tris-HCI, 0.3 M NaCl, pH 8.0
Buffer C 40 mM Tris-HCI, 0.3 M NaCl, 20 mM imidazole, pH 8.0
Buffer D 40 mM Tris-HCI, 0.3 M NaCl, 0.4 M imidazole
Buffer E 20 mM Tris-HCI, 0.1 M NaCl, 0.5 mM EDTA, pH 7.4, and 0.01%
NaN3
Nanodisc Buffer 10 mM Tris-HCI pH 7.5, 0.1 M NaCl, 0.05 M KCl, and some NaN3




5.3.1.4 Lipid preparation

200 pL of lipid 1-palmitoyl-2-Oleoyl-sn-glycero-3-phosphocholine (POPC, 850457C,
Avanti Polar) at 10 mg - mL™" in chloroform were aliquoted into glass vials with Teflon
caps. The chloroform was evaporated under a stream of argon, and the remainder was

evaporated overnight with a vacuum pump.

Buffer containing either sodium cholate or DDM was added to the dried lipid to the
desired concentration and vortexed. A stirring bar was added to the tube, and the lipid
was left to resuspend overnight. If the lipid was not resuspended properly, a sonication
step in an ultrasonic bath was done until the solution became clear and no lipid was

visible on the vial walls.

5.3.1.5 Preparation of MSP1D1: POPC empty nanodiscs

MSP1D1 and POPC lipids were added at different molar ratios (1:30, 1:65, 1:75, 1:95,
and 1:200, Table 5-6) to an Eppendorf tube on ice for a final volume of 200 pL. Sodium
cholate was supplemented to a final concentration of 20 mM. The mixture was
incubated for 4 h at 4 °C. Bio-beads were added at either 0.5 g per mL or 20 times the
amount of detergent present, whichever was more. The mixture was incubated under
gentle agitation overnight. Each sample was centrifugated to remove the Bio-Beads,
concentrated if needed, and purified by SEC using Nanodisc buffer (Table 5-5).
Fractions of 0.5 mL were collected and were investigated by electrophoresis and

negative staining to determine the fractions corresponding to empty nanodiscs and

proteoliposomes.
Table 5-6 Empty MSP1D1: POPC Nanodisc ratios
MSP1D1 POPC MSP1D1 POPC
mg - mL! 4.02 5 Molar ratio 1 30 65 75 95 200
MW 24662 760.076 mM 0.02 0.6 1.3 1.5 1.9 4
mM 0.163 6.58 Volume 25 18.6 40.3 46.5 58.9 123.9

5.83.1.6 Reconstitution of Kir2.1 in MSP1D1: POPC nanodiscs

The reconstitution followed the same protocol as empty nanodiscs (section 5.3.1.5) with
the following changes: 400 uL to 600 ulL of Kir2.1 R312H (after affinity
chromatography) at 0.6 mg-mL™' were mixed with MSP1D1 and either cholate-
dissolved POPC or DDM-dissolved POPC at 1: 4: 380 and 1: 6: 570 ratios (Table 5-8).
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Sodium cholate’s final concentration in the mixture was 20 mM, while DDM was kept
above 0.05%. The mixture was incubated at 4 °C for 1 h under gentle agitation.
Kir2.1__R312H was used simply because I had more stock than Kir2.1_W'T at the time.

Their elution profiles and biophysical behavior are indistinguishable.

Table 5-7 Reconstitution of Kir2.1 R312H into MSP1D1: POPC Nanodisc

Kir2.1_R312H Kir2.1 MSP1D1 POPC
MSP1D1 POPC —
R312H
mg - mL ! 0.6 4.02 5 Molar ratio 1 4 380
MW 206150 24662 760.076 mM 0.00291 0.01164 1.1058
mM 0.00291 0.163 6.58 Molar ratio 1 6 570
mM 0.00291 0.01746  1.65887

5.3.2 Results

5.3.2.1 Purification of MSP1D1

The production and purification of MSP1D1 went smoothly, and aliquots of 4-13
mg - mL~! were easily obtained without needing optimization. An extra wash with
sodium cholate should be added between Buffer B and Buffer C in the affinity
chromatography if purity levels are not satisfactory. All of the MSP is eluted in the
first three elution fractions. These three fractions were concentrated to 4-13 mg - mL™!
and used for nanodisc reconstruction, first empty nanodiscs and then reconstruction of
Kir2.1.

A. B.
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Figure 5-9. SDS PAGE of MSP1D1 production and purification fractions.




5.3.2.2 MSP1D1: POPC empty nanodiscs
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Figure 5-10. Formation of MSP1D1 and POPC empty nanodiscs using the S200 Increase column.

The best experimental MSP1D1: POPC ratio for the empty nanodiscs was 1:65 (Figure
5-10, yellow), in agreement with the literature. It eluted mainly as one peak at 11.8 mL
corresponding to 47.2 A Ra. Ratio 1:30 eluted with an Ry smaller than the other ratios
(12.38 mL) (Figure 5-10, red). Ratio 1:200 showed a significant reduction in the empty
nanodisc peak and favored proteoliposomes and liposomes (Figure 5-10, magenta). These
empty nanodisc injections allowed calibration of the column with the expected elution

volumes for proteoliposomes (8 mL), empty nanodiscs (11.8 mL), and MSP alone (13.2
and 14.8 mL).

Ratio 1:95 (Figure 5-10, blue) provided interesting results; the empty nanodisc peak was
slightly shifted to the left from the 11.8 mL elution volume observed in 1:65, 1:75, and
1:200 ratios. Seduced by the temptation of bigger nanodiscs without increasing the

proteoliposome peak, we used this starting ratio for the initial reconstitution of Kir

into nanodiscs.

5.3.2.3 Reconstitution of Kir2.1 in MSP1D1: POPC nanodiscs

The reconstitution followed the same protocol as empty nanodiscs with the following
changes: 400 nL to 600 pL of Kir2.1 R312H (after affinity chromatography) at 0.6
mg - mL~! were mixed with MSP1D1 and either cholate-dissolved POPC or DDM-
dissolved POPC at 1: 4: 380 and 1: 6: 570 ratios (Table 5-8). Sodium cholate’s final




concentration in the mixture was 20 mM, while DDM was kept above 0.05%. The

mixture was incubated at 4 °C for 1 h under gentle agitation.

Table 5-8 Reconstitution of Kir2.1 R312H into MSP1D1: POPC Nanodiscs

Kir2.1__R312H Kir2.1 MSP1D1 POPC
MSP1D1 POPC —
R312H
mg - mL ! 0.6 4.02 5 Molar ratio 1 4 380
MW 206150 24662 760.076 mM 0.00291 0.01164 1.1058
mM 0.00291 0.163 6.58 Molar ratio 1 6 570
mM 0.00291 0.01746 1.65887

Proteoliposomes

40 1: 4:380 Kir2.1: MSP1D1: POBC (Cholate]
. 1: 4: 380 Kir2.1: MSP1D1: PORC (DDM)
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Figure 5-11. SEC elution profile of nanodisc formation using MSP1D1 and POPC using S200 Increase

column.

The ratio 1: 6: 570 showed a small percentage of protein reconstituted into nanodiscs,
with a vast majority eluting as proteoliposomes and some empty nanodiscs. The ratio
1: 4: 380 showed fewer empty nanodiscs and increased nanodiscs containing
Kir2.1_R312H. This suggested that a smaller MSP ratio was to be favored. It also
showed that 95 POPC molecules per MSP were too much.

Next, the theoretical expected optimal ratio of MSP to POPC ratio was calculated for
Kir2.1. The theoretical cross-sectional area for Kir2.1 by the number of TM segments
was 1400 A2 T measured at different points from the cryo-EM structure and obtained
a cross-sectional area ranging from 1385 to 1734 A2. The protein is therefore expected
to displace 20 to 25 POPC molecules from the nanodisc. The optimal ratios are
expected to be close to 1:40 -1:45 MSP: POPC.




Table 5-9 Expected optimal ratio of MSP1D1 to POPC for Kir2.1

Bilayer area per zr::sf-alﬁ" POPC Expected
# of POPC Nanvodisc {A’F; popc (A?) sectional Calculated Cross- displaced by  optimal MSP-
22 Sectional area (A2)  Kir2.1 POPC ratio
area (A?)
MSP1D1 65 4400 67-69 1400 1385-1734 20-25 1:40-1:45

Ratios 1: 4: 160, 1: 4: 200, and 1: 4: 240 provided fewer proteoliposomes and better
results but still yielded a high proteoliposome peak. The lower POPC ratios provided
the least proteoliposomes but were still very significant. The following ratio to test
would reduce the MSP amount from four to two and one per Kir2.1 tetramer. Notably,
ratios 1:1:45 and 1:2:80. These two ratios should provide fewer proteoliposomes and
empty nanodiscs. Although optimization of the ratios of Kir2.1 to MSP to POPC lipid
is still needed, all the ratios tried yielded nanodiscs containing the protein, which is
very encouraging. Ultimately once the yield is improved, these nanodiscs will be used
for structural purposes and to characterize the interaction of Kir2.1 and many of the

modulators described in the introduction.

5.4 DISCUSSION
5.4.1 Amphipols

The reconstitution into Apols provided a better distribution of Kir2.1 particles in the
grid foil holes and a better contrast that allowed acquisition closer to the focal point.
It allowed us to avoid using an extra carbon layer that added noise to our data in
DDM. However, in many of the images discarded during the visual inspection, the ice
was too thick. Perhaps the high Apol ratio contributed to this thickness. Research
presented by B. Michon at the APPICOM GDR conference in 2021 pointed to an effect
of the concentration of Apol on the ice-thickness and distribution of particles. His
presentation showed that below 0.3 g-L™' Apol concentration, no particles were
distributed inside the hole as the ice was not thick enough. In these experiments, the
Apol concentration was at 0.48 g-L~' It is then possible that the effect we are
observing is not intrinsic to the Apols but rather an effect of ice thickness. However,

with DDM, we cannot afford to increase the detergent or protein concentration.

5.4.2 Nanodiscs

Altogether the nanodisc formation was somewhat successful; however, there is much
room for improvement as many proteoliposomes were formed and empty nanodiscs,

indicating an excess of lipid and MSP. Two areas can be optimized to obtain cleaner




elution profiles. 1) Reduce the amount of MSP per Kir2.1 to 1 and 2, consequently
reducing the amount of POPC available to form liposomes. 2) Either produce Kir2.1
and MSP containing different tags to eliminate the empty nanodiscs after affinity

chromatography or remove the MSP tag after purification.

MSP1D1 was a good MSP to start; however, the nanodiscs formed will be too small
for the subsequent experiments as they can only theoretically host 45 POPC molecules.
We want to test lipid mixtures to mimic the lipid bilayer more closely, including PIPs.
A. Zoumpoulakis will carry on this work and optimize the reconstitution using
MSP1E3D1(Ilia G. Denisov et al. 2007), an extended version of MSP1D1, which has
already been produced using the same protocol as MSPID1.
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6 SIDE PROJECTS: A BACTERIAL
HOMOLOG KIRBAC3.1 AND MUTANTS
W46R AND S129R




6.1 INTRODUCTION

In our search to understand the gating mechanisms of Kir channels, we evaluated the
functional implications of a conserved residue in the TMD and explored the gating

behavior of constitutively open channels.

These two side projects aimed to experimentally validate the computational studies on
the open and closed populations of KirBac3.1 performed using molecular dynamics and
normal modes (C. Fagnen). I expressed two mutants of a bacterial homolog to human
Kir2.1, KirBac3.1 (S129R and W46R) in Escherichia coli and purified them by affinity
chromatography followed by size exclusion chromatography. W46R is the bacterial
homologous mutation corresponding to the human Kir6.2 channel W68R mutation that
causes hyperinsulinism in humans. KirBac3.1 S129R is the mutant channel containing
an engineered mutation in the inner pore-lining helix (TM2) that causes the channel
to be trapped in an open conformation. Electrophysiological tests were performed on
purified W46R and S129R to obtain channel open probabilities that successfully
validated the computational studies. This work resulted in two publications shown

here.
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Abstract: ATP-sensitive potassium (K-ATP) channels are ubiquitously expressed on the
plasma membrane of cells in several organs, including the heart, pancreas, and brain, and
they govern a wide range of physiological processes. In pancreatic (3-cells, K-ATP channels
composed of Kir6.2 and SURI play a key role in coupling blood glucose and insulin
secretion. A tryptophan residue located at the cytosolic end of the transmembrane helix is
highly conserved in eukaryotes and prokaryote Kir channels. Any mutation on this amino
acid causes a gain of function and neonatal diabetes mellitus. In this study, we have
investigated the effect of mutation on this highly conserved residue on a KirBac channel
(prokaryotic homolog of mammalian Kir6.2). We provide the crystal structure of the mutant
KirBac3.1 W46R (equivalent to W68R in Kir6.2) and its conformational flexibility properties
using HDX-MS. In addition, the detailed dynamical view of the mutant during the gating
was investigated using in silico method. Finally, functional assays have been performed. A
comparison of important structural determinants for the gating mechanism between the
wild type KirBac and the mutant W46R suggests interesting structural and dynamical clues

and suggests a mechanism of action of the mutation that leads to the gain of function.

Keywords: crystal structure of KirBac3.1W46R; HDX-Mass Spectrometry; Molecular
Dynamics; Normal Modes; electrophysiology; gain of function Kir; neonatal diabetes

mellitus




1. Introduction

Inwardly rectifying potassium channel (Kir channel) regulates membrane
electrical excitability and K* transport in a wide range of cell types. They control
various processes, including vascular tone, heart rate, and insulin secretion.
Dysfunctional Kir channels are directly associated with a growing number of
diseases [1]. Kir channel activity is controlled by dynamic conformational changes
that regulate the flow of K* ions through the central pore of the channel [1, 2]. This
process is known as 'gating,' and understanding the molecular mechanism behind
these dynamic changes in the structure of Kir channels is essential to
understanding how these channels function for both health and disease.

Kir6.1 and Kir6.2 are typical Kir channels; they have two transmembrane
helices, TM1 and TM2, linked by a pore loop, and intracellular amino and carboxy
termini. When associated with sulfonylurea receptor proteins (SUR1 or SUR2,
belonging to the ABC (ATP-Binding Cassette) transporter superfamily), they form
the ATP-sensitive potassium (K-ATP) channels. K-ATP channels are primarily
expressed in the pancreatic endocrine islets, brain, cardiac myocytes, skeletal
muscle, and vascular smooth muscle [3]. K-ATP channels consist of the pore-
forming subunits, Kir6.1 and Kir6.2, and a large auxiliary subunit, SUR1, SUR2A,
and SUR2B. Four SURs and four Kir6.x form an octameric channel complex. The
association of a specific SUR with a particular Kir6.x subunit forms the K-ATP of
a particular tissue. They have various physiological roles, including controlling
the release of insulin from pancreatic 3 cells and regulating blood vessel tone and
blood pressure [30].

