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Summary
Ion channels are essential to cellular homeostasis and electrical activity in higher
eukaryotes. The principles behind the ion selectivity of these channels have long
been investigated. This thesis discusses the non-selective channel NaK and its
potassium-selective mutants.
The importance of ion channels in a multitude of biological systems is discussed
in chapter 1 with a special focus on the tetrameric cation-selective ion channel superfamily. Various members of this superfamily are explored and their structures and
ion selectivity are analysed.
NaK is shown to have two distinct selectivity filter conformations that are stabilized by either Na+ or K+ ions in chapter 2, in contrast to previous crystallographic
data which showed a single conformation. Using solid-state NMR (ssNMR) spectroscopy and molecular dynamics (MD) simulations, two ion conduction pathways
were discovered: a side-entry pathway for Na+ permeation unique to NaK as well as
the canonical K+ permeation pathway. The dual conformations of the selectivity filter
allow NaK to efficiently conduct both Na+ and K+ ions.
A crystal structure of NaK was determined that confirms the previously predicted
side-entry ion binding site, essential to the side-entry pathway, and is shown in chapter 3. The two subunits in the asymmetric unit display the dynamical nature of the
lower parts of the transmembrane helices as well as dual conformations for residues
in the selectivity filter.
In contrast to NaK, where only the selectivity filter is influenced by the different ion types, the potassium-selective mutants are more ion sensitive as shown in
chapter 4. The entire selectivity filter loses its stability under Na+ conditions for the
potassium-selective mutants. Widespread chemical shift perturbations were found
near the region of the pore helix when comparing the mutants under Na+ and K+
conditions. The stronger connection of the selectivity filter and the pore helix in the
potassium-selective mutants does not allow for non-selective ion conduction.
Using proton-detected ssNMR, the interaction between water molecules and the
potassium-selective mutant NaK2K was characterized and this is presented in chapter 5. The ion conduction mechanism had previously been proposed to either be
alternating ions and water molecules or via Coulomb repulsion of direct ion-ion contacts in a water-free mechanism. The selectivity filter of NaK2K was shown to be free
of water under physiological conditions and this strongly suggests a direct knock-on
ion conduction mechanism.
These results get put in perspective and the questions which remain are discussed in chapter 6. A short outlook on future research for the topic of ion selectivity
in the NaK channel is given.

Keywords:
Ion channels, ion permeation, solid-state nuclear magnetic resonance, ion
selectivity, ion conduction, structural biology.
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Zusammenfassung
Ionenkanäle sind für die zelluläre Homöostase und die elektrische Aktivität in höheren Eukaryoten essentiell. Die Prinzipien hinter der Ionenselektivität dieser Kanäle
wurden weithin untersucht. Die vorliegende Arbeit widmet sich dem nichtselektiven
Kanal NaK und seinen kaliumselektiven Mutanten.
Die Bedeutung von Ionenkanälen in einer Vielzahl von biologischen Systemen
wird in Kapitel 1 speziell für die kationenselektive Ionenkanal-Superfamilie diskutiert. Darin werden verschiedene Vertreter dieser Superfamilie untersucht und ihre
Strukturen und Ionenselektivität analysiert.
In Kapitel 2 wird gezeigt, dass NaK zwei unterschiedliche Selektivitätsfilterkonformationen aufweist, die entweder durch Na+ - oder K+ -Ionen stabilisiert sind; eine
Erkenntnis, die im Gegensatz zu früheren kristallographischen Daten, die eine einzige Konformation zeigten, steht. Unter Verwendung von Festkörper-NMR Spektroskopie (ssNMR) und molekulardynamischen (MD) Simulationen wurden zwei Ionenleitungswege entdeckt: ein für NaK einzigartiger seitlicher Eintrittsweg für die Na+ Permeation sowie der kanonische K+ -Permeationsweg. Die beiden Konformationen
des Selektivitätsfilters ermöglichen es NaK, sowohl Na+ - als auch K+ -Ionen effizient
zu leiten.
Es wurde eine Kristallstruktur von NaK ermittelt, welche die vorhergesagte und
für den Seiteneintrittsmechanismus essentielle seitliche Ionenbindungsstelle bestätigt. Sie wird in Kapitel 3 vorgestellt. Die zwei Untereinheiten in der asymmetrischen
Einheit zeigen die dynamische Natur der unteren Teile der Transmembranhelices
sowie duale Konformationen für die Reste im Selektivitätsfilter.
Im Gegensatz zu NaK, bei dem nur der Selektivitätsfilter von den verschiedenen
Ionentypen beeinflusst wird, sind die kaliumselektiven Mutanten ionensensitiver, wie
in Kapitel 4 gezeigt: Unter Na+ -Bedingungen verliert der gesamte Selektivitätsfilter in den kaliumselektiven Mutanten seine Stabilität. Beim Vergleich der Mutanten
unter Na+ - und K+ -Bedingungen wurden in der Nähe der Porenhelix ausgeprägte
chemische Verschiebungsstörungen gefunden. Die stärkere Verbindung zwischen
Selektivitätsfilter und der Porenhelix in den kaliumselektiven Mutanten ermöglicht
keine nichtselektive Ionenleitung.
Unter Verwendung von protonendetektierter Festkörper-NMR wurde die Wechselwirkung zwischen Wassermolekülen und der kaliumselektiven Mutante NaK2K
charakterisiert und präsentiert in Kapitel 5. Es wurde zuvor vorgeschlagen, dass
der Ionenleitungsmechanismus entweder auf alternierenden Ionen und Wassermolekülen oder auf der Coulomb-Abstoßung direkter Ionen-Ionen Kontakte in einem
wasserfreien Mechanismus beruht. Es wurde gezeigt, dass der Selektivitätsfilter von
NaK2K unter physiologischen Bedingungen wasserfrei ist, was stark auf einen direkten Ionenleitungsmechanismus hinweist.
Diese Ergebnisse werden in Kapitel 6 im Ganzen betrachtet und die verbleibenden Fragen werden erörtert, außerdem wird ein kurzer Ausblick auf die zukünftige
Forschung zum Thema Ionenselektivität im NaK-Kanal gegeben.
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Introduction
1.1

Ion channels

Ion channels are membrane proteins that allow ions to flow across biological compartments, which is essential for cellular functioning. Ion conduction in ion channels
goes along the electrochemical gradient and thus requires no additional energy. In
the human body, the intracellular concentration of potassium ions (K+ ) is generally
higher than the extracellular concentration. For sodium ions (Na+ ) and chloride ions
(Cl- ) the situation is reversed, with higher concentrations outside of the cell rather
than inside.
Ion channels are found throughout the human body and defects result in various
diseases, such as epilepsy, migraines, blindness, deafness, diabetes, hypertension,
cardiac arrhythmia, asthma and cancer (Kim, 2014). Diseases in which the malfunctioning of ion channels is an important factor are collectively called channelopathies.
Factors that are essential to proper ion channel functioning are ion selectivity and the
regulation of gating of the channel (Hille, 2001). The important role of ion channels
in the human body and their involvement in various diseases explains the interest in
further understanding the functioning of these proteins.
Ion channels can be classified based on the type of ions they conduct, their
gating mechanism, their structural characteristics or even their expression pattern in
human tissue. Bacterial homologs are often used as model systems for all classes of
ion channels because of their simplicity compared to the eukaryotic systems. In this
thesis, the focus is on the superfamily of tetrameric cation selective ion channels,
all of which share a basic structure but can differ in their ion selectivity (MacKinnon,
1995). Part of this superfamily are various potassium, sodium, and calcium selective
ion channels and some non-selective channels (Aryal, Sansom, and Tucker, 2015).
The aim is to understand the fundamental principles behind these differences in ion
selectivity.

1.1.1

Basic structure

The basic architecture of the cation selective ion channel superfamily is highly conserved with the conduction pathway consisting of a central pore domain with fourfold
symmetry (Yu et al., 2005). The most simple example of an ion channel in this family
consists of only the pore domain as a homotetrameric channel. All voltage-gated
and voltage-gated related ion channels have an additional voltage-sensing domain
(VSD) besides the pore domain, either domain swapped or the VSD is associated
with the pore domain of the same subunit. For voltage-gated sodium channels the
pore domain exists as four homologous domains within a monomer. Similarly, K2P
channels have two pore domains within each monomer and dimerization of the protein still allows formation of a fourfold symmetrical ion conduction pore. All these ion
channels can have additional domains for the regulation of ion conduction.
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F IGURE 1.1: Basic pore domain structure. A Monomeric KcsA with the structural
elements indicated (PH = pore helix, TM1 = outer helix, TM2 = inner helix; PDB
1K4C). B Tetrameric KcsA with the SF region indicated with a box with dashed
lines. C The SF structure formed from the sequence TVGYG with the four ion
binding sites marked S1 to S4. D Schematic overview of the pore domain elements.

The pore domain consists of two transmembrane helices (TMs) and the linker between them (see figure 1.1). This linker is called the pore loop and includes an
intramembrane helix called the pore helix (PH) and the selectivity filter (SF). The
SF of potassium-selective ion channels consists of the highly conserved amino acid
sequence TXGYG (Heginbotham et al., 1994). This signature sequence comprises
four consecutive ion binding sites (S1 to S4; figure 1.1C) which are formed by the
backbone carbonyl groups and the hydroxyl group from the threonine residues. The
ion binding sites form a narrow pore in the tetramer that allows ions to pass in a
single file. The SF enables potassium to proceed dehydrated, as the ion binding
sites mimic the octahedral coordination similar to the hydration shell of the ion (Zhou
et al., 2001). Overall, this results in a strong selection of K+ over Na+ at a ratio of
about 10.000 to 1 (K+ to Na+ ) and conduction rates that are near the diffusion rate
(Morais-Cabral, Zhou, and MacKinnon, 2001). The SF residues are supported by
the pore helix, which forms an extensive hydrogen bond network behind the SF with
multiple hydrophobic residues acting as springs to maintain the ion binding sites in
potassium-selective ion channels (Doyle et al., 1998).
Below the narrow passage of the SF there is a water filled cavity, approximately
in the middle of the low dielectric lipid bilayer. This water cavity shows a diffuse ion
binding site in crystal structures and is lined by the inner helices of the pore domain
(Doyle et al., 1998). The cavity overcomes the electrostatic destabilization by simply
surrounding the ion with polarizable water and is helped by the helix dipole effect of
the four pore helices that impose a negative electrostatic potential. The inner helix
is slightly tilted with respect to the membrane (at roughly 25%) and this helix is often
able to bend as part of the gating mechanism. In an unbend state, these helices of
the tetramer form the inner helix bundle crossing near the intracellular mouth and
block ion flow (Jiang et al., 2002). The inner helix bundle has been proposed to
act as a gate for many potassium-selective ion channels and the gating mechanism
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depends heavily on a conserved glycine residue, or PvP (proline-valine-proline) motif
in eukaryotic ion channels, which allows the inner helix to bend and open the channel
(Long, Campbell, and Mackinnon, 2005; Choe and Grabe, 2009).