K-ATP channels are so-called because they open when cellular ATP levels
fall, thus linking cellular metabolism to membrane excitability. They also respond
to Mg-ADP and are regulated by several cell signaling pathways [1, 4, 5]. K-ATP
channels detect metabolic changes via three classes of ATP/ADP binding sites. One
site, located on the Kir subunit, causes inhibition of the channel (close the channel)
when ATP is bound. The other two sites, located on the NBDs (nucleotide-
binding-domain) of SUR subunit, bind to Mg?-ATP and Mg?*-ADP, causing
dimerization of the NBDs, which counteracts the inhibitory action of ATP on
Kir6.2 and thereby stimulate channel [30].

Blood glucose levels determine ATP and ADP concentrations. When glucose
levels rise, the intracellular ATP to ADP ratio increases due to glycolysis, and ATP
inhibition dominates suppressing K-ATP channel activity. On the contrary, the
ATP to ADP ratio decreases when blood glucose level drops and MgADP
stimulation prevails, increasing channel activity. Loss-of-function mutations
cause hyperinsulinemic hypoglycemia of infancy, characterized by persistent and
unregulated insulin secretion and life-threatening hypoglycemia. Conversely,
gain-of-function mutations alter insulin secretion and produce neonatal diabetes
mellitus, which manifests within the first six months of life. Because the K-ATP
channel is also expressed in the brain, patients with functionally severe mutations
can exhibit neurological symptoms in addition to neonatal diabetes mellitus, a
condition known as DEND syndrome [6-11].

KirBac3.1, Kir6.2, and Kir6.1 channels are homotetramers of four subunits.
Each subunit has a transmembrane domain (TMD), containing an outer
transmembrane helix (TM1), a selectivity filter (SF), an inner transmembrane helix
(TM2). Besides the TMD, there is a cytoplasmic domain (CTD) composed of N-
and C- termini located on the intracellular side of the membrane.

A novel heterozygous dominant mutation, W68R, in the Kir6.2 subunit of the
K-ATP channel, in a patient with transient neonatal diabetes, developmental
delay, and epilepsy, has been identified [12] [REF]. This tryptophan residue at the
cytosolic end of TM1 is very well conserved across the prokaryotic, eukaryotic,
and mammalian Kir family and is found at the position W46 in KirBac3.1.

[196}



In this paper, we present the crystal structure of KirBac3.1 W46R mutant
channel (homologous to the human Kir6.2 channel) at 2.80 A and provide a
structural and functional characterization using a multi-technique approach. The
mutation replaces a tryptophan residue that is highly conserved across the Kir
family to an arginine, disrupts the contacts between the outer (TM1) and inner
(TM2) helices, and creates new contacts shown on our crystallographic data. HDX-
MS experiments show differences in the conformational flexibility of the W46R
mutant when compared with the KirBac3.1 WT. Besides, in silico molecular
dynamics studies allow us to investigate in detail the influence of this mutated
residue on the molecular mechanism of gating of the channel. Moreover, this
mutated channel's open probability (Po) has been investigated through functional
experiments, finally corroborating the in silico investigations.

2. Results
2.1. Crystal Structure of KirBac3.1 W46R

The tryptophan at position 46 in KirBac3.1, corresponding to W68 in Kir6.2,
located at the cytosolic end of transmembrane helix 1 (TM1) (Figure 1C), is highly
conserved within the inward rectifying potassium channel family, suggesting that
it has a critical role.

Extracellular Domain

Selective Filter
Pore Helix
Outer Helix TM1
Inner Helix TM2
Slide-helix

Cytoplasmic Domain

Kirl.
Kir2.
Kir3.
Kird.
Kir5.
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Kir6.
Kir7.
KirBacl.1 48 WRDLYYWALKVSWPVFFASLA 68
KirBac3.1 34 LDDHYHDLLTVSWPVFITLIT 54
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65 FVDIWTTVLDLKWRYKMTIFI 85
69 LADIFTTCVDIRWRWMLVIFC 89
68 LSDLFTTLVDLKWRWNLFIFI 88
52 LKDLWTTFIDMQWRYKLLLFS 72
58 VVDIFTTLVDTKWRHMFVIFS 78
57 LQDIFTTLVDLKWRHTLVIFT 77
56 LQDVFTTLVDLKWPHTLLIFT 76
41 LRDAWGILMDMRWRWMMLVFS 61

Slide-helix

Figure 1. Crystallographic structure of KirBac3.1 W46R. A) Structure of KirBac3.1 W46R
showing the location of the mutant R46 at the bottom of TM1. The grey area represents the

membrane, and arrows indicate the various domains in the figure. Orange and magenta residues

at the center of the channel correspond to the constriction points Leul24 and Tyr132,

respectively. For clarity, two subunits out of four are represented. B) Top: Zoom on the area
around the mutation R46 (blue) at the bottom of TM1 from chain C (R46-C) interacting with
Y38-B on the slide helix of the n-1 chain (chain A counterclockwise neighbor chain). Bottom:
Same area as above with KirBac3.1 WT (PDB 2WLJ). W46-C (chain C, in red) in the "flipped-
in" conformation packed against the C-terminal end of TM2 (chain B). C) Alignment for Kir

channels sequences. The tryptophan residue at the position corresponding to W68 in Kir6.2,
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at the bottom of TM2, is absolutely conserved (pink). The aspartate residue at the position
corresponding to D58 in Kir6.2, on the slide helix is also highly conserved (cyan); note that
the Y38 (KirBac3.1) is equivalent to F61 (Kir6.2).

We expressed the mutant W46R of KirBac3.1, corresponding to pathological
forms of the human homologous Kir6.2 channel, and investigated this mutant's
high-resolution structure. The R46 mutation replaces the hydrophobic tryptophan
and introduces a positively charged residue. The KirBac3.1 W46R mutant channel
was expressed, purified, and crystallized, and the structure was solved and
refined to 2.80 A resolution. We grew crystals of the W46R mutant belonging to
space group P2:12:12. The structure was solved by molecular replacement, and a
final model containing 279 out of the 301 residues of the construct was refined to
an R-factor of 22.2% and an R-free of 28.7%, with 99.3% of the residues in the final
model lying either in the most favorable or in the allowed regions of the
Ramachandran plot. The complete data collection and refinement statistics are
shown in Table 1, and the crystallographic structure is shown in Figure 1A. A
backbone alignment with the structure of the KirBac3.1 WT (PDB 2WLJ) [13]
showed that the two structures were very similar (root mean square deviation,
rmsd =0.471 A). Both structures, WT and W46R, are in a closed state.

Interestingly, despite this overall similarity, significant differences were
evident in the vicinity of residue 46 (W or R) (Figures 1A and B). As a consequence
of the mutation, a series of changes occur in the inter and intrasubunit interactions
at the level of the bundle crossing at the bottom of the transmembrane helix
compared with the KirBac3.1 WT (Figure 1B). In most X-ray structures of WT Kir
channels, the residue corresponding to W68 in Kir6.2 is in the "flipped-in"
conformation tightly packed against the C-terminal end of TM2, as seen in the
crystal structure (Figure 1B bottom, residue marked as W46 according to KirBac3.1
numbering). As a result, the W46 side-chain interacts with the F135 and R134 at
the bottom of the TM2 (Figure 3). More seldom, the tryptophan side-chain can
adopt a different rotameric conformation ("flipped-out"), pointing away from the
channel pore and removing the interaction with the bottom end of TM2 (Kir2.2,
PDB 3JYC). The atomic structure of the W46R mutant shows that the four R46 side-
chains point away from the channel pore and are engaged in intersubunit
connections with residues Y38 and D36 on the slide helix of the adjacent subunit
(n-1: counterclockwise neighbor chain) (Figure 1B top).

Data Collection

Space group P2,2,2

Cell dimensions (A) 106.77, 113.98, 89.18
Cell angles 90° 90° 90°

Resolution (A) 48.34-2.80
Completeness (%) 99.6

I/o (1) 19.67 (1.31 in the high-resolution shell)
Clashscore 8

Ramachandran outliers 1.7%

Side-chain outliers 9.3%

Refinement with REFMAC 5.8.0258

R, R free 0.222, 0.287

R free test set

1372 reflections (5%)
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Wilson B-factors (A?) 89.3
Total number of atoms 4341
Average B-factors, all atoms (A?) 97.464
RMS of Z score of bond lengths 0.70
RMS of Z score of bond angles 0.89

Table 1 Data collection and structure refinement statistics for KirBac W46R

2.2. HDX-MS measurements

The conformational flexibility of KirBac3.1 W46R mutant was investigated
using HDX-MS. This technique is based on the exchange of deuterium atoms at
the amide backbone of a protein, reflecting its conformational dynamics, followed
by proteolytic digestion and spectrometry analysis [14-16]. HDX has already been
extensively used on soluble and membrane proteins [17-19]. HDX was performed
on KirBac3.1 W46R mutant in the presence of detergent and compared to
KirBac3.1 WT also in detergent and recently reported [17], Figure 2A. In
previously published work, we have established that the presence of detergent
does not affect the conformational changes of the KirBac3.1 channel [20]. We tested
digestion with various proteases to achieve sequence coverage as extensively as
possible. The optimized conditions resulted in 86% sequence coverage with
nepenthesin. However, this enzyme did not allow coverage of regions 57-87
(second half of the TM1 and the beginning of the pore helix), 143-147 (3), and
195-199 (second half of the (37). Deuterium incorporation was monitored as a
function of time for each peptide generated from the W46R mutant (Figure S1).
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Figure 2. HDX-MS rates. A) HDX-MS rates of peptides reported for the KirBac3.1 WT [17] and B) for the mutant
W46R. C) Rate difference between the W46R mutant and KirBac3.1 WT. The scale of the deuterium exchange rate is
shown at the bottom of the figures, with blue corresponding to low exchange rate and high rigidity; and red to high
exchange rate and high flexibility.

Our data show that the most flexible regions for KirBac3.1 W46R are the
loops extending outside the CTD (aa 271-285 between (314 et 315, in red in Figure
2B, see Figure 2C for the nomenclature) with an HDX rate of 68.0%. The next, more
flexible, three domains are: i) at the G-gasket just below the CD-loop and the entire
B8, (aa 199-210, with HDX rate of 66.0%); ii) the stretch going from the end of the
B5 and the start of the 36 including the CD-loop in the middle (aa 162-174, HDX
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rate of 65,7%); and iii) the stretch going from the end of 36 and the start of 37
including the facing-down loop in the middle (aa 181-194, with HDX rate of
64.1%). On the CTD, the stretch including the end of the G-loop and the following
11 also shows some flexibility (aa 250-260, HDX rate of 43.1%).

In the transmembrane domain, the stretch at the bottom of TM2-loop and 33,
which includes the Y132 restriction point, shows some flexibility (aa 132-143, with
an HDX rate of 53.7%). On the contrary, the top of the TM2, is exceptionally stiff,
while the slide helix also shows less flexibility (aa 36-42, with an HDX rate of
28.9%).

We compared the conformational dynamics of the W46R mutant with the
KirBac3.1 WT (Figure 2C). In the figure, the blue color on the structure indicates a
higher rigidity for the W46R mutant than the WT, while red stretches represent
regions where the mutant shows increased conformational flexibility.
Interestingly, the stretch that includes the very end of the slide helix, R46
mutation, and the bottom half of the TM1 external helix (aa 43-56) is not as flexible
as the WT (normalized HDX rate of 37.9% compared with 65.1%). The interactions
network around the R46 residue is remarkably stable. This stretch including R46
is also the only part of the mutant protein which is more rigid than the WT. On
the contrary, the stretch of aa 36-42 before the mutation and including most of the
slide helix (excepted the very end) is more flexible than in the WT (normalized
HDX rate of 41.57% compared with 26.92%). This difference is the largest of all the
peptides analyzed.

Higher flexibility induced by the presence of the mutation has also been
observed for other parts of the protein: i) on the stretch including the bottom of
the pore helix, the selectivity filter, and the top of the external helix (aa 93-112,
normalized HDX rate of 50.04% for the mutant compared with 30.08% for the WT);
ii) on the stretch corresponding to the bottom of the internal helix and a large loop
just before the B3 (aa 131-143, normalized HDX rate 77.32% compared with
61.26%) where the increased deuterium exchange rate could be interpreted as a
higher accessibility surface; iii) on the stretch corresponding to sheets 35 and (36
in the cytoplasmic domain and CD loop (aa 162-174, normalized HDX rate 94.61%
compared with 83.1%); and iv) on the segment that includes the G-loop which is
slightly more flexible in the case of the mutant (aa 250-260, normalized HDX rate
62.05% compared with 55.25%).

2.3. Theoretical Results on KirBac3.1 W46R

The theoretical results presented in this section are based on MDeNM
simulations, in which a selected set of normal modes (NMs) related to channel
gating are excited in molecular dynamics (MD) simulations [21]. Through a
combination of MD and NMs, this method is a realistic exploration of the relevant
normal mode space for the gating processes taking into account the full
environment (water, ions, and membrane) of the protein at a given temperature.
These simulations were supplemented by standard MD simulations on a
uniformly distributed set of structures obtained from MDeNM that provide a
reasonably good estimation of the open/closed (and partially open) states
populations as previously reported [17, 22].