1.1.2

Potassium-selective channels

The superfamily of cation selective tetrameric ion channels contains many
potassium-selective channels, several with important historical or medical relevance. For example, the Shaker channel from Drosophila melanogaster was the
first voltage-gated potassium-selective channel to be cloned (Tempel et al., 1987;
Papazian et al., 1987). The channel is named after the Shaker locus on the X
chromosome of the fruit fly because mutations at this site cause a specific shaking
behaviour under ether anesthesia. The first crystal structure ever determined of
an ion channel was of KcsA from Streptomyces lividans (Doyle et al., 1998). KcsA
has been used ever since as a model system for potassium-selective ion channels
and its gating is sensitive to both pH and the potassium concentration. A different landmark crystal structure was that of the calcium-gated potassium-selective
channel MthK from Methanobacterium thermoautotrophicum as it was the first
ligand-gated ion channel for which a structure was determined (Jiang et al., 2002).
Another important potassium-selective channel of the superfamily is the human
ether-á-go-go related gene (hERG) channel that is essential for human cardiac
electrical activity. Mutations in this potassium-selective channel can lead to Long
QT syndrome (LQTS), which is defined by delayed repolarization of the heart
(Lees-Miller et al., 2000). LQTS can also be caused by off-target drug induced
inhibition of the hERG channel, which is why new drugs always need to be tested for
their hERG binding properties before entering the market (Wang and MacKinnon,
2017).

1.1.3

Non-selective channels

Several channels within the tetrameric superfamily are not potassium-selective but
only cation selective, even though they share many of the same structural traits.
One example are the cyclic nucleotide-gated (CNG) channels, which are essential
for visual and olfactory sensory systems. They are non-selective cation channels
and can form hetero-tetramers, with subunits from different subfamilies forming a
functional channel (Kaupp and Seifert, 2002). They conduct both Na+ and K+ , but
have a higher affinity for calcium ions (Ca2+ ) (Lam et al., 2015). This calcium affinity
is biologically important, as it blocks monovalent cation currents and this underlies
for example the ability to adapt to steady illumination (Kaupp and Seifert, 2002). The
hyper-polarization cyclic-nucleotide gated (HCN) channel is part of the CNG channel
family (Lee and MacKinnon, 2017). This channel is also known as the pacemaker
channel since it is responsible for cardiac rhythm.
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Non-selective NaK

NaK is a non-selective cation channel from Bacillus cereus and part of the superfamily of tetrameric cation selective ion channels. A close homolog can be found in
Bacillus anthracis with an amino acid sequence identity of 94.7% (Shi et al., 2006).
NaK has a total of 114 amino acids, making up a protein of 12 kDa, and displays
high sequence homology with the pore domain of CNG channels (see section 1.1.3).
The crystal structure of NaK shows the classic pore domain architecture (Shi et al.,
2006; Alam and Jiang, 2009a) where each subunit of this tetrameric channel consists of two TMs. These helices are linked via the pore loop that contains the SF
and NaK has a short N-terminal amphiphatic helix. Interestingly, the SF sequence
of the non-selective NaK only differs from the canonical potassium-selective SF sequence by two amino acids, 63 TVGDGN 68 for NaK and TXGYGD for potassiumselective ion channels, respectively (Shi et al., 2006; Heginbotham et al., 1994). The
non-selective channel is able to conduct most monovalent as well as some divalent
cations (Alam and Jiang, 2009b). The relative structural simplicity of this prokaryotic
channel in combination with the minimal change in SF sequence which results in
a major difference in ion selectivity is what makes NaK a perfect model system to
investigate the principles behind ion selectivity.

1.2.1

Selectivity filter

The two amino acid difference of the SF sequence in NaK results in a non-selective
ion channel which is able to conduct both Na+ and K+ (Shi et al., 2006). The crystal
structure of NaK shows that this difference results in a significant rearrangement of
the structure of the SF compared to the canonical four ion binding sites in potassiumselective ion channels. NaK only maintains two ion binding sites equivalent to S3
and S4 (see figure 1.2) as these are formed by the threonine and valine residues
of the SF sequence, T63 and V64, respectively. The S1 and S2 ion binding sites
are replaced by a water-filled vestibule in NaK, which contains four water molecules
in the crystal structure (Shi et al., 2006; Alam and Jiang, 2009a). Interestingly, no
structural differences were observed when crystals of NaK were investigated under
Na+ or K+ conditions (Alam and Jiang, 2009b).
It was shown in crystal structures of NaK that divalent cations can bind at the
S0 ion binding site, located above the SF and formed by the carbonyl oxygens of
G67 and water molecules. Similar to CNG channels (see section 1.1.3), monovalent cation currents in NaK can be blocked by divalent cations (Alam, Shi, and Jiang,
2007). NaK was revealed to conduct Ca2+ and mutations of D66 were shown to influence divalent cation binding, where a glutamate substitution (D66E) increased Ca2+
binding and an asparagine substitution (D66N) decreased it (Alam, Shi, and Jiang,
2007). Again, this is reminiscent of similar observations made in CNG channels
where mutations of the conserved glutamate residue are responsible for changes in
calcium blockage of the channel (Gavazzo et al., 2000).

1.2.2

Gating mechanism

The closed conformation of NaK is characterized by straight inner helices and several
constrictions along the ion conduction pathway of the channel by I95, A99 and Q103
at the inner helix bundle crossing (Alam and Jiang, 2009a). The M0 helix of NaK
is amphipathic and associates with the membrane, forming a cuff around the inner
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F IGURE 1.2: Structure of NaK. A Monomeric full-length NaK in a closed conformation with the structural elements indicated (PH = pore helix, TM1 = outer helix,
TM2 = inner helix, M0 = amphiphatic helix; PDB 2AHZ). B The SF structure formed
from the sequence TVGDG with the ion binding sites indicated. C Amino acid sequence of the truncated NaK construct (NaK∆19) and the SF sequence highlighted
in red. D Three subunits of the truncated NaK construct (PDB 3E8H) in an open
conformation with the SF region indicated by a box with dashed lines.

helix bundle. The closed state is stabilized mainly by the hydrophobic interactions
between the M0 helix residues F4, L8 and M11, with the residues V26, V29 and
L30 of the neighboring subunit’s TM1 (Shi et al., 2006). Further stabilization comes
from interactions between the inner helices, where F92 interacts with a hydrophobic
patch consisting of V91, F94, I95 and L98 in the neighboring subunit (Alam and
Jiang, 2009a). It is still unclear how these interactions are regulated as part of the
gating mechanism of NaK.
It has been shown that removal of the first 19 amino acids of NaK, which normally
form the M0 helix, increases the open probability of the channel (Shi et al., 2006). In
the open state, the inner helices bend about 34° at G87 compared to the straightened helices in the closed state. In combination with the bend, the inner helices
also undergo a 45° clockwise rotation around their helical axis. These changes in
combination with a tilt of the outer helices of about 11° opens up the ion conduction
pathway. The narrowest point remaining in the open channel is a constriction by F92
of about 6.5 Å wide. It was shown that mutating this residue to an alanine (F92A)
increases the ion conduction rate of the channel (Alam and Jiang, 2009a).

1.2.3

NaK mutants

One of the interesting aspects of NaK is the investigation of the fundamentals of
ion selectivity by mutating the SF sequence. This is similar to the original research
into the signature potassium-selective sequence, which mutated each position of the
SF to determine the residues essential for ion selectivity (Heginbotham et al., 1994;
Splitt et al., 2000). The potassium-selective SF sequence of TVGYG only differs
from the SF sequence of NaK (TVGDG) by a single amino acid, however the single
point mutant does not confer potassium selectivity (Derebe et al., 2011).
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F IGURE 1.3: Potassium-selective NaK mutants. A SF structure of non-selective
NaK (PDB 3E8H). B SF structure of potassium-selective NaK1K (PDB 3TET). C SF
structure of potassium-selective NaK2K (PDB 3OUF). Structural water molecules
are represented as red spheres and hydrogen bonds are indicated with black dotted
lines.

NaK2K
NaK can be converted into a potassium-selective channel by mutating both D66Y
and N68D, a double mutant called NaK2K, which results in a SF sequence of TVGYGD equivalent to that of KcsA (Derebe et al., 2011). The crystal structure of
NaK2K shows almost no differences with that of NaK when looking at the general
protein fold, except for the direct surroundings of the mutated residues at the SF
(Derebe et al., 2011). The SF of NaK2K has a conformation identical to that of traditional potassium-selective channels and contains four ion binding sites. The top
part of the SF, which forms a water filled vestibule in NaK, is stabilized through two
newly formed hydrogen bonds in NaK2K (see figure 1.3A and B). One bond is between D66Y and T60 of the neighboring subunit, and the second is a hydrogen
bond between N68D and Y55 within one subunit. These hydrogen bonds allow the
reorientation of the carbonyl oxygens of G65 and D66Y towards the channel pore,
instead of their tangential orientation in NaK (Sauer et al., 2011).
NaK1K
Another mutant of NaK that becomes potassium selective is NaK1K, which consists
of the D66F and N68D double mutation. It was shown that NaK1K has reduced
selectivity for potassium compared to NaK2K (Sauer et al., 2011). Compared to NaK,
there is only one additional hydrogen bond formed in NaK1K between N68D and
Y55 in the pore helix (see figure 1.3A and C). The second stabilizing hydrogen bond
formed in NaK2K, between residue 66 and T60 of the neighboring subunit, cannot be
formed with the D66F mutation (Sauer et al., 2011). Previously, the replacement of
the tyrosine residue in the signature SF sequence by a phenylalanine without loss of
the potassium selectivity has been described in Shaker and in KcsA (Heginbotham
et al., 1994; Splitt et al., 2000). This can also be seen in the potassium-selective
hERG channel, which has a SF sequence of SVGFG (Gravel et al., 2013). The
unusual placement of a phenylalanine in the SF sequence of hERG has recently
been implicated to play a role in the instantaneous inactivation observed in hERG
and could be biologically important (Wang and MacKinnon, 2017).

1.3. Gating and selectivity

1.3
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Gating and selectivity

Initially, the selectivity of potassium-selective ion channels was thought to come from
the perfect coordination of the ions by the SF. This theory, generally referred to as
snug-fit, originated from the first crystal structure of KcsA which showed coordination
of the ions in the centre of a cage formed by eight oxygen atoms (Morais-Cabral,
Zhou, and MacKinnon, 2001). Before this discovery, it had already been predicted
by electrophysiological experiments that there likely were multiple consecutive ion
binding sites to convey potassium selectivity (Doyle et al., 1998). This theory sparked
a lot of interest in the binding affinities of the individual ion binding sites. Overall, the
theories concerning ion selectivity are still evolving.

1.3.1

Allosteric pathways

It has been shown for several of the tetrameric cation selective channels that there is
a connection between the SF and channel gating. For KcsA, the connection between
these regions can be observed because of pH dependent chemical shift perturbations at the SF residues (Wylie, Bhate, and McDermott, 2014). This is remarkable
since the only pH sensor known in KcsA is located at the inner helix bundle. The
coupling of these regions goes via a phenylalanine residue in the inner helix that
interacts with the lower part of the SF. The phenylalanine reorients because of rotations associated with the inner helix bend and channel opening. This repositioning
then destabilizes the hydrogen bond network behind the SF and induces a collapsed
SF conformation (see section 1.3.2) which halts the ion flow (Xu, Bhate, and McDermott, 2017).
Recent MD simulations on MthK detected that multiple pathways exist linking the
SF to the inner helix bundle (Boiteux et al., 2020). All these paths connected the
glycine in the middle of the SF to a phenylalanine in the inner helix, either through
the lower part of the SF or via the pore helix. The most prevalent pathway detected
in MthK was via T59 and I84 towards F87 (equivalent to T63/I87 /F92 in NaK and
T75/I100/F103 in KcsA).
Solution NMR investigations of NaK displayed a similar connectivity between the
SF and the rest of the protein. This allosteric pathway was discovered when the SF
of NaK was mutated to the potassium-selective NaK2K (see section 1.2.3). Chemical
shift perturbations were observed throughout the TM2 helix, which contains the inner
helix bundle. It was suggested that the coupling between the two regions is tuned
through protein dynamics (Brettmann et al., 2015). The exact residues involved in
the allosteric pathway of NaK are not known, as much of its gating mechanism is still
unknown.