2.3.1. Interaction Networks

Interaction network analyses were performed on the crystallographic
structures of KirBac3.1 WT (PDB 2WL]) [13] and on the KirBac3.1 W46R mutant
model (see Materials and Methods) to elucidate the impact of the mutation W46R
on the structural and dynamical properties of the protein. The residue W46 in
KirBac3.1 WT can adopt two alternative conformations, called flipped-in, in the
majority of cases (side-chain of W46 oriented towards the channel) and flipped-
out (side-chain of W46 oriented towards the outside of the channel) (Figure 3A).
Figure 3C presents details on the flipped-in structure. The atomic structure of the
W46R mutant shows that the four R46 side-chains point away from the channel
pore in the crystal structure of the mutant W46R (Figure 3B). This is also observed
in the obtained structures of KirBac3.1 W46R (98.68% of the 25415 relaxed
MDeNM structures).
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The first analysis focused on the KirBac3.1 WT: we compared the interaction
networks (hydrogen bonds, van der Waals interaction, m- 7 and mt-cation
interactions) at the W46 residue level in flipped-in and flipped-out configurations.
Interaction networks around W46 for these two configurations are shown in
Figure 3 D, E, F, G respectively for chains A, B, C, and D, separately (for more
details, see Figure S2). W46 is tightly packed against the C-terminal end of TM2 of
the same subunit and interacts with R134 and F135 at the bottom of this inner helix
in the flipped-in conformation. Conversely, in the flipped-out conformation, these
interactions are not possible, confirming the movement of the W46 residue away
from the bottom of the inner helix and the center of the channel.
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Figure 3. Overview of the network of interactions around W46 (KirBac3.1 WT) and R46 (KirBac3.1 W46R). A)
KirBac3.1 WT: representation of the W46 flipped-in (in red, from X-ray structure PDB 2WL]) and the flipped-out (in
purple, from a representative structure issued from MDeNM simulations [17]. B) Superimposition of the residue W46
(flipped-in) in red and the mutation R46 in blue from our crystallographic structure. C) Network of interactions
around W46. The chains A and D are colored in blue and magenta, respectively, and the residue W46 (flipped-in) is
inred. D, E, F, and G) KirBac3.1 WT: Comparison of the interaction network of residue W46 in flipped-in and flipped-
out conformations for the chains A (panel D), B (panel E), C (panel F), D (panel G). The green lines indicate the
interactions present in the flipped-in configuration but absent in the flipped-out one, and red lines those present in
the flipped-out configuration but absent in the flipped-in one. Black lines are shared between the two conformers. H,
I, J, and K) Comparison of the interaction network of residue W46 flipped-in (KirBac3.1 WT) and residue R46
(KirBac3.1 W46R) for the chains A (panel H), B (panel I), C (panel J), D (panel K). The green lines indicate the
interactions present in KirBac3.1 WT but absent in W46R mutant, and the red lines the interactions present in the
W46R mutant but absent in KirBac3.1 WT. For more details, see Figure S2.

The second analysis focused on comparing the interaction network around
the W46 residue, in its flipped-in conformation (the most frequent conformation)
in KirBac3.1 WT and the interaction network around R46 in the W46R mutant
(Figure 3H, I, ], K, and Figure S2 for more details). Some similarities are evident,
e.g., in all the four subunits, corresponding to chains A, B, C, and D, both residues
W46 and the mutated one R46 residue interact with the residues I1e50 and F49 on
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the same external helix TM1. However, there are some clear differences. The
interactions between the flipped-in W46 residue and the two R134 and F135
residues at the bottom of the TM2 are lost in the case of the W46R due to the
orientation of the mutated residue R46 toward the outside of the channel. Along
with this loss of interactions, a new network around R46 is established and
interestingly new interactions can take place with D36 and/or W38 residues in the
slide helix of the adjacent subunit (n-1). It is important to highlight that only R46
residues from opposite chains (A and C) interact with the slide helix. Such contact
is not evident for the other two opposite chains (B and D). These observations
suggest that the mutation R46 alters the interaction of the outer and inner helices
at the level of the bundle crossing, disrupts a hydrophobic cluster (Figure S3), and
promotes the interaction of the bottom end of the outer external helix with the
slide helix of the adjacent (n-1) subunit. The R46 side-chain points towards the
outside of the channel and shows similarities with the flipped-out configuration
of W46 residues in the wild type (WT).

2.3.2. Contacts between residues
e Accessible surface of the residues W46 and R46

We calculated the accessible surface areas (ASAs) of residue 46 (W in WT
and R in the W46R mutant) on all the 25415 relaxed MDeNM structures. This value
measures the residue's interactions in this position and its degree of exposure to
the solvent. The histograms of the ASA values given in Figure 4A show that R46
in the mutant is more exposed than W46 in WT. The corresponding average value
is 87.42 A2 with a standard deviation (SD) of 24.87 A2 for the WT and 158.7 A2 (SD
=30.81 A?) for the mutant. These values are in accordance with our crystallographic
data showing that the residue R tends to point out of the channel. We should also
consider the different hydrophobicity of the two residues. R is more hydrophilic
than W and therefore has more favored interactions with the water environment
or the polar heads of the phospholipids.
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Figure 4. Accessible surface areas and shortest distances on MDeNM structures. A) Histogram of Accessible Surface
Area (ASA) values of residue W46 in KirBac3.1 WT (in red) and R46 in KirBac3.1 W46R (in blue) obtained on the set
of relaxed MDeNM structures. B) Boxplot of ASA values of R134 in KirBac3.1 WT (in red) and in KirBac3.1 W46R (in
blue) over the same set of structures. C) Boxplot of ASA values of F135 in KirBac3.1 WT (in red) and in KirBac3.1
W46R (in blue) over the same set of structures. D) Histogram of the shortest distances on MDeNM structures between
residue 46 and 1131 in KirBac3.1 WT (in red) and KirBac3.1 W46R (in blue).

e Accessible surface of the residues R134 and F135 and contacts with 1131

In the closed flipped-in state, the side-chain of W68 in Kir6.2 (PDB 6]B1) is
directed towards the C-terminal end of TM2 and holds hydrophobic contacts with
residues 1167, K170, and T171 [23, 24]. In the homologous KirBac3.1 channel, W46,
corresponding to W68 in Kir6.2, is also directed to the C-terminal end of TM2
(Figure 1B and 2C) and is close to the I131 (corresponding to 1167 in Kir6.2), R134
(corresponding to K170 in Kir6.2) and F135 (corresponding to T171 in Kir6.2).

In KirBac3.1, the proximal residues R134 and F135 are more exposed to the
solvent in the mutant W46R than in the WT (Figure 4B and C), supporting the
suggested loss of interaction with R46 in the mutant protein. It is worth noticing
the significant increase in ASA value for R134 compared to F135. R134 shows an
ASA average value of 21.77 A2 (SD=10.96 A?) in the KirBac3.1 WT and 41.05 A2
(SD=18.19 A? in the mutant W46R. F135 shows an average value of 38.90 A2
(SD=13.87 A) and 44.27 A2 (SD=17.59 A?) in KirBac3.1 WT and W46R mutant,
respectively. These results are explained by the fact that R134 is closer to the
bottom end of TM2 and, therefore, more accessible to the solvent. It is also
interesting to note that R46 has a higher ASA value than R134, indicating the
significant exposure and flexibility of the latter.




The distribution of shortest distances between residues W46/R46 and 1131
calculated on the MDeNM set of conformations shows that the shortest distance
is higher (for all the chains) in the mutant (Figure 4D). The average values are 2.45
A (SD=0.37 A) and 6.20 A (SD=0.9 A) for the WT and the W46R mutant,
respectively.

All the evidence gathered with this study points to a clear disruption of these
crucial interactions between TM1 and TM2 in the case of the W46R mutant,
compared to the WT protein.

2.3.3. Impact of the mutation on the gating

In order to investigate the effects of the mutation W46R on various
dynamical components of the gating mechanism from the selected normal modes
described in Materials and Methods, we carried out MD simulations using
MDeNM including the entire environment (water, lipids, ions). Structural and
dynamical features taken into account are i) the movement of the slide helix of
each chain, ii) the movement of the whole cytoplasmic domain, and iii) the
coordinated movement of the transmembrane helices.

¢  Upward movement of the slide helix

The W46R mutation's impact on the motion of the slide helix was analyzed
considering the interaction of the R46 residue with residues of the slide helix of
the adjacent protein monomer (n-1). To this end, we calculated the correlations
between the upward movement of the slide-helices (definition of the angle in
Material and Methods and Figure 5B, in pink) and the shortest distances between
R46 at the extremity of TM2 and D36 located at the extremity of the slide helix.
This movement has been previously highlighted as important in the gating of the
channel [17]. Figure 5A shows the positive correlation between helix movements
and inner-residues distances in blue circles, while red circles indicate negative
correlations. The diameter and color intensity of each circle are proportional to the
strength of the correlation. The shortest distances between R46 and D36 of
neighboring chains (n-1) are mainly correlated with the upward movement of
slide helices. Therefore, it can be inferred that a smaller distance between these
two residues induces a larger upward movement of slide helices.

More precisely, i) the shortest distance d46a36d, d46b36a, and d46c36b (see
Figure 6's caption for definitions) are correlated with the upward movement of the
chain A (upa); ii) distances d46c36b, and d46d36¢ are correlated with the upward
movement of the chain B (upb); iii) the distances d46d36c, and d46a36b, are
correlated with the upward movement of the chain C (upc). Altogether, this
evidence points towards a clear correlation in the mutated protein between the
upward movement of the slide helices and shortened distances between R46 and
D36 residues belonging to the adjacent chain (n+1 or n-1). In the WT protein, which
is mostly in flipped-in conformation, (98.68% of the relaxed MDeNM structures),
such correlations are still visible but involve the adjacent chain (n+1) (Figure 5C).
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Figure 5. Correlation between the interactions of the slide-helices and their upward movement in KirBac3.1 W46R
and WT. A) Correlations in the W46R mutant. The upward movement of the slide-helix for the chains A, B, C, and D
is denoted upx, where x is the letter of the chain. D46n36n-1 corresponds to the shortest distance between the R46
residue of the chain n and the D36 residue of the chain n-1, and d35n167n+1 to that between the D35 residue of the
chain n and the R167 residue of the chain n+1. The blue circles correspond to positive correlations, while the red ones
correspond to negative correlations. The diameter and the color intensity of a circle are proportional to the strength
of the correlation. B) Locations of the residues and the slide-helix upward movement angle definition are considered
in the correlations in pink. C) Correlations in the case of KirBac3.1 WT.

e  Movement of the cytoplasmic domain

We analyze here the movement of the cytoplasmic domain since it has been
considered an essential factor in gating [17, 25-28]. To investigate its relation with
the upward movement of the slide helices, the shortest distance between D35, the
first residue of the slide helix, and R167, located at the top of the cytoplasmic
domain on the CD-loop, was taken as a measure of the proximity of these two
structural regions. Also, inter-chain distances were taken into account to
corroborate the findings. Significant correlations were observed between these
distances and the upward movement of the slide helices, as shown in Figure 5A.
Furthermore, strong negative correlations are present between inter-chain
distances and the upward movement of the slide helices to the membrane. When
these distances decrease, the slide helices come closer to the membrane. More
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precisely, d35a167b and d35d167a are inversely correlated with the upward
movement of the chain A (upa), and d435b167c and d35c167d are inversely
correlated with a similar upward movement of the chain C (upc); similarly,
d35d167a has an inverse correlation with the upward movement of chain D (upd).
Interestingly, the WT protein structure displays the same type of correlations
(Figure 5C).

For each monomer of the protein, the comparison of correlations involving
the distance between residue 46 and residue 36 (d46n36n-1) on the neighboring
chain (n-1) and the distance between residue 35 and residue 167 (d35n167n+1) on
the neighboring monomer (n+1) for KirBac3.1 WT and KirBac W46R reveals clear
differences. Indeed, these distances are correlated in the case of KirBac3.1 W46R
but not in the case of the KirBac3.1 WT. We hypothesize that this is the
consequence of a new interaction present in the W46R mutant but not in the WT
protein between R46 and D36 on the slide helix. While in the WT, the residue D35
interacts with R167 on the same polypeptide chain, the mutation at position 46
creates an inter-chain interaction between D36 and R46. The slide-helix is,
therefore, held in place by two interactions in different directions. In the case of
the WT, the interaction D35-R167 promotes the orientation of the slide-helix
towards the cytoplasmic domain, significantly reducing its upward movement.
On the contrary, the formation of the new R46-D36 interaction in the W46R favors
the movement of the slide-helices toward the transmembrane domain.

e  Movement of the transmembrane helices

The correlation between the upward movement of the slide helix and the
tilting of the inner and outer transmembrane helices may affect the channel's
gating at the constriction points L124 and Y132. Definition of the inner and outer
tilts is shown in Figure 6B in red and blue, respectively, and Materials and
Methods. The MDeNM sets for the mutant protein were analyzed to highlight
correlations between structural determinants involved in the slide-helix
movement and the tilting of the transmembrane helices (Figure 6A). High
correlation values indicate the interplay between the inner and outer helices' tilt
angles with the movement of the slide helices. Similar correlations were obtained
for the WT (Figure 6C).

In the center of the channel, two constriction points corresponding to
residues L124 and Y132 are important for the gating as they control the passage of
the potassium ions through the channel. In more detail, the gating at L124,
represented by inter-chain distances g124ac and g124bd is correlated with the
upward movement of the slide-helices (upa,b,c,d). In addition, the g124ac distance
is correlated with the tilt of the transmembrane helices (tiltin, tilton). On the
contrary, the opening of the gate at the level of the residue Y132 represented by
the inter-chain distances g132ac and g132bd has an inverse correlation with the
upward movement of the slide-helices (upab,c,d) and the tilt of the
transmembrane helices (tiltin, tilton). In the case of KirBac3.1 WT, data from the
MDeNM set show no clear correlation between the gating at the level of residue
L124, while the opening of the gate at the level of the residue Y132, specifically for
chains B and D is mainly correlated with the upward movement of the slide-
helices and the tilting of the transmembrane helices (contrarily to KirBac3.1
W46R).

The upward motion of the slide-helix causes the tilt of both transmembrane
helices in such a way that the central portions of the transmembrane helices move
away from the center of the channel (L124) while their cytoplasmic ends get closer
to the bottom of the channel (Y132). This causes the increase of the opening of the
channel at the level of L124 but a decrease in the channel's opening at the level of
Y132.
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Figure 6. Correlation between the gating and the upward movement of the slide-helices and inclinations of the
transmembrane helices in KirBac3.1 W46R. A) Correlations in the W46R mutant. The shortest distance between the
residues L124 belonging to the chains A and C defining the gating at this level is denoted gl24ac, and similarly, for
Y132, it is designated g132ac. The upward movement of the slide-helices of the chains A, B, C and D are denoted upa,
upb, upc, upd, respectively. The tilt angle of the axes of the inner and outer helices from the perpendicular line to the
membrane plane are denoted tiltin and tilton, respectively, where n is the name of the chain. Blue and red circles
correspond to positive and negative correlations, respectively. The diameter and the color intensity of a circle are
proportional to the strength of the correlation. B) Definition of the inner and outer tilts (brown and blue, respectively).
The upward movement of the slide-helices is defined as in Figure 5B Constrictions points L124 and Y132 are shown.
C) Correlations in the case of KirBac3.1 WT.