1.3.2

Selectivity filter collapse

An important factor concerning ion selectivity of potassium channels is the ability to
gate ion conduction at the SF. It has been shown that the SF of some potassiumselective channels can collapse under low K+ conditions, which stops all ion conduction. In this conformation, the glycine residue in the middle of the SF reorients
to occlude the pore and disables the ion flow, since only the S1 and S4 ion binding
sites are preserved (see figure 1.4) (Zhou et al., 2001; Cuello et al., 2010). This
collapsed conformation of the SF is still fourfold symmetrical. In KcsA, the collapsed
conformation has a total of three water molecules behind the SF compared to only
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one water in this pocket for the conductive conformation (Zhou et al., 2001). These
additional water molecules form bonds with the amide group of the middle glycine
residue and the carbonyl group of the SF valine residue to stabilize the collapsed
conformation.
Interestingly, some channels of the tetrameric cation selective superfamily have
two structural water molecules behind the SF in its conductive conformation. MthK
contains two buried water molecules, does not collapse in the absence of K+ and
was shown to remain conductive (Ye, Li, and Jiang, 2010). Recent molecular dynamics (MD) simulations suggests that MthK is able to collapse its SF, but that this
conformation simply cannot be stabilized by interactions with the pore helix (Boiteux
et al., 2020). The potassium-selective mutant of NaK, NaK2K (see section 1.2.3),
has a canonical SF structure with two water molecules behind the SF in the crystal structures. The SF of NaK2K does not collapse under low K+ conditions and
also has low conductance of Na+ in the absence of potassium (Derebe et al., 2011).
Similarly, the E71A mutant of KcsA is unable to inactivate through a collapsed SF
conformation and has reduced selectivity for potassium (Cheng et al., 2011).

F IGURE 1.4: Collapsed SF structure of KcsA. A High K+ structure of KcsA with
a conductive SF (PDB 1K4C). B Low K+ structure of KcsA with a collapsed SF
(PDB 1K4D). Residues of the SF, E71 and D80 are indicated. Water molecules are
depicted as red spheres and hydrogen bonds as black dotted lines.

Water pocket behind the selectivity filter
It has been discovered that there is a relationship between the water molecules behind the SF and the ability to collapse the SF. A collapsed SF structure was obtained
by mutating Y82 to an alanine in KcsA (equivalent to S70 in NaK) and the channel
was shown to have an increased inactivation rate (Cuello, Cortes, and Perozo, 2017).
The increased activation rate is theorized to be related to the increased accessibility of the water pocket behind the SF. Similar results had previously been found in
Shaker by making an analogous mutation with T449A, where the channel also displayed increased inactivation rates (Lopez-Barneo et al., 1993). It was later shown
using MD simulations that the recovery from the inactivated collapsed state is controlled by the exit rate of the water molecules behind the SF (Ostmeyer et al., 2013).
These data indicate a role for the structural water molecules behind the SF and its
hydrogen bond network in the ability to fine-tune electrophysiological behaviour.
Recent work on several mutants of KcsA showed that mutations of E71 to an
alanine, isoleucine or glutamine changes the size of the water pocket behind the
SF (Jekhmane et al., 2019). These mutants of E71 within the pore helix displayed
distinct gating modalities as their disruption of the hydrogen bond network differed
(Chakrapani et al., 2011). The E71Q mutant of KcsA has similar gating behaviour

1.3. Gating and selectivity

9

to any NaK mutant with the D66Y mutation. It was shown that all constructs of
NaK with this tyrosine residue in the SF had short open times and flickering gating
characteristics, independent of the construct’s ion selectivity (Sauer et al., 2011).
This might also be linked to specific interactions within the water pocket behind the
SF for the D66Y NaK mutants.
Carbonyl flipping of the selectivity filter
Backbone carbonyl flipping has been observed in the SF of several potassiumselective channels in MD simulations and in some crystal structures. The valine
and glycine peptide bond of the potassium-selective SF sequence was shown to
spontaneously reorient in MD simulations of KcsA, as it is only maintained by a
weak hydrogen bond of G77 with the backbone carbonyl oxygen of E71 (Berneche
and Roux, 2000). This flipped conformation is distinct from the collapsed SF conformation, since only one subunit displayed the amide plane flip (Berneche and Roux,
2005). The mutation of E71A in KcsA captured two distinct crystal structures at high
K+ conditions, one very similar to the wild-type protein and one of a flipped conformation (Cordero-Morales et al., 2006). It was later shown that this flipped conformation
was most prevalent when KcsA E71A is crystallized under high Na+ or low K+ conditions, as the E71A mutant does not collapse its SF (see section 1.3.2) (Cheng et al.,
2011). The flipped conformation shows that both the asparagine side chain and the
backbone carbonyl oxygen of the valine (equivalent to D68 and V64 in NaK, respectively) have flipped roughly by 180°. The interaction between E71 and D80 in KcsA
is not found in eukaryotic channels which contain a valine residue in the pore helix,
similar to NaK with V59. The flipping of carbonyl oxygens was later related to water
permeation in the SF as shown by MD simulations (Kopec et al., 2018).

1.3.3

Ion binding affinities

The determination of the binding affinities of different ion types to individual ion binding sites within the SF has lead to theories of specific binding sites being essential for
ion selectivity. The exact ion coordination of both K+ and Na+ was determined in NaK
for the S3 and S4 ion binding sites. This showed that the S3 binding site is much less
potassium selective in NaK than in the canonical potassium-selective SF structure
(Alam and Jiang, 2009b). However, the main difference of the non-selective NaK
compared to KcsA is the S2 binding site, as this binding site is composed of a water
filled vestibule in the non-selective channel. MD calculations showed that coordination of ions by water molecules instead of carbonyl oxygens significantly changes
the ion selectivity (Noskov and Roux, 2007). Within the SF, K+ ions prefer coordination in the center of a cage formed by eight oxygen atoms and Na+ ions can only
be coordinated in a planar geometry (Kim and Allen, 2011). Therefore it was also
suggested that the S4 binding site is potassium selective in KcsA, as this binding
site coordination forms a high barrier of entry for Na+ ions (Thompson et al., 2009).
Using potential mean force (PMF) calculations, it was shown that the multi-ionic effects are essential for selective ion permeation when comparing non-selective and
potassium-selective NaK mutants (Wang, Chamberlin, and Noskov, 2014).
The various mutants of NaK and their differences in ion selectivity gave rise to
a theory that ion selectivity is mainly dependent on the amount of ion binding sites
(Derebe et al., 2011). The canonical potassium-selective SF has four consecutive
ion binding sites and the deletion of any one of these sites seems to result in loss
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of selectivity (see figure 1.5). The mutation of the SF sequence to that of a CNG
channel (see section 1.1.3), called NaK2CNG, maintains only three ion binding sites
and is a non-selective channel. Deletion of the S4 binding site in both MthK and
NaK2K by mutating the threonine to an alanine results in a loss of potassium selectivity (Derebe et al., 2011). In contrast to the S4 binding site deletion of the T75A
mutant for KcsA and the equivalent mutation in Shaker, which remain potassium
selective but reverse the allosteric coupling within the channel (Labro et al., 2018).
Interestingly, both channels display a collapse of the SF in the absence of K+ ions in
contrast to MthK and NaK2K (see section 1.3.2).

F IGURE 1.5: Ion binding sites. A SF structure of NaK (PDB 3E8H). B SF structure
of NaK2CNG (PDB 3K03). C SF structure of NaK2K (PDB 3OUF). The ion binding
sites are indicated.

1.3.4

Ion conduction mechanism

From the crystal structures of KcsA it was determined that the occupancy of K+ ions
in the SF is approximately 0.5, suggesting two K+ ions per four ion binding sites
(Zhou and MacKinnon, 2003). This led to the proposal of an ion conduction mechanism with alternating ions and water molecules, termed the soft knock-on mechanism (Morais-Cabral, Zhou, and MacKinnon, 2001). Changes in the S4 binding
site by mutating it to a cysteine (T75C in KcsA) seemed to affect the S2 "partner"
binding site, but not the ion occupancies at sites S1 and S3 (Zhou and MacKinnon,
2004). This mechanism was shown to allow for ion conduction in MD simulations,
where the approach of a third K+ ion from the intracellular side pushes the K+ and
water molecule in the SF forward. This mechanism has recently been debated after
new MD results showed conduction via ion-ion contacts, termed the direct knock-on
mechanism (Furini and Domene, 2009; Kopfer et al., 2014). Here, the repulsion between the ions caused by the Coulomb interactions is essential for the high efficiency
of the ion conduction mechanism. A later study showed that any co-permeation of
water molecules slows down the conduction rate (Kopec et al., 2018). These findings
have been debated since earlier streaming potential measurements of potassiumselective channels are consistent with one water molecule being co-transported per
K+ ion (Alcayaga et al., 1989; Iwamoto and Oiki, 2011).

1.4. Nuclear magnetic resonance spectroscopy
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Nuclear magnetic resonance spectroscopy

The field of structural biology investigates both the structure and dynamics of proteins to derive answers about their function. Molecular detail of protein structures
can provide information on possible ligand binding sites. Furthermore, various conformations can detail the movement of proteins during their respective tasks. There
are many different techniques which can be used, all with their own positive and
negative attributes. The focus in this work will be on solid-state nuclear magnetic
resonance spectroscopy (ssNMR). Nuclear magnetic resonance (NMR) is a technique with which the distance between atoms can be measured and these distances
are used for structure determination. SsNMR experiments can be carried out with
the sample in a native-like context: within a lipid bilayer, at physiological buffer conditions and at room temperature (Lange et al., 2006; Cady et al., 2010; Bhate and
McDermott, 2012; Kaplan et al., 2016). Unlike solution NMR, there is no theoretical size-limitation for the protein although spectral crowding is still likely to hinder
analysis in large proteins. A big advantage of ssNMR over other structural biology
techniques is the availability of information on dynamics of the protein on a wide
range of timescales. Other techniques such as X-ray crystallography and cryo-EM
only give a static picture of their research subject. Dynamics often have a crucial
role for the function of the protein and give insight into the functionally important regions of a protein (Ishima and Torchia, 2000; Schanda and Ernst, 2016; Mandala,
Williams, and Hong, 2018). All of these traits make ssNMR a powerful tool for structure elucidation and the investigation of the functional mechanisms of proteins.