2.3.4. Population of open and closed states corresponding to the MDeNM relaxed
structures

Note that in this work, a "closed" state is defined by a conduction pathway
that is sterically occluded and an "open" state in which the pathway is sufficiently
wide to accommodate at least a non-hydrated potassium ion. Four channel-gating
states can be defined based on the open or closed conformation of the two main

[207}



constriction points (L124 and Y132) as observed in the relaxed structures (for more
details, see [17]): 1) Fully open state when the shortest distances at the two
constriction points are larger than the ionic diameter of K* (diameter of K*
ion considered 3.53 A); 2) Fully closed state when both distances are smaller than
the ionic diameter of K*; 3) Half-open state 1 when the gate at residue L1124 is open
and the gate at residue Y132 is closed; 4) Half-open state 2 when the gate at residue
Y132 is open and the gate at residue L124 is closed. Interestingly, the fully open
state structures constitute about 7.4% of the whole population for the mutant
protein, a slightly higher percentage (0.5%) than KirBac3.1 WT (6.8% Table 2).
Furthermore, we can notice that the gate at residue Y132, closer to the cytoplasmic
domain, is more often closed than the gate at residue L124 (32.5% versus 10.8%,
respectively). It follows that the residue Y132 in both protein WT and the W46R
mutant protein is the most restrictive point of the ion pathway. A more significant
observation is that the 'gate’ at L124 is more open in the case of the mutant W46R
compared with WT (33% and 29%, respectively). On the contrary, the gate at Y132
is less open in the mutant W46R than WT (11% and 14%, respectively).
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Figure 7. Gating at the two constriction points L124 and Y132 A-B) Scatter plots of distances between Ca atoms of the
residues 124 (in red) and 132 (in blue) for chains AC and BD. A: for KirBac3.1 WT B: KirBac3.1 W46R.

More details about the amplitude of the channel opening at the gating points
on the scatter plots of shortest distances between the opposite chains A and C and
those between chains B and D at both constriction points over all the MDeNM
relaxed structures are shown in Figure 7A and 7B for the WT and the W46R
mutant proteins, respectively. The shortest distance between opposite chains at
the level of the two constriction points is always lower than 15 A for WT protein
(Figure 7A) but higher than 15 A for a small population of the simulated structures
of the W46R mutant (Figure 7B). Interestingly, for this population, the opening is
more prominent at residue Y132 compared with residue L124.

Table 2. Populations (in percentage) of different opening states in the relaxed structures of KirBac W46R obtained
through MDeNM simulations and single-channel recording of the mutant and KirBac3.1WT

Channel states Kirbac3.1 WT (%) (Ref 16) KirBac3.1 W46R (%)
Fully open 6.8 7.4
Fully closed 50.2 49.3
Half open 1 (124 open, 132 closed) 28.8 32.5
Half open 2 (132 open, 124 closed) 14.2 10.8
Current recordings of KirBac3.1 in planar lipid bilayers 9.9 (£1.3, n= 1803) 7.1

2.4. Functional studies of the W46R protein
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Purified W46R was incorporated in a preformed lipid bilayer. Figure 8A
shows single-channel traces for a 3-min consecutive recording at +100 mV and
channels gating with multiple sub-states as described for the Kirbac3.1 WT
channels [17]. Analysis of the amplitude value versus the dwell confirms seven
levels during this recording time (Figure 8B inset). Fits of the histogram of all
levels versus current amplitude reveal a single-channel conductance value of 36
pS, similar to that recorded for the WT channels (47 pS at -80 mV [17]). From this
recording, the open probability (Po) was 0.071 (Table 2). We performed recordings
at other potentials that led to Po in the same order of magnitude (data not shown).
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Figure 8. Single-channel recordings of the Kirbac W46R channels A) Current traces from 3-min consecutive recordings
at +100 mV test potential. The closed state is labeled as C. B) Amplitude histogram fits of all events for the selected
seven levels gating between closed and open states during 3 min. Inset shows current amplitude values versus dwell
time for all seven levels.

3. Discussion
3.1. Characteristics of mammalian Kir6.2 channel

Tryptophan at residue 68 of Kir6.2 subunit is critical for correct channel
function [12]. Most of the W68 mutants in Kir6.2 cause a gain in channel function.
In all Kir crystal structures, the residue corresponding to W68 in Kir6.2 lies at the
N-terminal end of TM1, close to the hinge region that leads to the slide helix. As
seen in most of the X-ray structures of WT Kir channels, this highly conserved
residue is in the flipped-in conformation, tightly packed against the C-terminal
end of TM2 in a hydrophobic cluster (Figure S3 and Video S1), with the tryptophan
side-chain pointing toward the center of the channel. The residue also interacts
with I131, F135, and R134 at the bottom of the TM2. These interactions favor the
closed state of the channel. However, it has been suggested that the flipped-out
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conformation of W68 is required for the movement of TM2 that leads to an open
state [12].

Multiple residues in Kir6.2 (more than 70) are known to cause neonatal
diabetes mellitus. They can be divided into three classes: the class of residues that
act directly by increasing the opening probability of the channel, the class of
residues that participate in ATP binding (including those who lie in close vicinity),
and the residues that are acting as a conformational relay by which ATP binding
is translated into pore closure [30].

3.2. KirBac3.1 W46R: a good model for studying analogous W68R mutation in
mammalian Kir6.2

Here we investigate the effect of one particular mutation on the bacterial
homolog KirBac3.1 channel and compare our findings to the mammalian Kir6.2.
We support the idea that the KirBac3.1 W46R mutant characterized here may
represent a good model for studying the analogous mutation in the human
channel and that it can help provide insights into the molecular mechanisms
responsible for the gain of function of the channel. Therefore, we solved the
structure of KirBac3.1 W46R at 2.8 A resolution and used this model to investigate
the dynamics of the protein. Structural comparison between Kir6.2 and KirBac3.1
is shown in Figure S5.

In the case of the mutant KirBac3.1 W46R, replacing the hydrophobic residue
tryptophan with a positively charged arginine in this region is likely to have a
destabilizing effect. Analysis of the X-ray structure of KirBac3.1 W46R and the
modeled structure from 2WLJ, with an rmsd of 1.712 A between the two
structures, shows that the residue R46 does not point toward the center of the
channel but resembles the flipped-out conformation of W46 pointing away from
the channel pore. As a consequence, the previously described interaction with the
cytoplasmic end of the TM2 helices and the hydrophobic cluster around W46 are
disrupted (this hydrophobic cluster is also present in Kir6.1 and Kir6.2 [29]), and
the R46 residue forms a new network of interactions with the slide helix of the
neighboring subunit (n-1) involving D36 and W38 residues. Note that D36 is also
highly conserved among the Kir channels (Figure 1C).

W46R does not appear to increase the opening probability of the KirBac3.1
channel.

Our functional and structural experiments showed no significant difference
between the opening probabilities of the WT and mutated channels. The fully
open state structures constitute about 7.4% of the whole population, compared to
KirBac3.1 WT (6.8%, Table 2). The functional studies confirm these data and show
that the open probability (Po) for the W46R is even slightly smaller than the WT
(7.1% compared with 9.9%, respectively). The HDX studies show that the only
region that is less flexible compared with the WT structure is at the cytoplasmic
bottom end of the TM1, including the R46 mutation, suggesting that the network
of interactions formed between the mutated residue R46 and the slide helix
increases the rigidity of this protein segment. This suggests that the mutation does
not affect the channel's intrinsic open probability, as other neonatal diabetes
mutations do with the human isoform [30].

Gating transitions of KirBac3.1 W46R revealed by molecular dynamics
simulations

Despite the similar open probabilities between the KirBac3.1 WT and W46R,
the mutant describes a different behavior. Indeed,the detailed dynamical view of
the entire mutant channel during the gating associated with the open/closed
transition was uncovered by in silico studies that show a sequence of molecular
events that, due to lack of interactions between TM1 and TM2, trigger the opening
of the channel. In the WT state, the tryptophan residue at position 46 forms
contacts with transmembrane domain 2 (TM2) that hamper its movement and gate
opening. In the W46R mutant, the arginine side-chain is flipped away from the
channel pore, enabling the movement of TM2 and the establishment of new
contacts with the slide helix of the neighboring subunit (n-1) that aid in the gating
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mechanism and increased open state stability. The gating mechanism can be
summarized as a succession of events: i) R46 interacts with slide helix (D36); ii)
The upward movement of the slide helices induces the bending of the TM1 and
TM2; ii) this, in turn, causes a larger opening of the channel at the level of the
residue L124 but a closer interaction between the sub-units at the level of residue
Y132. Interestingly, some of these events can be correlated between the different
chains, unlike what happens for the WT [17] where there is no correlation between
the different chains. Therefore, these particular synchronized steps could help for
the opening of the channel.

To further assess the flexibility of the structures of KirBac3.1 WT and W46R
mutant, we compared the rms fluctuations between the two structures. The results
are shown in Figure 54 where KirBac3.1 WT seems, in general, more flexible than
the mutant KirBac3.1 W46R. However, the stretch that includes the very end of
the slide helix, R46 mutation, and the bottom half of the TM1 external helix (aa 43-
56) is not as flexible as the WT, as noticed in HDX-MS.

3.3. Suggestions to Kir6.2 by analogy

W68 does not directly participate in ATP binding

The ATP- binding site on Kir6.2 lies at the interface between two Kir6.2
subunits and close to the L0 loop of SUR. While the resolution of the cryo-electron
microscopy density does not allow precise determination of atomic-level ATP-
protein interactions [31, 32] (see structures PDB 6C3P and PDB 6C03), when
combined with the finding of functional studies, it provides an accurate model of
the ATP- binding site. The amino acids belonging to the ATP-binding site using
Kir6.2 numbering are R50 and N48 for chain A, and 1182, K185, Y330, F333, and
G334 for chain B. The other residues lying nearby (such as H46, E51, Q52, R201,
and G53) are important for stabilizing the interaction with ATP. Even if residue 68
was previously reported as not directly implicated in the interaction with ATP,
the introduction of a mutation could lead to a destabilization of the nearby region
responsible for ATP binding, as reported for other neonatal diabetes mutations
[30]. This destabilization of the closed channel by disrupting the nearby
hydrophobic cluster in the closed state (Figure S3) has been reported previously
for other mutations such as K170 (K170T) and 1167 (I167L) in Kir6.2. These
mutations result in neonatal diabetes by reducing inhibition by ATP [33, 34].
Various mutations at residue T171 can also cause a significant increase in the open
probability [35]. All these residues are known to interact with W68.

Therefore, it is possible that the substitution of W68 by R may result in a
pathogenic reduction of ATP sensitivity (inhibition) by disrupting the normally
present interaction between the bottom of TM1 and the slide helix. This is in line
with the reduced sensitivity toward ATP inhibition already reported for the
corresponding human mutant W68R, which also has been characterized by
increased currents [12]. Furthermore, W68 could be necessary for the
conformational relay by which ATP binding in mammalian Kir6.2 is translated
into pore closure. The mutation could then alleviate the functional inhibition due
to ATP binding. Although our results on the KirBac3.1 mutant channel do not
allow to conclude on this aspect, they provide structural insights that may be
useful for understanding Kir6.2-associated disorders.

In conclusion, W68 represents a highly conserved residue among the Kir
channels, also conserved in the human K-ATP channels. Here we show, by
analogy with KirBac3.1 W46R mutant, that W68 and its network of interactions
are crucial for the healthy activity of this channel, as it is involved in controlling
channel gating. In the human channel, mutations of this residue lead to neonatal
diabetes. Our findings may represent the basis for further investigations on the
homologous human Katr channel to provide novel insights into the molecular
mechanisms responsible for the pathological gain of function of the channel.

4. Materials and Methods




4.1 Experimental Data
4.1.1 Protein expression and purification

The W46R mutation was introduced using site-directed mutagenesis into a
synthetic KirBac3.1 gene inserted in pET30a. The open reading frame of this
construct had been codon-optimized for expression in Escherichia coli. Protein
expression and purification of this mutant channel were performed as outlined
before [36]. Briefly, after cell disruption by the French press, the protein was
directly solubilized with 45 mM DM (Decyl (3-D-maltopyranoside), centrifuged,
and the supernatant was loaded onto a Co?** affinity column. The protein was
promptly purified on a Superdex 200 10/300 column pre-equilibrated with 2 mM
TriDM buffer. Concentrated preparations (1-2.5 mg/mL) of purified proteins were
stored at -80 °C in buffer containing 20 mM Tris, pH 7.4, 150 mM KCl, and 0.2 mM
TriDM.

4.1.2 Protein Crystallization

We used the experimental procedures and equipment available in the
crystallography core facility at the Institut Pasteur, Paris, [37] to perform the
crystallization screening trials. Briefly, with a MosquitoTM nanoliter-dispensing
system (TTP Labtech), we set up crystallization sitting drops of 400 nL containing
a 1:1 mixture of protein and crystallization solutions (672 different commercially
available conditions). The protein drop was equilibrated against a 150 pL reservoir
in multiwell plates (Greiner Bio-One). The crystallization plates were stored at 18
°C in a RockImager (Formulatrix) automated imaging system to monitor crystal
growth. Manual optimization was performed in Linbro plates with the hanging-
drop method by mixing 2 uL of KirBac3.1 W46R protein at 10 mg/mL with 2 pl of
reservoir solution. The best crystals were obtained under the conditions
containing 15% (w/v) PEG- MME 5k, 15% (v/v) glycerol, 1 M LiCl, and 100 mM
MES pH 6.5. For data collection, the crystals were flash-cooled in liquid nitrogen
using the reservoir solution as cryo-protectant.

e Data collection and structure determination

The X-ray diffraction data were collected at 100K on the PROXIMA-1
beamline (Synchrotron SOLEIL, St Aubin, France) using a Dectris pixel-array
PILATUS 6M detector at a wavelength of 1.07114 A to a resolution of 2.80 A. The
diffraction images were integrated with the program XDS [38]. The KirBac3.1
W46R crystals belong to the P21212 space group with cell dimensions of 106.77 A
113.98 A 89.18 A. Molecular replacement was carried out with Phaser (CCP4
suite), using a search model derived from the closed structure of KirBac3.1 closed
state at2.85 A (PDB 2WLJ). Five percent of the reflections were set aside in the free
R set. The asymmetric unit has a solvent content of 69.4% and contains two
polypeptide molecules. The model was refined in real space interactively using
Coot [39] and refined using BUSTER-TNT [40], which included a final round of
translation, vibration, and screw-rotation (TLS) anisotropic refinement, as
implemented in BUSTER-TNT. An additional restrained refinement was carried
out using REFMACS [41]. The final model contains two polypeptide chains with
276 and 265 residues out of 301, respectively. The model also contains 23 solvent
molecules and four ions (three K* and one Mg?). The final model having 99.3% of
all residues in the favored or allowed regions of the Ramachadran plot was
validated using MolProbity [42]. The crystals parameters, data statistics, and
refinement parameters are shown in Table 1. All structural figures were generated
with PyMOL (version 1.3r1). The PDB accession code of this structure is 7ADL

4.1.3 Pepsin Digestion, Hydrogen/Deuterium exchange approach coupled to
mass spectrometry (HDX-MS) and HPLC

Peptide Separation of this mutant channel was performed as outlined before
[17]. Briefly, all protein digestions in solution were performed in an ice bath at 0
°C. Protease solutions were prepared in 500 mM glycine (pH 2.2). KirBac3.1
proteins samples were digested in the same buffer for 2-5 min using a
protease/substrate ratio of 1:1 or 1:10 (wt/wt) for pepsin and nepenthesin,
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respectively, either in solution or immobilized on a resin. The increase in digestion
time did not affect the proteolysis.

HDX-MS reactions were carried out on KirBac3.1 W46R at a protein
concentration of about 10 uM. The reaction was initiated by a 10x dilution of the
protein samples (10 uL) into a deuterated buffer containing 50 mM KCl and 0.2
mM TriDM. The time course of the HDX was followed over a 20-min period by
sequential withdrawing 120 uL of deuterated samples, which were immediately
added to 26 pL of quenching buffer (8 M guanidium chloride, 500 mM glycine
HC], pH 2.2), rapidly mixed, and flash-frozen in liquid nitrogen. After protease
digestion in solution or on column in an ice bath at 0 °C, the peptides were loaded
onto a peptideMicroTrap (Michrom Bioresources) column and washed with 0.03%
TFA in water (HPLC solution A). They were then separated on a reversed-phase
C12 column as previously described [19].) during 26 min. The column was
connected to the electrospray source of the mass spectrometers until 30% (vol/vol).
The valves, trap cartridge, and column were cooled to 0 °C by immersion in an ice
bath as outlined before [19]. The tandem MS (mapping) analyzes were performed
on an ion trap mass spectrometer (Esquire 3000+; Bruker Daltonics) to identify the
peptides after separation on HPLC. Mass measurements and local deuteration
kinetics analysis were performed on a time-of-flight (TOF) mass spectrometer
(6210; Agilent Technologies) equipped with an electrospray source. Each
deuteration experiment was performed in triplicate. Data were processed with
MassHunter software (Agilent Technologies). The qualitative analysis, the
deconvolution, and calculation of the average masses were carried out in Magtran
[43].

4.1.4 Functional studies of the KirBac W46R protein in black lipid membrane

Purified KirBac3.1 W46R (130 ug/mL) in DM (decylmaltoside) detergent (1.5
mM) was added to the upper chamber (150 pL) to a preformed bilayer. The Orbit
mini apparatus was used (Nanion, Germany, horizontal planar lipid bilayer
system), with two chambers separated by a partition with a 100-um hole where
the lipid bilayer is formed by 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC,10-30 pF). The lower chamber contained 150 mM KCl, 10 mM MOPS, pH
7.4. After membrane bilayer formation, the upper chamber solution was changed
to 150 mM KCl, 10 mM MOPS pH 8. Currents were recorded using Elements Data
Reader (Nanion, Germany) and analyzed using Clampfit (Axon Instrument Inc,
USA) software, sampled at 100 ps, and filtered at 1.25 kHz. The recording was
performed at 24 °C using Nanion temperature control unit.

4.2 Theoretical data
4.2.1 Modeling and Dynamics

The X-ray structure of KirBac3.1 with an atomic resolution of 2.6 A (PDB
2WLJ) [13] was used to model the complete WT structure. As the first 34 residues
were missing in the X-ray structure, this segment was excluded from our model,
and the missing atoms were constructed using the CHARMM program [44].
Residues 1 to 34 of the protein are not likely to be involved in the gating process.
The tetrameric complex was built by applying a two-fold symmetry axis for this
structure using the "Protein Interface Surface and Assemblies" software through
Pisa [45] at EBL. The W46R mutation was achieved with Chimera [46], considering
the modeled WT structure. The ionization states of residues in both structures
were established using PROPKA3 [47, 48]. A complete system comprising a DOPC
membrane, TIP3P type water molecules [49], and KCl ions at 150 mM
concentration within a box of 116.243 A x 116.243 A x 133.255 A was built using
the membrane-builder module of Charmm-Gui webserver [50, 51]. This web
server uses the "Orientations of Proteins in Membranes" (OPM) [52] software to
imbed the protein into the membrane. We used the charmm36 force field [53]. The
WT and mutant structures were first energy minimized, then further relaxed by
carrying out short molecular dynamics simulations for 600 ps at a constant
temperature of 300 K using the Nose-Hoover thermostat and constant pressure of
1 atm using the Langevin piston. Such a structure constituted the starting point
for the Normal Mode calculations and MDeNM simulations. The Leapfrog Verlet
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algorithm was used for propagating the movement. The cut-on and cut-off
distances for nonbonded interactions were set at 10 A and 12 A, respectively, and
between these values, a switching function was applied [17].

4.2.2 Normal Modes

The first 200 lowest frequency normal modes (NMs) of the structure
KirBac3.1 W46R structure were calculated with the DIMB method [54] in
CHARMM. A switching function was applied to the nonbonded interactions by
setting a cut-on distance of 10 A and a cut-off of 12 A. A distance-dependent
dielectric constant of 2r (r being the interatomic distance) was used. The
minimization was carried out under harmonic restraints applied to atomic
positions, which were gradually reduced and finally continued without restraints
by performing 50,000 steps of CG (Conjugate Gradient) followed by ABNR
(Adopted Basis Newton Raphson) minimization until reaching an RMS energy
gradient of 10-5 Kcal mol-1 A-1. The NMs of this minimized structure were then
computed. We selected from these modes those directly involved in the channel
gating to be used in MDeNM (Molecular Dynamics using excited Normal Modes)
simulations, following the same procedure as for KirBac3.1 WT [17]. 8 contributing
modes were selected, with the ranking numbers 85, 86 106, 150, 153, 154, 166, and
171 ordered in increasing frequencies. We selected these modes according to their
contributions to the opening/closing of the channel by following a list of criteria
as explained in [17, 22].

4.2.3 Molecular Dynamics using excited Normal Modes

The MDeNM method [21] was applied to explore the large-scale
conformational changes in the protein. This method allows an extensive
conformational exploration in the normal mode space coupling global and local
motions. It consists of propagating the movements by kinetic excitations along the
different linear combinations of mode vectors in MD simulations, each one of
these simulations constituting a replica. These combined vectors are chosen to
point to different regions of the normal mode space allowing an extensive
exploration. Substantial conformational changes could then be explored in a series
of relatively short MD simulations to obtain a set of structures that would require
at least simulations in the range of ms with conventional MD. Our study,
considered 130 replicas for KirBac3.1 W46R, which allowed for an extensive
conformational sampling (total simulation time = 0,4 ns x 130 replicas = 52 ns). A
filtering procedure was used to determine the mode combinations allowing an
isotropic distribution of the vectors [17]. We considered for each replica a series of
7 kinetic energy excitations for each replica, each lasting 1.5 ps, and corresponding
to an 8 K temperature increase of the protein. These simulations were carried out
with the CHARMM program using a dedicated script (available upon request).

e  Relaxation of the excited MDeNM structures

MDeNM provided 910 excited structures (7 excitations for every 130
replicas). This set of structures contained a few similar structures despite the rms
filtering. Therefore, we proceeded to a clustering of the structures based on the
channel rmsd (1.0 A for KirBac3.1 W46R), carried out with the clustering tool of
VMD, yielding 85 clusters. The structure closest to the average structure within
each cluster was chosen as the representative of the group. They were then relaxed
during 0.4 ns standard molecular dynamics performed with NAMD using the
same force field as before. Finally, we considered the last 0.3 ns of the trajectories
in which the remaining excitation energy is substantially dissipated, providing
25415 structures used in our analysis.

4.2.4 Interaction networks

The interaction networks around the residue 46 in KirBac3.1 WT (flipped-in
and flipped-out configurations) and KirBac3.1 W46R mutant were determined
using the Ring Web server of the University of Padova [55] and Cytoscape [56].
The nodes of the network correspond to the residues, and the edges to the
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physicochemical interactions, hydrogen bonds, or Van der Waals interactions. In
addition, specific sub-networks were established by Cytoscape, which reads the
files created by Ring and extracts information related to the residues of interest
and their neighbors and the interactions between them.

4.2.5 Structural determinants

Accessible Surface Area (ASA) was calculated with a Tcl script in VMD [57],
the shortest distance between residues with the CHARMM program [44], and the
Pearson correlation coefficients with the cor module of the R software
(https://www.R-project.org/)

¢ Upward angle of the slide-helices

The upward angle of a given chain's slide-helix (residues from T43 to D35) is
defined as the angle between its axis and the membrane plane (Figure 5B, in pink).
It measures its proximity to the membrane; the higher the value, the closer to the
membrane. The upward angles of the A, B, C, and D chains' slide-helices are
denoted upa, upb, upc, and upd, respectively.

e  Tilt angle of the transmembrane helices

The tilt angle of a transmembrane helix is defined as the angle between its
axis and the perpendicular to the membrane plane (Z-axis) (Figure 6B). The inner
helix of each chain is delimited from A109 to F135 and the outer helix from the
residue 46 (in W/R46 or WT) to Cys71. The tilt angles of the inner transmembrane
(TM) helices are named inclia, inclib, inclic, inclid for the chains A, B, C, and D,
respectively, and similarly incloa, inclob, incloc, and inclod concerning the outer
TM helices.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,
Figure S1 Heat Map of the KirBac3.1 W46R mutant. Figure S2. Detailed overview of the
network of interactions around W46 (KirBac3.1 WT) and R46 (KirBac3.1 W46R). Figure S3
Hydrophobic cluster Figure S4: Root-Mean Square Fluctuation by residue computed on all
relaxed structures from MDeNM in red and blue for KirBac3.1 WT and KirBac3.1 W46R,
respectively. Figure S5: Structural comparison between the two structures Kir6.2 (red) and
KirBac3.1W46R (blue) Video S1 Hydrophobic Cluster on WT and W46R.
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This next article focuses on the S129R mutation, engineered to trap the KirBac3.1

channel in an open conformation.
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Abstract

In this study, we investigated the dynamics and functional characteristics of the KirBac3.1 S129R,
a mutated bacterial potassium channel for which the inner pore-lining helix (TM2) was
engineered so that the bundle crossing is trapped in an open conformation. The structure of this
channel has been previously determined at high atomic resolution. We explored the dynamical
characteristics of this open state channel using an in silico method MDeNM that combines
molecular dynamics simulations and normal modes. We captured the global and local motions at
the mutation level and compared these data with HDX-MS experiments. MDeNM provided also an
estimation of the probability of the different opening states that are in agreement with our
electrophysiological experiments. In the S129R mutant, the Arg129 mutation releases the two
constriction points in the channel that existed in the wild type but interestingly creates another
restriction point.




Introduction

A detailed study of function requires careful dissection of the mechanistic steps. Protein
engineering can provide a powerful tool for studying the relationships between structure and
function. The design of various potassium channels with carefully chosen replacement residues
has helped describe the gating mechanism of these channels. For instance, we can mention
mutations close to the selectivity filter [1], on the wall of the cytoplasmic pore [2], on the
cytoplasmic domain [3], at the end of the cytoplasmic pore [4], at the extracellular domain of
Kir2.2 [5], at the bottom of the bundle crossing [6], or at the level of the cytoplasmic domain
subunit interfaces [7]. All these investigations, either in silico or experimental (NMR, FRET, etc.)
provided valuable information.

A few years ago, the open state kir channel’s crystal structure was revealed by KirBac3.1 S129R
[8, 9], which was designed so that the channel was trapped in an open conformation. Indeed,
before the publication of this structure, most structures were known in the closed state, with the
conduction pathway occluded. The use of an engineered protein made it possible to observe for
the first time at high resolution the KirBac channel with the bundle-crossing gate in an open
conformation, where the constriction points (Leul24 and Tyr132) are released [8] as shown in
Figure 1. This structure allowed proposing a mechanism for opening the channel. In this
structure, we noticed that the mutated residue Arg was facing the channel's center and therefore
could create the condition for another unexpected constriction point. However, this channel is
functionally open [10] and we did not notice any toxic effect of this engineered protein on the host
cell [11]. We then decided to investigate further this mutated channel’s function and dynamics
using an experimental and in silico study, allowing us to explain its particular behavior, which,
despite unexpected characteristics, provided valuable information on the open state structure.

o Leul24

Q
Figure 1. Anatomy of KirBac3.1 S129R from the modelled KirBac3.1 S129R. A) The transmembrane portion of each
monomer of KirBac1.1 is composed of four helices: slide helix (green), transmembrane helix 1 (red), pore helix (yellow),
and transmembrane helix 2 (blue). The mutation S129R is situated at the level of the helix bundle (pink), at the bottom
of the inner helix. B) Leu124 and Tyr132 are shown in color brown and orange respectively. Arg129 is shown in pink.

Results and discussion
1 Hydrogen/Deuterium exchange approach coupled to mass spectrometry (HDX-MS)

We investigated the protein conformational flexibility of the S129R mutant protein (open state)
using HDX-MS. This technique is based on the exchange of deuterium atoms at the amide
backbone of a protein, reflecting its conformational dynamics, followed by proteolytic digestion
and spectrometry analysis. HDX has been widely used on soluble and membrane proteins [12].
HDX was performed on the purified KirBac3.1 S129R mutant protein in the presence of detergent
(Figure 2B). We have established in previous work that the presence of detergent does not affect
conformational changes of the KirBac channel[13, 14]. The results were compared to those of WT
for which the same detergent was used ([14] and Figure 2A), the comparison is shown in Figure
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2C where red shows a S129R segment more flexible compared with the same segment in WT. The
Optimized conditions resulted in sequence coverage of 86% with nepenthesin [14]. However, this
enzyme did not allow covering the regions 57-87 (top half of the TM1 and the beginning of the
pore helix), 143-147 (B3) and 195-203 (second half of the $7) for nomenclature see Figure 2C.
Deuterium incorporation was monitored as a function of time for each peptide generated from the
S129R mutant (Figure S1).