1.4.1

Basics of NMR

NMR is based on the charge and spin of nuclei, which result in a magnetic moment.
Protons (1 H), carbon-13 (13 C) and nitrogen-15 (15 N) isotopes are nuclei with spin
1
1
2 and are most commonly used in biological NMR. Spin 2 nuclei have two energy
levels when placed in a strong external magnetic field and the lower energy level
has a slightly higher population, as determined by the Boltzmann distribution. The
energy difference between the two levels depends on the strength of the external
magnetic field and the gyromagnetic ratio of the nucleus (Keeler, 2010). The gyromagnetic ratio depends on the magnetic moment and the angular momentum of the
atom. 1 H have the largest gyromagnetic ratio and therefore are the most sensitive.
1 th
The gyromagnetic ratio of 13 C is about 41 th and of 15 N about 10
compared to the
gyromagnetic ratio of protons (Levitt, 2008).
The frequency at which the nucleus precesses is equal to the energy difference
between the two levels when placed in an external magnetic field. This precession
frequency is called the Larmor frequency (ω) (see equation 1.1) and depends on the
gyromagnetic ratio (γ) of the nucleus, its chemical shift (δ) and the field strength of
the magnet (B0 ) (Keeler, 2010). Spectrometers are often referred to by the Larmor
frequency of protons at that magnetic field, e.g. an "800 MHz spectrometer" instead
of a spectrometer with a field strength of 18.8 Tesla.
ω = −γ(1 + δ) B0

(1.1)
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Chemical shift
The Larmor frequency of a nucleus is largely dependent on the type of nucleus
and the external magnetic field, but the magnetic field is not homogeneous throughout the sample. Local differences in the chemical environment of individual nuclei
cause small changes in their Larmor frequency. These small changes are indicated
in ppm (parts per million) and are determined relative to a reference (see equation
1.2) (Keeler, 2010). The frequency of a specific nucleus is dependent on the effective magnetic field it experiences, which is influenced by the electron shielding
of the nucleus. High electron density around the nucleus will shield it more from
the external magnetic field and result in an upfield shifted signal, meaning a lower
frequency. The exact opposite happens when the nucleus is deshielded. Carbonyl
carbons have high ppm values, which is a downfield shift, because the electronegative oxygen pulls the electron density away from the carbon nucleus. This sensitivity
of the nucleus to the chemical environment is what allows structure determination
using NMR, as otherwise all nuclei of the same element would have the exact same
Larmor frequency.
δ=

(ν − νref ) × 106
νref

(1.2)

Couplings
Another factor which influences the chemical shift of the nucleus is its interaction with
other nuclear spins. There are numerous interactions, but only dipolar couplings and
J-couplings will be discussed. These interactions are used to transfer magnetization
between nuclei, which is essential for the acquisition of multidimensional spectra.
Transfer of magnetization can even increase the signal-to-noise ratio (SNR) of experiments when performed from a nucleus with a high gyromagnetic ratio to a low
γ
one. The signal is increased by a factor of γhigh
and the longitudinal relaxation rate of
low
the original nucleus is retained, which allows for faster repetition of the experiment
(Pines, Gibby, and Waugh, 1973).
Scalar couplings, also known as J-couplings, are mediated through bonds between the nuclei. These couplings give rise to splitting patterns, which are dependent
on the amount of chemically equivalent or distinct nuclei several bonds away. The
spacing between these peaks is the coupling constant J, which can provide structural information as it is influenced for example by dihedral angles. Strong coupling
is when the coupling constant is larger than the difference in the Larmor frequencies
of the coupled nuclei and this influences the intensities of the split peaks (Keeler,
2010). After a coupling time of 2J1 the coupled state of the two nuclei reaches its
maximum and magnetization can be transferred.
Dipolar couplings are interactions between two spin 21 nuclei and they depend
on the distance between the spins and the angle with the external magnetic field
(θ) (Duer, 2002). The dipolar interaction is transmitted through space and in solution these interactions are usually averaged out. In solid-state NMR, the dipolar
interactions are not averaged out naturally (see section 1.4.2) and can be used to
transfer magnetization. The transfer operates on the basis of the two populations of
magnetization reaching an equilibrium, thus roughly 50% transfer efficiency can be
achieved.
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NMR experiments
The easiest way to visualize an NMR experiment is to use the vector model. Here,
the bulk magnetization of the sample is portrayed as a vector aligned along the
direction of the external magnetic field which is defined as the Z-axis. The detection
of the signal, which is the precession of the magnetization at the Larmor frequency,
is along the XY-plane. To rotate the magnetization vector towards the XY-plane and
enable detection, radiofrequency (RF) pulses are applied to the sample (see figure
1.6A, B and C). These RF pulses apply an oscillating magnetic field (B1 ) to the Xor Y-axis and have a transmitter frequency close to the Larmor frequency (Keeler,
2010). The result of the RF pulse is an effective magnetic field (Beff ) experienced by
the nucleus. This field is the vector sum of the reduced B0 field and the applied pulse
B1 field (see figure 1.6D).
When the RF pulse has the exact same frequency as the Larmor frequency of the
nucleus, called an on-resonance pulse, the B0 field vanishes and the effective field
will lie along the axis of the pulse. During the pulse Beff will be the axis around which
the magnetization will precess at the frequency of the effective field (see equation
1.3).
q
ω eff = (γB1 )2 + Ω2
(1.3)
Ω = ω + ω RF
The RF pulse might not always be exactly on-resonance for all nuclei in the sample, where the offset (Ω) is the difference between the Larmor frequency of the
nucleus and the frequency of the applied pulse (see equation 1.3). The flip angle (β)
of the pulse depends on the amount of time the RF field is applied, where a 90° Y
pulse will result in magnetization aligned with the X-axis.
After the RF pulse, the magnetization will precess at the Larmor frequency in
the XY-plane until it returns to equilibrium, aligned with the external magnetic field,
termed longitudinal relaxation. Detection of the precession frequency comes from
the magnetic field inducing a current in the detection coil in the XY-plane, called the
free induction decay (FID). The FID is a time domain signal but can be changed
into a frequency domain signal using a Fourier transform, which results in the NMR
spectrum (see figure 1.6E).

1.4.2

Solid-state NMR

Proteins in solution tumble and therefore experience every orientation within the external magnetic field and certain interactions average out. All anisotropic interactions, such as dipolar couplings that have previously been explained to be orientation dependent (see section 1.4.1), cannot be averaged out in ssNMR. In ssNMR,
the protein is either too large or too ordered to tumble and this results in broad NMR
signals. Using magic-angle spinning (MAS), the average orientation of the sample
is at an angle of 54.7° with respect to the external magnetic field (Duer, 2002). At
this exact angle (θ), the anisotropic dipolar and chemical shielding interactions average out since these contain a (3 cos2 θ − 1) term that goes to zero during MAS. The
spinning speed needs to be larger than the magnitude of the interaction that is being
cancelled. The traditional approach used for ssNMR studies of proteins is carbon
detection at moderate MAS rates of 10 to 20 kHz.
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F IGURE 1.6: Vector model illustration of an NMR experiment. A Bulk magnetization
−
→
( M) aligned along the B0 field at the Z-axis. B An oscillating B1 pulse on the Yaxis reorients the magnetization to the X-axis for a flip angle of 90°(β). C After
the applied pulse, the magnetization precesses around the Z-axis and returns to
equilibrium. D The vector sum of B0 and an applied B1 field. E Illustration of the
FID and conversion to a frequency domain spectrum by a Fourier transform (FT).

Historically, it has been difficult to perform proton-detected ssNMR because the
interactions between protons are very strong and lead to very broad signals. The interactions can be partially overcome by using deuteration, where the heavier hydrogen isotope deuterium (2 H or D) is used in the medium instead of protons (Fricke et
al., 2017). A perdeuterated sample can then be back-exchanged, where exchangeable deuterons will be replaced by protons. The process of deuteration and backexchange dilutes the proton network in the protein and high quality spectra can be
obtained when this is combined with fast MAS rates (at or above 40 kHz) to average
out residual proton-proton interactions. However, the hydrophobic core of a membrane protein is strongly protected from water exposure and it is often not possible
to achieve reprotonation of these sites. With recent developments in probe design,
it is now possible to achieve MAS rates of about 100 kHz which lead to even better
averaging of the proton-proton dipolar couplings (Lecoq et al., 2019). This enables
the collection of high quality spectra even for fully protonated samples.

1.4.3

Assignment

An essential aspect of NMR is the assignment of chemical shifts to the corresponding
atom in the protein. Any further investigations using NMR, such as the determination
of distance restraints or the dynamics of specific regions within the protein, depend
on this identification.
The multidimensional experiments needed to assign NMR spectra are based on
the principle of traversing along the backbone atoms of a protein (see figure 1.7 for
a few example experiments; also see appendix A). The large chemical shift difference between alpha carbons (CA) and carbonyl carbons (CO) allows for the transfer
of magnetization with strong directionality. Transfer from the nitrogen atom towards
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the carbonyl carbon is transfer to the preceding amino acid, as the protein chain
is numbered from the N- to the C-terminus. Starting with experiments that transfer
magnetization within an amino acid, such as an NCACO or an NCACB spectrum, all
chemical shifts can then be attributed to one amino acid. Amino acids with characteristic chemical shifts can be used to discern the position within the protein sequence,
although it is often essential to determine the amino acid type of multiple consecutive residues to establish a unique position. Connecting the chemical shifts of atoms
within a residue to the preceding or succeeding residue will allow the assignment of
all resonances to specific atoms in the protein. The process of assigning chemical
shifts to backbone atoms using the various NMR spectra is called a backbone walk
(Fricke et al., 2017; Hoffmann et al., 2019).

F IGURE 1.7: Backbone walk experiments. Schematic illustration of the atoms used
for each dimension in the 3D A NCACO, B CANCO and C NCOCA experiments.
The amino acid backbone is depicted and X represents possible sidechain atoms.
The residue to which the atoms belong is indicated with a box with dashed lines.
Transfer steps are indicated with black arrows.
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for non-selective ion conduction
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Abstract
NaK and other non-selective channels are able to conduct both sodium (Na+ ) and
potassium (K+ ) with equally high efficiency. In contrast to previous crystallographic
results, we show that the selectivity filter (SF) of NaK in native-like lipid membranes
adopts two distinct conformations that are stabilized by either Na+ or K+ ions. The
atomic differences of these conformations are resolved by solid-state NMR (ssNMR)
spectroscopy and molecular dynamics (MD) simulations. Besides the canonical K+
permeation pathway, we identify a side entry ion-conduction pathway for Na+ permeation unique to NaK. Moreover, under otherwise identical conditions ssNMR spectra
of the K+ selective NaK mutant (NaK2K) reveal only a single conformational state.
Therefore, we propose that structural plasticity within the SF and the selection of
these conformations by different ions are key molecular determinants for highly efficient conduction of different ions in non-selective cation channels.
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Introduction