Selectivity filter
a3
@2 TM1 Outer helix

a4 TM2 Inner helix

Meto4

Gly120 €
9 T a1 Slide-helix
3
p11 ¢ P
)
G-loop \
B10 (G —
€D-loop LN _ "'\\% 86
B5 AT £ — o5
B8 _,L',— 12
ARA\E

Rigid [P W Flexible 15% - 15%

]
D I | w |
M | ‘l (L l“ Ty,
c el By M P et e PN N ,,,_“ ek ,,,1 sk
L
, ]
| L o [ |f
C Mg Myk\mr‘hﬂ"v‘.‘»‘l{ﬁqr.;..yl'n'vsm Wb AN A i 3 A gt M o o o Y M ~‘hl ‘ ’J""‘" Wik
| P
| 4 |2 pA
| 1“\9 -~ ) “ L i
c ARy «-\*wu-"-‘-n’v'y\'»‘nv1-*»-.‘¢M.wyﬁi’~lh\w~ It i e gl b bt | 100 ms
P
| P
‘ s r‘ﬂ \“ [
c ».'m\’w‘\.:«tw‘«‘;,#m P bt :Mw i VA LIW‘W! e A
s | p
e | i‘l Hil i I
1 Wl lL
ww» ey 1 el g 5 wu'a‘w'“ e N S P e A
4.5C
r{“‘] 3.7C
52 [|2pA
24
19
VJ o | 100
c 04 ms
Slbrabind, L,W\ v “.’, Vil ‘M“’\!W M&WNM"MWL '\"WWWWW\JW‘“’{ 8

1200 - i
401
| ]
1000 - |
| .
— 800 7
Z i
< | [ i 1
E 600 \ £ 2]
o /| 3 1
o I | | & {
400 |
“‘ | | i
200 \ / \
0 / e 0 )
0 0.5 1 15 2 25 3 35 4 45 o 1 z 3 i 5
Amplitude (pA)

Amplitude (pA)

Figure 2. HDX-MS and single channel recordings HDX-MS rates of peptides reported for A) KirBac3.1 WT [12] and
B) the mutant S129R. Identified peptides are drawn with blue (low exchange and low flexibility) to red (high exchange
and high flexibility) color according to their percentage of deuterium exchange after 1,200 s (scale of exchange shown
atthe bottom of the figures). C) Nomenclature of secondary structures and rate of exchanges between the mutant S129R
and KirBac3.1 WT. Scale of deuterium exchange rate is shown at the bottom of the figures, same color code as for A and
B. Red appears when S129R is more flexible than WT and blue when S129R is more rigid than WT. D) Single channel
recordings from KirBac3.1 S129R channels,, traces obtained from 6 min consecutive recordings at +150 mV holding
potential. Closed state is labelled C. E, an enhancement of the upper trace to show the multiple sub states induced by
the S129R mutant. F, amplitude histogram fits (gaussian) of all events for the selected levels gating between closed and
open states during 6 min. G: S129R channels gate with multiple subconductance states. Dwell time for all events at 150
mV test potential is plotted for all current levels.




1.1 Comparison between the KirBac3.1 WT (closed conformation) and S129R mutant (open
state).

Our data shows that the most flexible regions for KirBac3.1 S129R are the loops extending outside
the CTD (aa 271-285 between B14 and 15, in red Figure 2B; see also Figure 2C for the
nomenclature). This external loop is subjected to the swinging movement during the gating [14].
If we compare the closed state of KirBac3.1 and the open state of KirBac3.1 S129R, the latter
shows slightly more pronounced flexibility with a maximum value for the HDX of 68 % + 2.2 (Mean
+ S.D n=3) against 59.1% + 2.5 for the closed state as shown in Figure 2C.

1.2 Structural flexibility of the transmembrane domain during the gating:

The largest change in the deuteration exchange percentage in the S129R mutant (35% versus
21%, compared with WT) is observed for the Thr93-Leul12 peptides (end of B3 (pore helix),
selectivity filter and top of B4, (TM2)) , a feature described previously [13]. This includes the
Met94 which is located towards the base of the pore-loop helix and packs closely with the Gly120
in TM2. Based on deuterium exchange percentages, the inner helix in the mutant S129R appears
more flexible than in WT. At the TM1 level, there is an increase in deuteration, particularly at the
bottom of the external helix, of 53.7% * 2.2 against 45.2% * 1.3 (Figure 2C).

1.3 Cytoplasmic domain:

These domains do not remain static during gating, and conformational changes should occur as
the channel opens and closes. For both closed and open states, the greatest flexibility is found at
the external loop. The KirBac3.1 cytoplasmic domain consists of two major [3-sheets, one (which
we refer to as B, includes the large 6, 10 and $11), that is tilted about 45° to the membrane
plane, and a second referred to as BII (which includes the shorter 33, 5 and 9) is approximately
parallel to the pore axis as described in [15]. Our flexibility measure shows that the main 1 sheet
is more rigid than the other major BII sheet for both the WT (closed) and S129R mutant (open).
The cytoplasmic domain’s interior is more rigid than the exterior, with the highest values of
flexibility for the open state.

On the contrary, the G-loop, located next to the CD loop is slightly less flexible in the S129R mutant
(open state) (9% * 1.2 against 12% + 0.8 in the close state). The G-loop has been described as very
flexible [4, 11, 16, 17]. The five amino acids, 162 to 174 of the CD-loop, are also more rigid in the
S129R mutant (open state) than in the WT (closed state) (49% % 2.3 vs. 58% + 2.5). The decrease
in deuteration in these two loops shows that they are involved in a network of interactions with
neighboring amino acids, which are therefore less flexible. This was also found in [13].

1.4 To further assess the structural deviations of these two states, we compared the root
mean square displacements (rmsd) of the residues (equation given in Materials and Methods)
calculated over the MDeNM relaxed structures of KirBac3.1 WT (closed) and KirBacS129R (open).
The results are shown in Figure S2. Minor rmsd values were observed in the closed state,
particularly in the transmembrane region. For both structures, the smallest rmsd values (less than
2.84) are in the transmembrane region. The open state shows slightly higher values, particularly
in the region of TM1, the pore helix, and the bottom of TM2 with a high value at the position of the
S129R mutation. The cytoplasmic domain exhibits higher rmsd values particularly the external
loop, which reaches 5.8 A and 5.2 A, for the open and closed states, respectively. This is in
agreement with HDX-MS data, for which the highest flexibility is in this region.

2 Current recordings of KirBac3.1 in planar lipid bilayers.
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When reconstituted into black lipid membranes, the KirBac3.1 S129R channels exhibit significant
gating activity as shown by current recordings for 6 min at +150 mV (Figure 2D). As reported for
the KirBac3.1 WT and KirBac 1.1, the KirBAc 3.1 S129R gates with multiple subconductance
states[18, 19]. The amplitude values for these levels are 0.40 + 0.001 pA, 1.32 £ 0.002 pA, 1.94 +
0.003 pA, 2.41 £ 0.001 pA, 2.88 £ 0.002 pA, 3.31 £ 0.001 pA, 3.71 + 0.002 pA, and 4.50 + 0.007 pA
(Figure 2E). Fits of Gaussian distributions of amplitude histograms resulted in a single channel
current level of 4.5 + 0.007 pA, corresponding to a conductance value of 30 pS (Figure 2F). A value
similar to that has been obtained for KirBac 3.1 WT (47 pS) [14]. KirBac S129R gates with
subconductance level activity that increases the Po to levels as high as 44.05 + 2.6 % (Meanz S.D.
n= 16107, number of events). Plotting dwell time versus current amplitude of all the events shows
that the S129R mutant gates with more subconductance levels, than the WT, that are contributing
to the overall Po as follow: 7%, 3%, 11%, 9%, 5%, 6%, 4%, and 1%, respectively (Figure 2G). We
have already shown that WT channels gate with only 2 subconductance levels (1 pA and 2 pA
current amplitude) [14].

3 Theoretical Results

The theoretical results presented in this section are based on MDeNM (Molecular Dynamics with
excited Normal Modes) simulations in which different linear combinations of a selected set of
normal modes (NMs) related to the opening/closing of the channel are excited in molecular
dynamics (MD) simulations [20]. Through such a combined use of both methods, MDeNM allows
a realistic exploration of the normal mode space relevant for the opening/closing mechanism
taking into account the full environment (membrane, water, ions) of the protein at the ambient
temperature. Standard MD simulations were thereafter carried out on a uniformly distributed set
of structures obtained from MDeNM, which provided a reasonably good estimate of the
populations of open/closed (and partially open) states. MDeNM is based on covering uniformly
without any bias the whole normal mode space defined by a selected set of low frequency modes.
In our study the normal modes that were chosen are all those that are involved in the
opening/closing motion of the channel. Therefore, the open and closed states were equally and
uniformly sampled. The tests that were done in the original article[20] has shown an extensive
not biased sampling, giving a good estimation of the probabilities of different states.

3.1 Constriction points along the channel in the KirBac3.1 WT and the S129R mutant

In this work, a 'closed’ state is defined by a conduction pathway which is sterically occluded and
an 'open' state in which the pathway is sufficiently wide to accommodate at least a non hydrated
potassium ion. The channel encompasses the region between residues 121 and 133. The
constriction points in this region for the WT are located at the levels of Leu124 and Tyr132
(Figure 1B). To have a dynamical view of the relaxed structures obtained in the MD simulations
(that follow the MDeNM), we calculated the shortest atom-atom distance (including hydrogens)
between the same residues that are at the opposite chains at a given constriction level (Tyr132 or
S/R129). The distances were calculated on KirBac3.1WT (closed state) and the KirBac3.1 S129R
(open state) (Figure 3A and Figure 3B, respectively). The average shortest distance at the level
of Ser129 in KirBac3.1 WT is 9.53A (SD=0.47A) (Figure 3A in red) and that at the level of Arg129
in S129R mutant is narrower with a value of 4.46A (SD=1.28A) (Figure 3A in blue). This is a
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marked decrease in the channel diameter at the level of the mutation. Interestingly, the mutation
at residue 129 introduces another constriction point in the channel which should not allow the K+
ion to pass easily. Figure 3 shows a set of distances situated in the gray zone which is indicative
of a closed state.
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two residues is that between their respective atoms including the hydrogens; B) Scatter plots of the shortest distances
between the chains B and D and between A and C at the level of the residue Tyr132. A-B) Red and blue points correspond
to the KirBac3.1 WT and KirBac3.1 S129R, respectively. The gray area delimits the region where the channel is closed.
C-E: representation of the relaxed structures; C) Locations of the residues Tyr132 (red) and Ser129 (orange) in
KirBac3.1 WT; D) Locations of the residues Tyr132 (dark blue) and Arg129 (cyan) in KirBac3.1 S129R; E) Zoom on the
Van der Waals between Tyr132 and Arg129 in KirBac3.1 S129R; F) Locations of the residues Tyr132 (dark blue) and
Arg129 (cyan) pointing toward the center of the channel in KirBac3.1 S129R; G) Histograms of the shortest distance
between residue 129 of the chain n and the residue 129 of the chain n+1; H) Histograms of the values of the shortest

[223}



distances between the residues 129 and Tyr132 from the same chain. The histograms in panels G and H were
established by taking into account all the chains.

Tyr132 has been described as a constriction point in KirBac3.1 WT confirmed with an average
shortest distance obtained of 3.72A (SD= 0.87A)[14] In the KirBac3.1 S129R mutant, the average
shortest distance, at this constriction point is larger with a value of 5.75A (SD 0.874) (Figure 3B
points in blue and Figure 1B in orange). This point of constriction is therefore released. The
Leul24 constriction point is also in an open configuration in the KirBac3.1 S129R mutant (Figure
1B in brown). We provided in Table S1 the radius values of the pore (computed with the HOLE
program) at the constriction levels, as well as the kink angle values of the TM1 for the KirBac3.1
WT and KirBac3.1 S129R crystallographic structures, and KirBac3.1 S129R simulated structures
in one of their closed or open conformations. It is worth to notice that the pore at the level of the
mutation can adopt a narrower radius in a representative MDeNM structure comparatively to its
X-ray structure. We also notice that at the level of the residue 132 we have a larger pore radius
for the simulated closed structure than in the X-ray structure. The kink angles of TM1 in three
chains out of four are also larger in the chosen simulated open structure than in the closed one,
but their mean values (Figure 4) are all larger in the mutant than in the WT, a trend similar to
what is observed when comparing both X-ray structures.

3.2 Interactions of the residue 129

We investigated the interactions of residue 129 with its neighboring residues and the changes in
the interaction network caused by the mutation in all the relaxed MDeNM structures[14].

The probability density of the distances between two adjacent Ser129 in WT showed a single peak
around 5.94, the two residues being quite distant (Figure 3G, in red). Note that higher density of
probability means more favorable interactions. For the mutant, the distances between two
adjacent Arg129 are distributed into two populations centered around 2.7A and 4.8 A (Figure 3G,
in blue). The first peak corresponds to a close interaction between the two arginine heads which
point towards the center of the channel and therefore obstructing it (Figure3F in cyan), the
second representing more distant residues similar to KirBac3.1 WT. The interaction energy
computed between pairs of Arg shows that those belonging to opposite chains can interact
favorably as shown in the scatter plot of the interaction energy versus the shortest distance in
Figure S3 computed for the ensemble of the MDeNM relaxed structures. It is seen that interaction
energies can reach values close to -4 kcal/mole. The representative structure corresponding to
the lowest interaction energy is also displayed in this figure. Although Arg has a positive charge
it was shown that they can interact favorably between them adopting different orientations [21].

Note that the distribution of shortest distances depend on which chains are considered. Indeed,
the crystallographic structures of KirBac can exhibit four-fold symmetry, but more often two-fold
symmetry or even no symmetry[8,11,19]. Moreover, the side chains in these crystallographic
structures are slightly asymmetric.

We investigated the interaction between the mutated residue and Tyr132 which constitutes a
region of constriction along the channel in WT (Figure 3H). The most populated shortest distance
is greater for WT (3.3A) than for mutant (2.5A). The contact between the two residues for the
mutant is shown in Figures 3D-E.




In the closed state, residue 132 points towards the center of the channel and obstructs the passage
of the K+ ion (Figure 3C in red). In the mutant, Tyr132 is displaced from the channel’s center
coming in contact with Arg129, as shown in Figure 3D (See also Figure S4 for details).

The interaction energies between the Arg129 and Tyr132 as a scatter plot are given in Figures S5
and S6 with the molecular graphics of the most favorable structures. They show that they can
interact strongly with an interaction energy around -10 kcal/mol in the case of Arg129B and
Tyr132C forming a hydrogen bond between them (Figure S6), and around -5 kcal/mol between
Argl129B and Tyr132B. Interestingly, the Arg129 residues in all four chains point either to the
center of the channel and thus block the passage of K+ ion (Figure 3F) or interact with-the
aromatic ring of Tyr132 residues (Figure 3D).

3.3 Open and closed state populations

Four channel-gating states can be defined based on the open or closed conformation of the two
main constriction points (Leu124 and Tyr132) as observed in relaxed structures (for more details,
see [14] Figure S7): 1) Fully open state, sufficiently wide to accommodate at least a non-hydrated K*
ion, that is, when the shortest diametrically opposed inter-chain atomic distances at the two
constriction points are greater than the ionic diameter of K+ (diameter of K+ ion considered
3.5275A4 [22]); 2) fully closed state, when both distances are less than the ionic diameter of the
potassium ion; 3) partially open state 1, when the gate at residue Leu124 is open, and the gate at
residue Tyr132 is closed; 4) partially open state 2 when the gate at residue Tyr132 is open, and
the gate at residue Leu124 is closed. Considering the previous observation showing that the side
chain of the mutant Arg129 can point towards the center of the channel and constitutes another
constriction point, we therefore added another partially closed configuration at the level of
Argl29.

We analyzed 34086 relaxed structures issued from MDeNM simulations for KirBac3.1 WT and
29600 for KirBac3.1 S129R to have important information on these states’ populations. The
populations of the different WT and mutant states are shown in Table 1, indicating that the fully
open state in KirBac3.1 WT is only populated by about 6.8%. Such a low value is consistent with
the population obtained by previous electrophysiological experiments[14]. In contrast, the S129R
mutant is mostly open by about 53%, the Arg129 keeping the two Leul124 and Tyr132 restriction
points, always open. Interestingly, the Arg can adopt two conformations: one in which it interacts
directly with Tyr132, and the other where it points to the channel’s center obstructing it.
Therefore, the closed state of the mutant depends only on the conformation of Arg. Ironically, the
mutated residue, which was introduced in the protein to force the channel to open, by trapping
the bundle crossing in an open conformation, causes some obstruction to the potassium ion's
passage.

Table 1. Populations (in percentage) of different opening states in the relaxed structures of KirBac
S129R obtained through MDeNM simulations and single channel recording; comparison with
KirBac3.1 WT is shown.

Opening Types KirBac3.1 WT (%) KirBac3.1 S129R (%)
Fully open 6.8 52.8




Fully closed 50.2 0.0

Gating 124 open, Gating 132 | 28.8 0.0

closed

Gating 132 open, Gating 124 | 14.2 0.0

closed

Gating 129 closed 0.0 47.2

Current recordings of | 9.9 (¥1.3,n=1803) (ref14) | 44.05 (£ 2.6 % Mean £ S.D.
KirBac3.1 in planar lipid n=16107)

bilayers

3.4 Structural modifications between the closed (KirBac3.1 WT) and open (KirBac3.1
S129R) states.

3.4.1 Kink of the outer helix TM1

The TM1 outer helices' kink angles were calculated to determine the extent to which their bending
is involved in the channel's opening. We compared the kink angles for the TM1s for KirBac3.1 WT
and S129R, which are given in Figure 4.
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4

o

0 0 0 ke
0 10 20 30 0 10 20 30 O 10 20 30 0 10 20 30
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Kink angle of the outer helices (°)

Figure 4. Kink of the outer helices, TM1. Histograms of the values of the kink of the external helices during the relaxed
simulations of molecular dynamics after MDeNM. The structures populations of KirBac3.1 WT are represented in red
and the structures of KirBac3.1 S129R in blue. A) Kink of the outer helix of the chain A. B) Kink of the outer helix of the
chain B. C) Kink of the outer helix of the chain C. D) Kink of the outer helix of the chain D. E) Representation of the outer
kink angle (ke).

We calculated the kink of the outer helix on all the relaxed structures. The mean values of the kink
of TM1 for the chains A, B, C and D of KirBac3.1 WT are respectively of 8.39° (SD=3.09°), 6.51°
(SD=3.12°), 7.04° (SD =2.70°) and 4.97° (SD=2.39°) while the mean values for KirBac3.1 S129R
are 11.70° (SD = 3.03°), 13.33° (SD =3.18°) , 8.59° (SD=2.66°) and 13.308° (SD=3.18°). These
results highlight that the presence of the mutation S129R on TM2 has a knock-on effect on TM1,
triggering a greater kink of this outer helix as noticed in the cryo-EM analysis [10].

3.4.2 Rotation of the cytoplasmic domain

Motions of the cytoplasmic domain that couple ligand binding to the gating of the channel have
been thoroughly investigated and various models have been proposed. From the KirBac3.1 S129R
mutant’s crystallographic data, a model described as “twist to open” has been proposed, on which
a rotation of about 25° of the CTD around the central axis of the channel perpendicular to the
membrane is crucial to allow gating. This is why we performed a thorough examination of the
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angle of rotation of each chain's cytoplasmic domain around the central axis on all the relaxed
structures (See the definition of the rotation angle Figure 5A).
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Figure 5. Rotation of the cytoplasmic domain. A) Definition of the cytoplasmic domain rotation angle of a given
chain; B) Boxplots of the rotation angle’s values of the cytoplasmic domain for each chain for KirBac3.1 WT and
KirBac3.1 S129R. The angles were computed on all the relaxed structures of KirBac3.1 WT (red) and KirBac3.1 S129R
(blue). The middle line of each box corresponds on the median values. The variation of the 33° between the WT and
mutant were obtained from these average values.

We compared the rotation angles of the cytoplasmic domain of the KirBac3.1 WT and KirBac3.1
S129R, they are given in Figure 5B. The mean cytoplasmic domain rotation values are 97.95° (SD
=5.13°) and 131.78° (SD=5.41°) for WT and mutant, respectively. An average difference of 33° is
observed between the two systems. This is to be compared with the data obtained from
crystallographic structures, which show a difference of the cytoplasmic domain rotation angle of
30° between the KirBac3.1 WT (closed state) and KirBac3.1 S129R (open state) [8]. It can be
observed that both experimental and in silico studies are very comparable. The structures
obtained by MDeNM appear very stable with very small variations.

To study the S129R mutation effect on the interaction between the cytoplasmic domain and the
membrane interface, we calculated two distances: i) between His35 on the slide helices and
Arg167 (CD-loop on the CTD); ii) between Pro138 (the linker between the transmembrane and
the cytoplasmic domain) and Phe250 (G-loop on the CTD). The G-loop has been described as being
mobile during gating in molecular dynamics studies[23, 24] and X-ray data[4]. The location of
residues is indicated in Figure 6C.
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Figure 6. Interaction between the cytoplasmic and the membrane interface. Pink points are for KirBac3.1 WT,
blue points for the S129R mutant. A) Shortest distance between the slide-helix (residue Asp35 Chain B and the CD-loop
(residue Arg167 Chain C) versus the shortest distance between the linker (residue Pro138 Chain B) and the G-Loop
(residue Phe250 Chain B); B) Shortest distance between the slide-helix (residue Asp35 Chain C) and the CD-loop




(residue Arg167 Chain D) versus the distances between the linker (residue Pro138 Chain C) and the G-Loop (residue
Phe250 Chain C); C) Location of the interactions.

The structures resulting from the dynamics highlight the differences between WT and the mutant.
Figure 6A shows that the interaction between Pro138 and Phe250 (chain B) is stronger in S129R
compared to WT. The distances between the amino acids are from 1.91 A to 5.06 A in the S129R
mutant (in blue) and from 1.824 to 7.70A in KirBac3.1 WT (in red) predominantly closed (93.2%
of the structures). The same trend is observed for the chain C, shown in Figure 6C, as they do not
exceed 2.34 A while the range of values for WT extends over 9.58 A (Figure. 6B). The distances
between the residues His35 Chain B and Phe167 Chain C are also lower in S129R

The S129R mutant shows a stronger interaction between the cytoplasmic domain (G-loop and C
loop) and the membrane interface (slide helix and linker) and a greater stability.

Conclusion

Our MDeNM simulations on S129R show clearly that the mutation leads to a greater opening
probability of about 52.8 % compared to 6.8% in the WT, which is corroborated by functional data
from single channel recordings 44.05 (* 2.6 % Mean+ S.D. n=16107) compared with 9.9 (¥1.3,
n = 1803) in the WT. In this study, we observed the opening of the constriction points in the
channel and the inherent motions of KirBac3.1 S129R associated with the gating in the absence of
K+ inside the pore. Our in silico results, in the estimation of open state population, carried out in
the absence of K+ions, are very similar with experimental electrophysiological accounting of these
ions. The gating is therefore mainly linked to the intrinsic dynamical properties of the channel and
not dependent only on the presence of the K+ ions. The presence of the Arg mutation triggers the
release of the two constriction points that existed in WT protein, but at the same time, this residue
can block the passage of the K+ ion through the channel. Indeed, Arg can adopt two conformations,
pointing either towards the channel’s center or standing parallels to the channel and interacting
with Tyr132. This explains why the opening probability is only 52.8% and not 100%. Also, the
transmembrane external helices (TM1) show a more pronounced kink and flexibility in the case
of the S129R mutant in agreement with our HDX-MS experiments. In addition, the contacts
between Pro138 and Phe250 (G-loop), and the inter-chain contact between His35 (slide-helix)
and Arg167 (CD-loop) are stabilized, and the mutant shows a greater stability.

One of the conclusions of this study is that care must also be taken when selecting replacement
residues since this could affect importantly the structural and dynamical behaviour of the system
under consideration as it is the case here.

Materials and Methods

This article focuses on understanding the structural behavior of KirBac3.1 S129R, making the
comparison with the KirBac3.1 WT necessary to detect its specific aspects. The data and details
concerning the latter were described in our previous article [14].

1 Protein expression and purification

Same construct as for the protein used for the structure determination was used [8]. Protein
expression and purification of this mutant channel were performed as outlined before [11].
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Briefly, after cell disruption by French press, the protein was solubilized with 45 mM DM (Decyl
B-D-maltopyranoside), centrifuged, and the supernatant was loaded onto a Co2+ affinity column.
The protein was promptly purified on a Superdex 200 column pre-equilibrated with 2mM TriDM
buffer. Concentrated preparations (1-2.5 mg/ml) of purified proteins (>95% purity, judged by
SDS-PAGE) were stored at -80°C in a buffer containing 20 mM Tris, pH 7.4, 150 mM KCl and 0.2
mM TriDM.

2 Pepsin Digestion, Hydrogen/Deuterium exchange approach coupled to mass
spectrometry (HDX-MS) and HPLC Peptide Separation and Mass spectrometry of peptides.

These experiments were performed as outlined before [14]. Briefly, all protein digestions in
solution were performed in an ice bath at 0 °C. Protease solutions were prepared in 500 mM
glycine (pH 2.2). KirBac3.1 S129R protein samples were digested in the same buffer for 2-5 min
using a protease/substrate ratio of 1:1 or 1:10 (wt/wt) for pepsin and nepenthesin, respectively,
either in solution or immobilized on a resin. The increase in digestion time did not affect the
proteolysis. HDX-MS reactions were carried out on KirBac3.1 S129R at a protein concentration of
about 10 pM. The reaction was initiated by a 10x dilution of the protein samples (10 uL) into a
deuterated buffer containing 50 mM KCl and 0.2 mM TriDM. The time course of the HDX was
followed over a 20-min period by sequential withdrawing 120 pL of deuterated samples, which
were immediately added to 26 pL of quenching buffer (8 M guanidium chloride, 500 mM glycine
HCI, pH 2.2), rapidly mixed, and flash-frozen in liquid nitrogen. After protease digestion in solution
or on column in an ice bath at 0 °C, the peptides were loaded onto a peptideMicroTrap (Michrom
Bioresources) column and washed with 0.03 % TFA in water (HPLC). They were then separated
on a reversed-phase C12 column (1 x 50 mm, Jupiter; Phenomenex) using a linear gradient of 15—
45 % (vol/vol) of solution B (CH3CN 95 % and TFA 0.03 %) during 26 min. The tandem MS
(mapping) analyzes were performed on an ion trap mass spectrometer (Esquire 3000+; Bruker
Daltonics) to identify the peptides after their separation on HPLC. Accurate mass measurements
and local deuteration kinetics analysis were performed on a time-of-flight (TOF) mass
spectrometer (6210; Agilent Technologies) equipped with an electrospray source. Each
deuteration experiment was performed in triplicate. Data were processed as described in [14]

3 Electrophysiology

An Orbit mini was used (Nanion, Germany, horizontal planar lipid bilayer system), where two
aqueous chambers (150 puL) are separated by a partition with a 150-um hole where the lipid
bilayer is formed by 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC,15-50 pF). The lower
chamber contained 150 mM KCI, 10 mM MOPS, pH 7.4. After membrane bilayer formation, the
upper chamber solution was changed to 150 mM KCl, 10 mM MOPS pH 8. 1puL of purified
KirBac3.1 S129R (90 pg/mL) in DDM (n-DoDecyl-f-D-maltoside) detergent (0.015%) was added
to the upper chamber to a preformed bilayer. Currents were recorded using Elements Data Reader
(Nanion, Germany) and analyzed using Clampfit (Axon Instrument Inc, USA) software, sampled at
100 ps and filtered at 1.25 kHz. Recordings were performed at 24 °C.

4 Molecular Modelling

KirBac3.1 was modelled in two different states, the closed one, modeled from the PDB structure
of the wild type, 2WLJ (at 2.60A atomic resolution) described also previously [14], and the open
one, modeled from the PDB structure 3ZRS (KirBac3.1 S129R at 3.054 resolution). KirBac3.1
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S129R had missing C and N-terminal fragments, so the modeled structure describes the protein
from residue 35 to 295; other missing atoms were rebuilt using the CHARMM program. We
applied the P42,2 symmetry to the 3ZRS PDB structure using the Protein Interface Surface and
Assemblies software[25] to build the tetramer. We applied the “Orientation of Proteins in
Membranes” (OPM) software [26] and the protein was then included into a 114.566 x 114.566 x
128.572 A3 water box containing 36 629 water molecules with 150 mM KCl, and an 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) membrane using CHARMM-GUI [27, 28] .