Sodium (Na+ ) and potassium (K+ ) are the most abundant monovalent cations in biological systems and play an essential role in the homeostasis and electrical activity
of living cells. NaK belongs to the class of non-selective monovalent cation channels
that conduct both K+ and Na+ ions with equal efficiency (Shi et al., 2006).In contrast,
K+ selective channels are characterized by the remarkable ability to select K+ over
Na+ by a ratio greater than 1000:1 (Hille, 2001). This high selectivity in K+ channels
is attributed to the narrow pore of the channel, known as the selectivity filter (SF). The
conserved sequence TVGYG forms four K+ -binding sites (S1–S4), which are composed from the backbone carbonyls and the threonine hydroxyl group (Doyle et al.,
1998). The high conductance of K+ selective channels has been explained in terms
of either a multi-ion “knockon” mechanism (Hodgkin and Keynes, 1955; Jensen et
al., 2010; Kratochvil et al., 2016) or the recently proposed “direct knock-on” mechanism (Kopfer et al., 2014). Although NaK has a similar SF sequence (TVGDG) as
K+ selective channels, the mechanism by which NaK conducts both Na+ and K+ at
extremely high rates remains under debate (Nimigean and Allen, 2011; Sauer et al.,
2011; Roux, 2017).
High-resolution crystal structures of NaK revealed the conservation of only the S3
and S4 ion binding sites, with the upper part of the SF becoming a vestibule (Alam
and Jiang, 2009b). Notably, ion binding sites identical to those of NaK were observed in a recently solved cryo-electron microscopy structure of the biologically and
physiologically important hyperpolarization-activated cyclic nucleotide-gated (HCN)
channel (Lee and MacKinnon, 2017). HCN1 exhibits significant similarities to NaK in
ion selectivity (K+ /Na+ 4), SF sequence, and structural architecture. These observations, together with mutagenesis studies on NaK, suggested that loss of contiguous
binding sites (S1 and S2) is responsible for ion non-selectivity (Derebe et al., 2011;
Sauer et al., 2013). Moreover, no structural rearrangement was observed in the
crystal structures of NaK with Na+ , K+ , or rubidium (Rb+ ) and a single SF conformation was detected for NaK in bicelles at high temperature by solution-state NMR
(Brettmann et al., 2015). The different ions were therefore proposed to permeate
through the same SF conformation with different preferential binding sites (Alam and
Jiang, 2009b; Vora, Bisset, and Chung, 2008).
In this study, we use a combination of ssNMR and advanced molecular dynamics (MD) simulations to investigate the detailed mechanism of ion non-selectivity in
the NaK channel. Distinct from other methods in structural biology, ssNMR makes
it possible to study membrane proteins in native-like lipid bilayers at room temperature and under physiological buffer conditions (Lange et al., 2006; Cady et al., 2010;
Bhate and McDermott, 2012; Kaplan et al., 2016). The MD simulations allow us to
determine the conductive conformation of NaK for Na+ and K+ , and further enable
us to investigate the detailed permeation mechanism of these ions (Jensen et al.,
2010; Kratochvil et al., 2016; Kopfer et al., 2014). Intriguingly, we identify two conformations of the SF in NaK, one of which is preferred by Na+ and the other by K+ .
We further underline the functional importance of the conformational preferences
induced by Na+ or K+ binding by using MD based permeation simulations. These
results not only provide valuable insights into the conduction mechanism of NaK, but
also have important implications for our understanding of the selectivity difference
between the K+ selective and non-selective channels.

2.2. Results
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Results
ssNMR measurements and sequential assignments of NaK

We first prepared four uniformly [13 C, 15 N]-labeled NaK samples in liposomes: (A)
at low ionic conditions (<1 µM) or with 50 mM of (B) Na+ , (C) K+ , or(D) Rb+ . Singlechannel conductance measurements verified that NaK in our lipid bilayer preparation
is functional (Supplementary Fig. S1). De novo sequential backbone and side chain
chemical shift assignments were obtained from two-dimensional (2D) and threedimensional (3D) correlation spectra (Shi et al., 2014) of the Na+ -containing sample
(Supplementary Fig. S2, Fig. S3). All visible signals in the spectra could be assigned to 56 residues, which are highlighted in the crystal structure and amino acid
sequence of NaK (Fig. 2.1). Unassigned residues cluster to two different regions: (i)
D66-S70 in the vestibule and extracellular entrance of the SF and (ii) the N-terminus
up to F28 and from V91 until the C-terminus below the hinge region in the M1 and
M2 helices. The signals from these regions cannot be detected in dipolar-couplingbased experiments, most probably due to conformational heterogeneity caused by
strong structural dynamics. The signals from flexible residues, as observed in scalarcoupling based experiments, strongly correlate with the residue types found in the
C- and N-termini (Supplementary Fig. S4). However, the residues in the lower parts
of the M1 and M2 helices are still not visible, implying that dynamics of these parts
are relatively slow.

2.2.2

Two distinct states of the SF detected by ssNMR

The 2D 15 Ni -13 Cαi (NCA) and 15 Ni -13 COi-1 (NCO) correlation spectra of NaK at low
ionic conditions showed two sets of signals for SF residues V64 and G65. Two
sets of signals are also visible in the PDSD spectrum, highlighted for residue V64
in Supplementary Fig. S5. The signal intensities suggest one dominant and one
minor populated state, which are in very slow exchange compared to the µs-ms NMR
timescale. For the upfield (lower chemical shift) nitrogen signals of V64 and G65,
we observed ion-dependent chemical shift changes (low ionic vs K+ vs Rb+ ), while
the downfield (higher chemical shift) nitrogen signals remained unaffected (Fig. 2.2).
Since chemical shifts are highly sensitive to the local electronic environment induced
by different ion types and occupancies in the SF (Bhate and McDermott, 2012; Bhate
et al., 2010), this result strongly suggests that the upfield nitrogen signals correspond
to a K+ /Rb+ -favored state and the downfield nitrogen signals correspond to an ionfree state.
The two detected states of the SF can be stabilized under different conditions.
Low ionic conditions show the ion-free state as dominant, although the K+ /Rb+ favored conformational state can still be observed. In contrast, this state becomes
more dominant with increasing K+ concentration (50 mM: Fig. 2.2, 150 mM: Supplementary Fig. S6). Intriguingly, ssNMR spectra of NaK in complex with Na+ revealed a different equilibrium where the ion-free state is the major population even
though ions are present. Furthermore, ssNMR spectra of the Na+ sample revealed
increased structural plasticity in the SF by significant line broadening for residue
G65 (nitrogen dimension in the NCO spectrum) and by the appearance of additional
peaks for V64 (Fig. 2.2 and Supplementary Fig. S6). Under high Na+ (150 mM)
conditions, the signal intensity of the SF residues decreases further and both G65
and V64 show even more additional peaks that portray undefined conformations.
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F IGURE 2.1: High-resolution ssNMR spectra of NaK. a SF in the crystal structure
of KcsA (PDB ID: 1K4C) and NaK (PDB ID: 3E8H). b 2D NCA correlation spectrum
of NaK in the presence of 50mM K+ with the signal assignment. SF residues are
indicated in bold and the ion-free state is labeled with a prime (0 ) and in cyan to
differentiate it from the K+ /Rb+ -favored state (no prime; in black). c Crystal structure
of the open state of NaK displaying two opposing subunits. The hinge region is
marked with an arrow and assigned residues are indicated on the structure in red.
d Amino acid sequence of NaK with secondary structure elements based on the
crystal structure indicated above the sequence. Assigned residues are shown in
red and SF residues are accentuated by cyan arrows.

2.2.3

Structural characterization of the two SF states

The nitrogen chemical shift differences between the ion-free and K+ /Rb+ -favored
states were up to 4 ppm for V64 and G65. Such large nitrogen chemical shift differences are usually related to structural rearrangements associated with changes in
hydrogen bonding. Carbonyl flipping in the SF should perturb the hydrogen bonding network and carbonyl flipped conformers have been observed in several crystal
structures and simulations of KcsA (Kratochvil et al., 2016; Cordero-Morales et al.,
2006; Fowler et al., 2013). In order to investigate alternative stable conformations
of the SF, we undertook MD simulations on channels where we generated a set of
backbone carbonyl flipped conformers for T62 to G65. Only the T62 flipped carbonyl conformer in all four subunits (Fig. 2.3C) was stable during the simulations
under the ion-free condition (only ions to neutralize the system were present in the
simulation box). This flipped conformation removes two hydrogen bonds for T63NHT60CO and V64NH-V59CO, but permits the formation of a new hydrogen bond for
V64NH-T62CO.
SsNMR distance measurements on NaK with K+ provided strong support that
the crystal structure and the flipped conformation correspond to the K+ /Rb+ -favored
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F IGURE 2.2: K+ /Rb+ -favored and ion-free state observed in ssNMR. Comparison
of 2D NCA (a, c) and NCO (b, d) spectral closeups of SF residues in sample A
(<1 µM ions; gray), B (50 mM Na+ ; blue), C (50 mM K+ ; red), and D (50 mM Rb+ ;
purple)

and ion-free states, respectively. Due to comparable rigidity in both conformations
and similar neighboring amide nitrogen distances in the peptide chain, a 15 N–15 N
PDSD spectrum with 5 s mixing time shows a clear cross-peak for T620 –T630 with a
similar intensity to the T62–T63 cross-peak (Supplementary Fig. S7). In an NHHN
spectrum with 200 µs proton–proton mixing time only close amide-proton contacts
can be detected, because only distances below 4 Å give rise to strong cross-peaks
(Reif et al., 2003). For the K+ /Rb+ -favored state, we observed strong cross-peaks for
all vicinal amide protons in the sequence 61 LTTVG65 , which agrees perfectly with the
crystal structure (Fig. 2.3). For the flipped conformation, only the distance between
T62 and T63 is 4.5 Å and indeed lacks the corresponding cross-peak in the ion-free
conformational state, whereas all other cross-peaks could still be observed.

2.2.4

Single SF conformation observed in NaK2K

The different conformational states identified in NaK were not observed in the K+
selective mutant NaK2K (Derebe et al., 2011) (i.e., NaK D66Y and N68D double
mutant) prepared under identical conditions. All SF residues could be assigned to a
single signal, except T62 which shows an unconfirmed satellite peak (Supplementary Fig. S8). NaK2K is characterized by a SF that is almost indistinguishable from
other K+ selective channels, such as KcsA, that contain four sequential ion binding
sites. The upper part of the SF (Y66-S70), which cannot be detected for NaK, is
clearly visible in the spectrum of NaK2K (Supplementary Fig. S8). This indicates an
increased rigidity for these residues, consistent with the formation of a canonical K+
selective SF.
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F IGURE 2.3: Crystal and T62CO flipped conformations. a NHHN spectrum of
NaK with 50 mM K+ showing the ion-free (cyan) and K+ /Rb+ -favored (black) conformational states. The predicted position of the T630 -T620 cross-peak is circled
in dashed cyan. b, c Hydrogen bond network in the crystal (b) and the flipped (c)
conformations of NaK. Distances (Å) between adjacent amide protons are indicated
and hydrogen bonds are shown with red dashed lines