5 Normal Modes.

Structures were minimized using the steepest descent (SD) and conjugate-gradient (CG) methods
followed by Adopted Basis Newton Raphson (ABNR) algorithm. Harmonic restraints were applied
during SD minimization, which were gradually reduced. Then the system was subjected to 50000
CG steps without restraints followed by ABNR minimization until a convergence of 10-5 Kcal mol-
1 A-1 RMS energy gradient was reached. The first 200 lowest frequency normal modes, ranged in
ascending order of frequencies, with all the atoms taken into account were computed using the
iterative DIMB method [29, 30] in CHARMM.

It was necessary to select the modes that contribute the most to the channel's conformational
changes to proceed with the MDeNM calculations. The channel was defined from residues 121 to
133. For each normal mode, the minimized energy structure was first globally displaced by 24 of
RMSD. To select them, a process similar to the one used for the KirBac3.1 WT was applied[14].
Firstly, the ten normal modes showing the highest variations at the level of the channel were
retained. To evaluate these variations, the distances between the residues 125 of opposite chains
were considered. Secondly, only the normal modes describing spherical and elliptical opening of
the channel were taken into account. Redundant modes were excluded keeping only the lowest
frequency normal modes. This protocol allowed us to select 4 modes that affect the most the gating
of the S129R.

6 Molecular Dynamics using Excited Normal Modes

The Molecular Dynamics using excited Normal Modes (MDeNM) method [20], promotes large
conformational changes while taking into account the coupling with local fluctuations. This
method allows a larger exploration of the conformational space and the generation of a wide
variety of different structures at a lower computation time, which would not have been possible
using only the standard MD. The method consists first to achieve different linear combinations of
the selected normal mode vectors such that the combined vectors describe different movements
of a given region (here the channel region). They are chosen such that the displaced structures
along them up to a given distance (1 A) display a uniform distribution of local RMSDs between
them (see ref [20]for more details).

In a second stage these directions are used in MD simulations for defining additional velocities
oriented along these very directions, and corresponding to a given kinetic energy, that are added
to the current MD velocities. Such a kinetic excitation was periodically repeated at a given period
of time (called the relaxation time) for propagating the movement to larger distances and allowing
the coupling with local motions. A sufficient number of excitations were applied to reach an
energetically acceptable large displacement. The simulations were carried out independently for
every NM combined vector, each of these simulations being called a replica simulation. For each
replica 10 successive excitations were applied, each one corresponding to a 4K rise of the overall




temperature; the relaxation time between two excitations was 1 ps. The numbers of replica used
are 62 and 66 for KirBac3.1 WT and KirBac3.1 S129R, respectively.

6.1 Relaxation of the MDeNM structures

Free MD simulations were carried out on MDeNM structures to relax them further energetically
and release the excess kinetic energy that would have been accumulated during the excitations.
These relaxation simulations were carried out on a limited number of representative structures
obtained by clustering the MDeNM structures to save simulation time. The VMD clustering tool
[31] was used to find at least 100 different clusters separated by a distance greater than an RMS
threshold of 0.9A on the channel (from Met121 to Ala133). A representative structure was chosen
for each cluster, which was the closest to the cluster's average structure. Unique structures not
belonging to any cluster were also selected. Overall, 114 and 99 clusters were obtained for
KirBac3.1 WT and KirBac3.1 S129R, respectively. Each representative structure was subjected to
a free MD simulation of 0.4 ns to release the excess kinetic energy and allow local movements to
occur, amounting to a total of 39.6 ns for all the KirBac3.1 S129R’s structures considered. The
simulations were carried out with NAMD v2.10[32] at constant temperature of 300K and constant
pressure of 1 atm using Langevin piston. Periodic Boundary Conditions and the Particle Mesh
Ewald method were used for the electrostatic interactions. The motion propagation is driven by
the Leapfrog Verlet algorithm. Concerning the non-bonded interactions, the cut-on and the cut-off
were 10 and 124, respectively. Charmm36 force field was used for the simulations. The
parameters used were the same for the MDeNM simulations.

6.2 Analysis of Molecular Dynamics simulations.

The results presented in this article are based on the relaxed structures from free MD simulations
in which only the last three-quarters of the trajectories were kept, that represents 29 600
structures.

The shortest distance between two residues was calculated considering the distances between all
their respective atoms including the hydrogens with the CHARMM software. The shortest
distances calculated at the different levels of the channel and different pairs of residues were used
to define the various open/closed states. Six shortest distances were considered: i) between
Leul24 of chain A and Leul24 of chain C, ii) between Leu 124 of chain B and Leu124 of chain D,
iii) between Tyr132 of chain A and Tyr132 of chain C, iv) between Tyr132 of chain B and Tyr132
of chain D, v) between Arg129 of chain A and Arg of chain C, iv) between Arg129 of chain B and
Arg129 of chain D.

The kink of each of the outer helices is defined by the angle between the axis of the first part of
the helix going from Trp46 to Leu56 and that of the second part going from Leu56 to Asp80.

The cytoplasmic domain rotation for each of the chains was calculated as the pseudo bonds’
dihedral angle defined by four successive points defined by Leu108, its projection on the central
Z-axis passing through the channel, the projection of [le266 on the same axis, and Ile 266 itself.

The kink and the dihedral angles were calculated using the CHARMM software.

The Root-Mean-Square Deviation of a given atom i (RMSD;) was computed over the ensemble of
all the MDeNM relaxed structures for KirBac3.1 WT (34086 structures) and KirBac3.1 S129R,
(29600 structures), respectively. The RMSD; is defined by the equation




N
1 2
RMSD; = |+ Z|ri(n) i

n=1

where i is the atom number, N the total number of structures considered, r;(n) the position of the
atom i in the structure n, riref the position of the atom i in the reference structure . The RMSD of
a given residue was calculated by averaging the RMSD; of atoms belonging to the given residue.
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7 CONCLUSION AND PERSPECTIVES




7.1 CONCLUSION

This work aimed to acquire insights into the structure-function relation of Kir2.1 and

determine the structure of h_Kir2.1 at high resolution. When I began my Ph.D., no

structure of human Kir2.1 had been solved, and only the CTD domain of a mouse

Kir2.1 homolog and the crystal structures of ¢ Kir2.2 with and without PIP; were

available. Given the lack of Kir structures, we set to provide a structural basis for the

study of h Kir2.1. The emphasis of this thesis was thus to understand the impact of

two clinically-relevant AS-causing mutations on the structure and function of Kir2.1

and provide a structural base for the potential development of pharmaceutical

correctors later.

During this Ph.D., T was able to achieve all of the goals that were set at the beginning:

1)

2)

Establishing a robust protocol to obtain pure and homogenous human
Kir2.1 recombinantly expressed in Pichia pastoris yeast.

Here I've presented the successful expression in Pichia pastoris and purification
of human Kir2.1 using DDM. as a perfectly homogeneous tetramer. The
protein’s quality, monodispersity, and oligomerization state have been evaluated
using primarily SEC-MALLS and some DLS (Chapter 3). In this thesis, I show
that P. pastoris is an excellent organism for producing h_ Kir2.1 and that DDM
is a suitable detergent for extracting Kir2.1 from the membranes without
compromising its quality.

Furthermore, the production and purification protocol established during this
thesis results in high-quality protein that can be used for structure

determination and biophysical and functional assays.

To characterize human Kir2.1 and two naturally-occurring mutations
responsible for AS: R312H and C154Y.

The two mutants have been characterized biochemically in Chapter 3, and
R312H was explored further in Chapter 4. R312H and C154Y have different
biochemical profiles, but both are loss-of-function mutations resulting in a
defective channel that is stable in a closed conformation. Studying these two
channels allowed me to propose explanations for their lack of function. By
combining SEC-MALLS, SPR, electrophysiological recordings, in silico studies,

and cryo-EM structure analysis, we could propose an explanation for the loss of




function due to the R312H mutation and a hypothesis for the gating of the
Kir2.1 channel.

3) To characterize the interaction between the Kir2.1 channel (WT and
mutants) and the lipid PIP-.
The interaction between PIP; and Kir2.1 (WT and mutants) is explored briefly
in Chapter 3 for C154Y and in more detail in Chapter 4. All three channels were
able to interact with the lipid PIP,, although the dissociation constants differed.
The PIP»-Kir interaction is specific as PIP», only bound to Kir2.1 and not the
control (Ferritin). It is reversible, at least in detergent, as observed by the
spontaneous dissociation at the end of the PIPsinjections. It would be interesting
to investigate the interaction in a more native environment where PIP. could

become anchored to a lipid bilayer (nanodiscs).

4) To determine the structure of human Kir2.1 at high resolution using
cryo-EM.
The resolution of h Kir2.1 was determined at 4.3 A resolution using cryo-EM,
with local resolutions of 3.7 A. The resolved structure contains no modulators
and is in a closed state. Only one apparent K ion is found in the structure, in
the cytoplasm (not hydrated) in contact with D-255. This finding confirms that
the pore extends beyond the TMD, all the way to the cytoplasm. Four
constriction points were identified I-176, M-180, A-306, and D-255. Since A-306
is part of the G-loop domain, the G-loop in Kir2.1 acts as a gating point. This
structure showed structural features different from ¢ Kir2.2, which highlights
the importance of using this structure as a basis for future computational

experiments, functional assays, and drug design.

The resolution of Kir2.1 was limited mainly by the large detergent belt surrounding
the TMD domain and because a carbon layer needed to be added to the grids, adding
noise to the images. I have investigated different strategies for stabilizing the purified
Kir2.1 channel without detergents, such as exchanging detergent with amphipols and
reconstitution into nanodiscs to obtain increased resolution and a native-like
environment. The ongoing data processing of Kir2.1 reconstituted in Apol indicates

that a higher resolution can be attained.

Additionally, during my Ph.D. I collaborated with C. Fagnen, a former Ph.D. student
in the lab, to study the bacterial homolog. I produced and purified two KirBac3.1




mutants to evaluate the functional implications of a conserved residue in the TMD and

explore the gating behavior of constitutively open channels.

The in silico studies performed on the h Kir2.1 structure we solved suggested that
Kir2.1 can go from an extended confirmation to a compressed conformation in the
absence of PIP.. This was confirmed by the presence of particles in the compressed
state in our cryoEM dataset collected without PIP.. This leaves a burning question: if
PIP: does not prompt the compression of the channel simultaneously opening it as
previously believed, what is its role in the activation of the channel? 1 have allowed
myself to speculate given my data and current literature and here’s what I humbly
propose: the gating mechanism of Kir2.1, and perhaps other Kir channels, consists of
a series of small sequential movements (rather than simultaneous large motions) that
lead to an open and conductive channel (Figure 7-1). Stage I. Kir2.1 is closed,
elongated, and blocked. Stage II: Kir2.1 compresses in the absence of PIP, and the
blockers are liberated through either a voltage-dependent or voltage-independent step.
Stage III: The compressed state is stabilized by PIP,. PIP»>-binding upon the binding
site close to residues R218 and K219, which, in turn, transduce the binding signal
through H221-R312 and R312-E303 in the G-loop and then causes the A306
constriction point to be released by simply changing the sidechains into an alternate
conformation. Stage IV: As the PIP»-stabilized channel opens, K ions rush through
rendering the SF' in a conductive state. Of course, this hypothetical mechanism requires

investigation.

D— () (L

©
O

Closed Closed Closed Open
elongated Compressed PIP~stabilized PIP~stabilized
blocked Pre-open Pre-open Conductive

Figure 7-1 Hypothetical mechanism of PIP,-stabilized channel activation




7.2 PERSPECTIVES

Now that the structure of human Kir2.1 is known, this opens the way for many
experiments, particularly concerning the interaction of this channel with PIPs;. The
next logical step is to determine the structure of Kir2.1 with PIP,. This is ongoing
work; the appropriate Kir2.1:PIP; ratios and blotting conditions have been determined,
and the preliminary results using UltrAUfoil grids are promising. New grids will be
prepared on July 27th, and the data acquisition is scheduled for July 29th, 2022. This
will allow us to establish whether the compressed structure predicted by the in silico
studies in the apo state is the same obtained with PIP, docked. We will be able to
compare the changes from the apo state to PIP>-docked structures with those of
available ¢ Kir2.2 homolog to better understand the differences between the two
channels. In addition, this study will hopefully allow us to understand the gating with
the other conformational changes allowing the opening of the pore at different

constriction points.

Human Kir2.1 structures in distinct closed, intermediate, and open states are crucial
for understanding the mechanisms involved in channel gating and how PIP, induces or
stabilizes the compressed state, which can be extremely difficult to produce.
Consequently, the experimental data will be supplemented with in silico analyses,
notably NM analysis, classical MD simulations, and coarse-grained MD (CGMD)
simulations. CGMD will make it possible to understand how and where PIP, will bind

to Kir2.1 and its impact on the channel.

The ongoing Kir2.1-Apol results are promising. I will continue refining the 3D maps
and determine the structure of Kir2.1 in the apo state to obtain a better resolution
than that obtained in DDM. In this new structure, I will explore the conformational
heterogeneity of the samples in the hopes of capturing Kir2.1 in different

conformational states.

Several agonists and regulators will be explored structurally and functionally, including
secondary anionic lipids, cholesterol, polyamines, and the PDZ domain. In addition, we
hope to know the interactions between miRNAs and Kir2.1, so crucial in cardiology, in

collaboration with the team of Dr. Jidong Fu in the United States. For this, the

reconstitution of Kir2.1 into nanodiscs will continue to be optimized.

Once the nanodisc reconstitution is perfected, Forster resonance energy transfer

(FRET) will be performed to investigate the effect of ligand binding on the
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conformational features of Kir2.1. Much work is planned for the AS-causing mutants,
C154Y and R312H. Electrophysiological recording of Kir2.1 WT in oocytes will be
performed and compared with the mutants under varying conditions, as well as FRET.
The effect of the C154Y mutation in cell trafficking will be explored using different
constructs. The experimental perspectives will be preceded by in silico studies currently
being launched. For R312H, determining the structures with and without PIP, at high
resolution will allow the validation of the hypotheses established in Chapter 4.

Finally, once the different structures of h_ Kir2.1 are determined and an understanding
of the mechanism is achieved, a long-term perspective is to collaborate with
pharmaceutical companies to develop possible allosteric correctors to stabilize the open

conformation in defective channels.
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