2.2.5

K+ and Na+ permeation by computational electrophysiology

To check whether the different conformational states stabilized by K+ or Na+ are
functionally relevant to the conduction properties of NaK, we performed atomistic MD
simulations with a computational electrophysiology setup previously used to simulate
ion permeation in K+ selective channels (Fig. 2.4a) (Kopfer et al., 2014; Schewe et
al., 2016). First, we conducted simulations using the crystal structure of NaK (PDB
ID: 3E83) with KCl (Methods 2.4). Within 10 µs, we observed 18 inward and 19
outward permeation events at a transmembrane voltage of ±460 (±70) mV (Fig.
2.4b), indicating that the crystal structure is conductive for K+ .
Next, we employed the same setup to simulate Na+ conduction in NaK, however
no permeation could be detected within 10 µs. In accordance with previous simulations (Shrivastava et al., 2002; Noskov and Roux, 2007; Kim and Allen, 2011), Na+
ions remained tightly bound in the planes formed by backbone carbonyls of T63 or
V64 for the duration of the simulations. To determine the conductive conformation of
NaK for Na+ , we performed a series of simulations using combinations of subunits
in the flipped and crystal conformations (Supplementary Table S1). Intriguingly, only
with mixed conformations were appreciable permeation rates for Na+ detected that
are comparable to K+ conduction; for example, one flipped and three crystal subunits
showed 23 inward and 9 outward permeations within 10 µs at a transmembrane voltage of ±560 (±40) mV (Fig. 2.4b). Although the simulated conductance (0.6 pS for
inward K+ , 0.8 pS for inward Na+ ) is about 44 times lower than observed experimentally (35 pS) (Derebe et al., 2011), the conductance ratio between the previously
simulated MthK channel (MthK: 7.2 pS for outward K+ ) (Kopfer et al., 2014) and NaK
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F IGURE 2.4: MD simulations of K+
and Na+ permeation. a The simulation system consists of two membranes with NaK (PDB ID: 3E83),
surrounded by water and ions, and
exhibits a transmembrane voltage
gradient (see also Supplementary
Fig. S11). b Inward and outward
permeation events of K+ (red) and
Na+ (blue) vs time. K+ simulations were performed with the crystal conformation, while Na+ simulations were conducted using a mixture of crystal and T62CO flipped
conformations in different subunits.
Ion permeation profiles for outward
K+ and inward Na+ are shown on
the right. c Sside coordination of
Na+ during the inward Na+ simulations. The two boxes refer to different coordination states.

from our study is about 9. This agrees relatively well with the experimentally observed single channel conductance ratio (MthK/NaK: 6.3) (Derebe et al., 2011; Ye,
Li, and Jiang, 2010).

2.2.6

Asymmetric SF revealed during Na+ conduction

The SF shows a break in fourfold symmetry by having one or multiple subunits in
the T62CO flipped conformation when conducting Na+ . This leads to an asymmetric
deformation of the SF during the simulations, as reflected by the distribution of the
distance between opposing backbone carbonyls for residues T63 and V64 (Fig. 2.5).
Ion occupancy (Supplementary Fig. S9) as well as 2D potential of mean force (Supplementary Fig. S10) were calculated from the permeation simulations, which had
either a mixture of flipped and crystal conformations or the crystal conformation in all
subunits. The comparison suggests that the structural deformation in the SF caused
by T62CO flipping significantly reduces the energy barriers for Na+ conduction at
sites B23 and B34 .

2.2.7

Side entry ion-conduction pathway for Na+ permeation

Surprisingly, we found two distinct ion-conduction pathways for Na+ and K+ permeation through the SF in the MD simulations. Outward and inward K+ currents (see
Supplementary Fig. S11 for definition) are dominated by the canonical K+ conduction pathway (Supplementary Movies 1 and 2), where multiple K+ ions pass through
the entire narrow pore of the SF in single file. However, for Na+ conduction in both
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F IGURE 2.5: Distribution of the distance between opposing carbonyls
from the MD simulations. a Distance between two T63 residues
is indicated with d1 and between
two V64 residues with d2. b d1
(T63) of chains A and B, c d1 (T63)
of chains C and D, d d2 (V64)
of chains A and B, e d2 (V64)
of chains C and D. Distances are
calculated for the Na+ simulations
with a mixture of flipped and crystal
conformations in different subunits
(blue curve, simulation V, Supplementary Table S1), and Na+ simulations with the crystal conformation in all subunits (magenta curve,
simulation III, Supplementary Table
S1).

directions, ions use side entries instead of passing through the vestibule and pore
entrance (Fig. 2.4b and Supplementary Movies 3 and 4). Notably, the additional
binding site at the side entry (Sside ) (Fig. 2.4c) is composed of two backbone carbonyls from D66 and F69 and the side chain oxygen from either S70 of the same
or D66 of the neighboring subunit. Therefore the side entry pathway is a result of
the perpendicular reorientation of the backbone carbonyl from D66 in NaK, which is
a tyrosine residue in K+ selective channels that points toward the fourfold symmetry
axis of the channel.

2.2.8

Ion occupancy and ion hydration states

During the outward and inward conduction of Na+ and K+ , there were significant
differences in the ion occupancies as well as hydration states of ions in the SF.
During Na+ conduction, only one fully hydrated ion occupied the SF most of the
time, while one or more Na+ ions bound at Sside . The ion at B23 is weakly populated
and short lived (Supplementary Fig. S9). Water molecules were co-transported with
the cations during these simulations. In contrast, during K+ conduction, usually two
dehydrated K+ ions simultaneously occupied the S3 and S4 binding sites together
with one fully hydrated ion in the vestibule (Supplementary Fig. S12). Additionally,
we noticed that a few water molecules were able to be co-transported during the
simulations of K+ conduction in NaK (Supplementary Movies 1 and 2).

2.3. Discussion
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Discussion

NaK is a prokaryotic non-selective cation channel that is able to conduct both Na+
and K+ with equally high efficiency. Due to the significant similarity in their SF sequences as well as their non-selective nature, NaK has been considered a bacterial
homolog of eukaryotic cyclic nucleotide-gated channels. In the present study, a combined use of ssNMR and MD simulations revealed two different conformational states
of the SF that exist simultaneously in NaK and are stabilized by different ions. The
K+ /Rb+ -favored state was confirmed as the crystal conformation, while the ion-free
state corresponds to the T62CO flipped conformation. Most intriguingly, Na+ favors
the ion-free state and results in an asymmetric deformation of the SF.
The structural complexity of Na+ binding was experimentally supported by the
appearance of additional peaks in ssNMR spectra of NaK at high Na+ concentration
(150 mM NaCl, Supplementary Fig. S6), which were not visible with K+ at the same
concentration. This indicates an importance of conformational dynamics during Na+
conduction, since the additional peaks appear only under high Na+ conditions.
We compared the distance information of the ion-free and K+ /Rb+ -favored states
(obtained from the ssNMR spectra) with the SF conformations seen in KcsA. The
conductive and collapsed conformations of KcsA show no significant difference in
the distances between neighboring amide protons (Supplementary Fig. S13). Thus,
the conformational dynamics observed in the SF of NaK are absent in the K+ selective channel KcsA. However, comparison of the dipolar-coupling and scalar-coupling
based NMR experiments suggests that the dynamics of the C- and N terminal regions are relatively slow in NaK. This behavior is most likely important for channel
gating, which is in accordance with the activation gating mechanism of KcsA by allosteric transmembrane coupling (Wylie, Bhate, and McDermott, 2014; Mance et al.,
2015).
To further validate the functional relevance of the conformational plasticity of the
SF in NaK, we performed the ssNMR experiments also on a K+ selective NaK double
mutant (NaK2K) under otherwise identical conditions. Here we observed only a single conformational state of the SF, which is in strong contrast to NaK. Furthermore,
the upper part of the SF (Y66-S70) became visible, as would be expected from a
KcsA-like SF conformation. These results eliminate the possibility that the observed
conformational heterogeneity in NaK is a result of our sample preparation.
Computational electrophysiology enabled the determination of the conductive
conformation for Na+ , while the crystal structure is only conductive for K+ . Efficient
Na+ conduction in NaK requires conformational plasticity and the resulting asymmetric deformation of the SF.
Most importantly, we show that the permeation mechanisms of K+ and Na+ are
remarkably different. In NaK several K+ ions move in a single file along the axis
of the SF via a loosely coupled direct knock-on mechanism. Although a few water
molecules could be co-transported during K+ conduction, the permeation mechanism is similar to that proposed for K+ selective channels using the same computational approach (Kopfer et al., 2014). Intriguingly, for the inward and outward Na+
current, we identified a different pathway in which Na+ uses a peculiar side entry into
the SF (Fig. 2.6c). The additional binding site at the side entry is attributed to the perpendicular reorientation of the backbone carbonyl of D66 in NaK. We also observed
the side entry pathway for K+ permeations in a set of simulations, where V64CO
flipping resulted in a similar kind of asymmetric deformation of the SF. Nevertheless,
since the V64CO flipped conformation in the presence of K+ was not supported by
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the ssNMR data, we do not consider this side entry pathway to be physiologically
relevant for K+ .

F IGURE 2.6: Schematic model of the non-selective ion-conduction mechanism in
NaK. a Equilibrium of NaK conformations without ions or in the presence of Na+
or K+ . Plasticity in the SF enables Na+ binding, further resulting in an asymmetric
deformation of the SF. b K+ conduction pathway from the MD simulations. c Na+
conduction in both directions uses the four side entries (dashed line). The additional
binding sites (Sside ) at the side entry are labeled as SS .

Moreover, in marked contrast to the K+ conductive state, the lower part of the SF
in the Na+ conductive state becomes wider (Fig. 2.5). The wider pore enables
only one fully hydrated Na+ ion to reside in the SF with a short occupation time at
B23 . This result further indicates that during Na+ permeation ions do not need to
be fully dehydrated. The Na+ permeation mechanism in NaK resembles the one
that was observed for Na+ conduction through the open conformation of a bacterial voltage-gated Na+ channel (Ulmschneider et al., 2013). As the SF of the NavM
channel (McCusker et al., 2012; Naylor et al., 2016) is significantly wider than that of
K+ selective channels, the ions are hydrated at all sites during the Na+ permeation
simulations. Previous studies suggested that dehydration of the smaller Na+ ions requires much more energy than of larger K+ ions. Conduction through the SF without
full dehydration is thus beneficial for Na+ ions (Biggin et al., 2001; Kuhlbrandt, 2016).
Furthermore, it should be noted that the SF of the less selective Na+ channels, as
well as of several other recently structurally elucidated non-selective ion channels
(Twomey et al., 2017; Guo et al., 2017; Winkler et al., 2017), is considerably wider
than the SF of highly K+ selective channels.
Consequently, we propose that the structural plasticity and the ability of adapting
the size of the SF in NaK are key molecular determinants for its ion non-selectivity.
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Previous NMR and crystallographic studies on both NaK and KcsA did not reveal the
same degree of conformational plasticity in the SF (Brettmann et al., 2015; Lange
et al., 2006). We believe our model complements the previously proposed thermodynamic and kinetic binding mechanisms (Roux, 2017) as well as the single-barrier
mechanism of non-selectivity in NaK (Alam and Jiang, 2009b; Derebe et al., 2011)
and thereby provides a more thorough understanding of ion selectivity in K+ selective
and non-selective channels.
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2.4
2.4.1

Methods
Sample preparation

The NaK gene without the first 17 amino acids was cloned into a pET28a expression vector (Supplementary 2.7) with an N-terminal hexahistidine (His6 ) sequence.
To prepare the [13 C, 15 N]-labeled samples, the protein was expressed in BL21(DE3)Gold cells (Agilent) in M9 medium with 13 C glucose as the sole carbon source and
15 NH Cl as the sole nitrogen source. The cultures were grown for 12 h at 20°C after
4
induction. The membrane fraction was isolated and solubilized in 20 mM DM (ndecyl-beta-D-maltopyranoside). The protein samples were purified by Ni-NTA affinity
chromatography and size exclusion chromatography either without cations or in the
presence of 50 or 150 mM Na+ , 50 or 150 mM K+ , or 50 mM Rb+ . The concentration
of purified NaK was determined by the A280 method with the calculated extinction
coefficient. The NaK tetramers were reconstituted into asolection liposomes at a
lipid/tetramer ratio of 40:1 using dialysis. Proteoliposomes were collected by ultracentrifugation at 300,000 × g for two hours at 4°C.

2.4.2

Single-channel conductance measurements

After dialysis, the protein/lipid mixture was extruded 20 times through a 100 nm polycarbonate membrane filter (Whatman, Newton, MA) with an Avanti mini-extruder to
make unilamellar liposome vesicles. Channel conductance measurements in planar
lipid bilayers were conducted on an Ionovation Compact device (Osnabrück, Germany). Two polycarbonate compartments with a volume of 1.2 mL were separated
by a sheet of TEFLON foil with 25 µm thickness and 50−100 µm aperture diameter.
The artificial lipid bilayer was formed in the aperture through the method of painting.
The cis-chamber was filled with 15 mM NaCl, 150 mM KCl, 5 mM Mops, 5 mM TrisHCl, pH 7.0, and the trans-chamber with 150 mM NaCl, 15 mM KCl, 5 mM Mops,
5 mM Tris-HCl, pH 7.0. Voltage was applied across the bilayer using Ag/AgCl electrodes immersed in each chamber. With the grounded cis-compartment, a positive
potential indicating a higher potential in the trans-chamber was applied. Planar lipid
bilayer formation was monitored optically or by capacitance measurements. After
successful formation of a stable bilayer in the aperture, NaK proteoliposomes were
added to the trans-chamber next to the bilayer. Fusion of the protein and the planar
lipid bilayer was detected through observation of channel conductance. Signal acquisition and analysis were performed using the pCLAMP software (Axon Instruments).
Single-channel conductance events were identified automatically and analyzed using the Clampfit 10.0 software (Axon Instruments). Representative traces at bi-ionic
conditions demonstrated that the NaK channel could open at both positive and negative voltages with a reversal potential near zero, indicating that NaK could conduct
both Na+ and K+ ions with low ion selectivity (Supplementary Fig. S1).

2.4.3

ssNMR spectroscopy and analysis

The proteoliposome pellets were transferred into 3.2 mm magic-angle spinning
(MAS) rotors and used for ssNMR analysis.
SsNMR spectra required for chemical shift assignment were recorded on a 16.4
T wide-bore NMR spectrometer (700 MHz, Bruker BioSpin) equipped with a 3.2
mm triple-resonance Efree MAS probe. Spectra were recorded at 17 kHz MAS
rate and calibrated with external DSS (4,4-dimethyl-4-silapentane-1-sulfonic sodium
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salt) as a proton chemical shift reference. Intra-residue spin system correlations
were obtained from 3D NCACB and band-selective homonuclear cross-polarization
(BSH-CP) (Chevelkov et al., 2013a; Chevelkov et al., 2013b) based NCACO spectra, whereas inter-residue connections were provided by 3D CANCO and BSH-CP
based NCOCA and NCOCACB spectra. As an illustration, a sequential walk from
A53 to S57 is shown in Supplementary Fig. S2. The inter-residue Cαi -Cαi-1 connections were further confirmed by a 2D CANCOCA spectrum.
Subsequently, the side chain carbon chemical shifts were assigned with a 3D
NCACX spectrum. A 13 C-13 C proton-driven spin diffusion (PDSD) (Szeverenyi, Sullivan, and Maciel, 1982) spectrum was recorded at 11 kHz MAS with 20 ms mixing
time to assist the side chain assignment (Supplementary Fig. S3). An INEPT-based
1 H–13 C correlation spectrum was recorded at 11 kHz MAS to detect flexible residues.
The complete chemical shift list for NaK in the presence of 50 mM Na+ is provided
in Supplementary 2.7.
For the detection of short (<4 Å) distances between amide protons in the SF
of NaK, an NHHN spectrum was recorded at 16.4 T and 11 kHz MAS using 200
µs proton–proton mixing time. As a reference, a 2D 15 N–15 N PDSD spectrum was
recorded at 11 kHz MAS with 5 s mixing time.
The NCA and NCO spectra that were used to detect cation-specific chemical
shift changes in NaK were recorded on an 18.8 T wide-bore NMR spectrometer (800
MHz, Bruker BioSpin) equipped with a 3.2 mm triple-resonance Efree MAS probe at
11 kHz MAS rate. The resulting spectra are shown in main text Fig. 2.2 (excerpts)
and Supplementary Fig. S6 (full spectra). The chemical shifts of the SF residues
under different ionic conditions (<1 µM; 50 mM Na+ ; 50 mM K+ ; 50 mM Rb+ ) are
listed in Supplementary Table S4.
During all experiments, the sample temperature was kept constant at 4–8°C,
as measured by the temperature-dependent position of the water resonance (Böckmann et al., 2009). High-power proton decoupling using the sequence SPINAL-64
(Fung, Khitrin, and Ermolaev, 2000) with a radio frequency amplitude of about 83
kHz was applied during evolution and detection periods.

2.4.4

Molecular dynamics simulations

In all simulations, the NaK channel was embedded in a hydrated 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipid bilayer with all atoms, including those in the lipids
and water molecules, represented explicitly (Wolf et al., 2010).
The starting structure in the simulations was based on the high-resolution crystal
structure of NaK (PDB ID: 3E83). All titratable residues were left in the dominant
protonation state at pH 7.0. For the computational electrophysiology simulations,
the F92A mutant instead of the wild-type (WT) channel was employed, as previously performed electrophysiology experiments revealed a significant increase in
ion-conduction rates for the F92A mutant as compared to the WT channel (Alam
and Jiang, 2009a).
MD simulations were carried out using GROMACS 5.0 (Hess et al., 2008; Pronk
et al., 2013). We used the AMBER99sb force field (Hornak et al., 2006) and the
SPC/E water model (Berendsen, Grigera, and Straatsma, 1987) for the equilibrium
and production simulations of the proteins. Parameters for ions and lipids were
derived from references (Joung and Cheatham, 2008; Berger, Edholm, and Jahnig, 1997). Short-range electrostatic interactions were calculated with a cutoff of
1.0 nm, whereas long-range electrostatic interactions were treated by the particle
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mesh Ewald method (Darden, York, and Pedersen, 1993; Essmann, Perera, and
Berkowitz, 1995). The cutoff for van-der-Waals interactions was set to 1.0 nm. Virtual sites were used for protein hydrogen atoms during the simulations, which allows
for a 4 fs time step for integration. The simulations were performed at 300 K with a
velocity rescaling thermostat (Bussi, Donadio, and Parrinello, 2007). The pressure
was kept constant at 1 bar by means of a semi-isotropic Parrinello–Rahman barostat
(Parrinello, 1981; Nosé and Klein, 1983). All bonds were constrained with the LINCS
algorithm (Hess et al., 1998).
To equilibrate the system, a short 20 ns simulation was performed by position
restraining all heavy atoms of the NaK channel with a force constant of 1000 kJ
mol-1 nm-2 to the starting structure. The system was further equilibrated for 20 ns by
releasing the position restraints.
SsNMR spectra revealed two well-separated signals for SF residues V64 and
G65, suggesting that the two corresponding conformations of the SF are in very
slow exchange on the NMR timescale. This result further indicates that interconversion from one conformation to the other is not expected to take place within ns-µs
MD simulations. As flipping of backbone carbonyls has been observed in some
structures of mutants and in simulations of KcsA (Kratochvil et al., 2016; CorderoMorales et al., 2006; Fowler et al., 2013), we assumed that the second signal set
of the ssNMR spectra corresponds to a backbone carbonyl flipped conformer. In
order to investigate which carbonyl flipped conformers are thermodynamically stable, we first generated a set of carbonyl flipped conformers by manually flipping the
backbone carbonyls of T62, T63, V64, and G65 in the SF by 180°using the program Coot (Emsley et al., 2010). Two other residues in the SF (D66 and G67) were
not tested, as no NMR signals were observed for these residues, indicating a fast
conformational exchange on the ns–µs timescale. The manually flipped conformers
were equilibrated first by position restraining all heavy atoms of the SF with a force
constant of 1000 kJ mol-1 nm-2 to the starting structure. Starting from these equilibrated structures, we further tested the stability of the carbonyl flipped conformers by
performing 5 independent runs of 20 ns MD simulations without position restraints.
Among all carbonyl flipped conformers, only the T62CO flipped conformer was stable during these simulations, while for the other conformers the backbone carbonyl
quickly returned to the crystal conformation.
For the computational electrophysiology simulations (Kutzner et al., 2011), the
equilibrated system was duplicated along the z direction and transmembrane potential gradients were generated by introducing two more K+ or Na+ ions in compartment
(a) than in compartment (b) (Supplementary Fig. S11). During the MD simulations,
the number of ions in these two compartments was kept constant by an additional
algorithm (Kutzner et al., 2011). The charge difference leads to a positive voltage
difference for the upper channel and a negative voltage difference for the lower channel (Supplementary Fig. S11). The resulting membrane potential can be calculated
by double integration of the charge distribution using the Poisson equation as implemented in the GROMACS tool g_potential (Tieleman and Berendsen, 1996). During
the simulations an outward permeation event was counted when an ion moved from
the cavity to the SF and another ion left the SF, while an inward permeation event
was counted when an ion moved from the extracellular side to the SF and another
ion left the SF. Snapshots of the NaK simulations including ions and water molecules
are shown in Supplementary Fig. S12.
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2.8

Supplementary Material

Fig. S1

Supplementary Figure 1 | Single-channel conductance of NaK after reconstitution into
lipid bilayers at various membrane potentials. Currents were recorded with 15 mM NaCl,
150 mM KCl, 5 mM Mops, 5 mM Tris-HCl, pH 7.0 in the cis-chamber and 150 mM NaCl, 15
mM KCl, 5 mM Mops, 5 mM Tris-HCl, pH 7.0 in the trans-chamber. Solid line: closed (C);
dashed line: open (O).
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Fig. S2

Supplementary Figure 2 | Sequential ‘backbone walk’ using the recorded 3D spectra for
A53 to S57. Contours from the NCACO spectrum (purple), the NCACB spectrum with
positive CA signals (magenta) and negative CB signals (green), the NCOCA spectrum (light
blue), the NCOCACB spectrum with negative CB signals only (orange), and the CONCA
spectrum (red) are shown. Dashed lines connect signals in different spectra that exhibit the
same chemical shift. All spectra were recorded on a sample of uniformly [13C,15N]-labeled
NaK in the presence of 50 mM Na+. The experiments were conducted on a 16.4 T wide-bore
NMR spectrometer at 17 kHz MAS rate.
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Fig. S3

Supplementary Figure 3 | 2D 13C-13C PDSD correlation spectrum of uniformly [13C,15N]labeled NaK in the presence of 50 mM Na+. The spectrum was recorded on a 16.4 T widebore NMR spectrometer at 11 kHz MAS rate. The 13C-13C mixing time was set to 20 ms.
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Fig. S4

Supplementary Figure 4 | Scalar based HC spectrum of uniformly [13C, 15N]-labeled
NaK in the presence of 50 mM Na+. The observed spin systems correlate well to the Cterminal residue types (105PSILSNRKKE114) following the M2 helix and the N-terminal
alanine residue.
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Fig. S5

Supplementary Figure 5 | Excerpts of the V64 cross-peaks from PDSD spectra. Close-up
of the CA-CB cross-peaks of V64. Spectra are presented in grey for sample A (< 1 µM ions),
in blue for sample B (with 50 mM Na+), in red for sample C (with 50 mM K+), and in purple
for sample D (with 50 mM Rb+).
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Fig. S6

Supplementary Figure 6 | Comparison of 2D NCA spectra for NaK under different ionic
conditions. The spectra show NaK at low ionic (< 1 μM) conditions (grey contours), and in
the presence of 50 mM Na+ (blue), 150 mM Na+ (cyan), 50 mM Rb+ (purple), 50 mM K+
(red), and 150 mM K+ (magenta).
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Fig. S7

Supplementary Figure 7 | Comparison of 15N-15N PDSD spectrum and NHHN spectrum.
The 15N-15N PDSD spectrum shows a clear T62’-T63’ cross-peak, whilst the NHHN spectrum
does not. The spectra were recorded on a 16.4 T wide-bore NMR spectrometer at 11 kHz
MAS rate.
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Fig. S8

Supplementary Figure 8 | 2D 15N-13CA correlation spectrum of uniformly [13C,15N]labeled NaK2K in the presence of 50 mM K+. The spectrum shows a single set of peaks for
the SF (assignment indicated; T62’ is not confirmed by sequential assignment). The spectrum
was recorded on a 16.4 T wide-bore NMR spectrometer at 17 kHz MAS rate.
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Fig. S9

Supplementary Figure 9 | Ion occupancy along the SF axis during simulations. Ion
occupancy during (a) K+ outward and (b) K+ inward, as well as (c) Na+ outward and (d) Na+
inward simulations. Details of outward and inward K+ simulations are listed as simulation I in
Supplementary Table 1, while outward and inward Na+ simulations are listed as simulation V
in Supplementary Table 1.
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Fig. S10

Supplementary Figure 10 | Comparison of potential of mean force of sodium permeation
simulations. (a) Na+ simulations with a mixture of flipped and crystal conformations in
different subunits (simulation V, Supplementary Table 1). (b) Na+ simulations with the crystal
conformation in all subunits (simulation III, Supplementary Table 1). Here Na+ was tightly
bound to the SF with little ion movement due to high free energy barriers > 8 kcal/mol. The
reaction coordinate d12 corresponds to the distance between the Na+ in the SF and the Na+ at
the side entrance, and z1 corresponds to the position of the Na+ in the SF relative to the lowest
position of T63.

10

Chapter 2. A single NaK channel conformation is not enough
for non-selective ion conduction

50

Fig. S11

Supplementary Figure 11 | The system used in the computational electrophysiology
simulations, consisting of two membrane layers (lipids in yellow). Each layer includes one
NaK channel (gray cartoon: PDB ID: 3E83), surrounded by water, K+ ions (red balls) and Clions (cyan balls). Periodic boundary conditions create two compartments (a and b) with two
more K+/Na+ ions in a than in b. Thus, a positive transmembrane voltage gradient is
established across the upper channel, while a negative voltage gradient is established across
the lower channel.
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Fig. S12

Supplementary Figure 12 | Snapshots of the NaK simulations. (a) Outward K+ conduction
(simulation I, Supplementary Table 1), (b) inward K+ conduction (simulation I,
Supplementary Table 1), (c) outward Na+ conduction (simulation V, Supplementary Table 1),
and (d) inward Na+ conduction (simulation V, Supplementary Table 1) reveal differences in
the hydration states of K+ and Na+ ions in the SF during permeation.
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Fig. S13

Supplementary Figure 13 | The structure of the SF from KcsA in low and high
concentration K+ buffers, known as the collapsed and conductive SF, respectively.
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Table S1

Supplementary Table 1 | Simulation details for computational electrophysiology
simulations: production simulations varied in ion type, SF conformations and SF
starting pattern.
Simulation set

I

II

III

IV

V

VI

VII

K+

Na+

Na+

Na+

Na+

Na+

Na+

4 crystal

4 crystal

4 crystal

3 crystal +
1 flipped

3 crystal +
1 flipped

1 crystal +
3 flipped

4 flipped

Number of
lipids

424
POPC

424
POPC

424
POPC

424
POPC

424
POPC

424
POPC

424
POPC

Number of
water molecules

22510

22510

22510

22510

22510

21592

21592

Number of ions

600 mM
440 K+
424 Cl-

600 mM
440 Na+
424 Cl-

600 mM
440 Na+
424 Cl-

600 mM
440 Na+
424 Cl-

600 mM
440 Na+
424 Cl-

600 mM
440 Na+
424 Cl-

600 mM
440 Na+
424 Cl-

SF starting
pattern (S1-S4)

KKKK

NaNaNaNa

wwww

NaNaNaNa

wwww

wwww

wwww

Independent
simulations

10

10

10

10

10

10

10

Total simulation
time (μs)

10

10

10

7

10

10

10

Total inward
permeations

18

0

0

6

23

18

0

Total outward
permeations

19

0

0

0

9

6

0

Voltage (mV)

460±70

470±30

440±40

430±80

560±40

520±50

410±50

Ion type
SF
conformations
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Table S2

Supplementary Table 2 | Primer sequences.
p28-NaK_forward

GGGAATTCCATATGGCGTGGAAAGATAAAG

p28-NaK_reverse

CCGCTCGAGCTACTCTTTTTTTCTATTCG
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Table S3

Supplementary Table 3 | Chemical shift assignments for NaK in the presence of 50 mM
Na+.
N

CO

Cα

Cβ

Cγ

Cδ

V29

118.4

178.3

67.37

31.49

23.82/21.72

L30

118.4

180.1

58.17

41.67

26.63

T31

120.8

176.2

68.49

67.94

I32

121.4

178.4

64.77

36.49

28.40/17.88 11.63

L33

119.1

180.2

58.23

41.68

26.69

T34

121.1

178.4

68.53

L35

124.9

180.5

58.50

42.62

26.54

I36

121.9

177.3

66.29

38.26

29.55/17.52 14.53

S37

116.6

176.4

63.92

62.98

G38

108.0

174.9

47.16

T39

118.7

177.6

67.92

68.04

21.03

I40

120.5

178.3

65.37

38.39

29.52/17.65 14.67

F41

122.6

177.3

63.23

38.56

Y42

116.3

178.3

62.93

37.56

S43

113.6

175.4

60.65

64.19

V45

121.8

177.2

65.26

31.68

22.69/21.24

E46

111.6

177.0

55.62

29.73

36.68

181.1

G47

105.7

174.2

46.70

L48

119.0

177.9

54.17

42.82

26.41

24.64/21.57

R49

122.0

176.5

55.45

30.38

27.83

43.82

P50

136.3

177.8

66.69

31.85

28.00

49.91

I51

114.5

175.5

63.53

37.25

29.80/17.29 14.05

D52

123.3

178.0

56.77

40.49

178.2

A53

124.7

180.3

54.73

21.54

L54

123.7

178.0

57.75

40.48

27.53

Y55

120.2

176.8

63.29

39.17

132.6

F56

118.1

178.9

61.85

38.30

S57

118.2

176.6

64.38

62.42

V58

122.2

179.1

67.33

31.71

Other

24.15

Cζ:160.0

26.88/22.52

23.75/21.28
16

V59

114.1

178.2

65.13

30.21

20.15/19.07

T60

120.2

175.0

67.21

67.78

L61

120.7

175.5

57.75

43.22

T62

98.26

176.7

61.71

69.72

T62'

97.27

176.9

61.61

69.79

T63

110.8

171.9

64.56

69.30

T63'

110.4

173.8

64.83

68.79

21.08

22.04

26.16

21.87

172.7

T63''
V64

124.6

178.0

65.97

V64'

128.9

178.9

67.14

32.93

V64''

127.5

178.9

66.65

33.10

G65

102.3

172.6

43.70

G65'

106.0

173.0

43.43

G65''

105.3

43.38
175.7

62.95

31.85

28.51

50.44

Q72

121.3

178.1

55.26

31.64

34.17

180.6

T73

115.6

175.4

60.40

71.65

21.63

D74

125.6

179.0

57.96

39.07

F75

119.1

177.9

58.77

38.24

G76

108.1

178.1

46.85

K77

127.4

177.6

61.44

33.20

26.92

I78

118.6

177.4

64.56

37.34

29.08/17.78 12.43

F79

118.7

176.2

62.25

42.06

T80

113.0

174.6

67.09

69.08

21.11

I81

120.5

175.5

66.30

38.25

29.52/17.50 14.03

L82

116.8

177.0

58.01

41.35

Y83

120.8

177.1

61.97

40.17

130.4

I84

117.4

177.8

65.21

38.10

30.43/16.96 16.19

F85

117.1

178.1

61.00

37.55

I86

119.6

177.7

65.50

36.76

29.30/17.77 13.39

G87

107.9

175.5

48.41

I88

121.0

37.33

29.00/17.83 12.45

P71

64.42

30.08

Cε:42.61

17

G89

107.8

175.5

48.17

L90

121.8

179.1

58.40

41.76

26.66

The chemical shifts are referenced to DSS (external) and were deposited in the BMRB [ID:
27219 (the ion-free conformation, residues marked with a prime) and 27220 (the K+/Rb+favored conformation, residues without prime)].
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Table S4

Supplementary Table 4 | Chemical shift assignments for SF residues of NaK under
various ionic conditions.
50 mM Na+

< 1 M ions
ionfree
Thr62

Thr63

Val64

Gly65

K+/Rb+favored

ionfree

K+/Rb+favored

.

Additional
conformation

50 mM K+ .
ionfree

K+/Rb+favored

50 mM Rb+ .
ionfree

K+/Rb+favored

N

97.5

98.6

97.3

98.3

97.9

98.7

97.4

98.9

Cα

61.64

61.74

61.61

61.71

61.56

61.74

61.76

61.99

CO

176.7

176.9

176.7

176.7

N

110.0

110.4

110.8

110.4

112.9

Cα

65.25

64.83

64.56

65.07

64.67

CO

173.8

172.0

173.8

171.9

172.7

173.8

171.9

173.8

172.0

N

128.9

124.4

128.9

124.6

127.5

128.9

124.4

128.9

123.2

Cα

67.12

65.95

67.14

65.97

66.65

67.11

65.91

67.14

65.68

CO

178.8

178.0

178.9

178.0

178.9

178.8

178.0

178.9

178.3

N

105.7

102.3

106.0

102.3

105.3

106.0

101.4

106.0

101.9

Cα

43.38

43.68

43.43

43.70

43.38

43.40

43.74

43.45

43.66

173.0

172.6

CO

176.1
110.4
64.96

Chemical shifts are referenced to DSS (external).
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Chapter 3

Structural plasticity of the
selectivity filter
in a nonselective ion channel
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Abstract
The sodium potassium ion channel (NaK) is a nonselective ion channel that conducts
both sodium and potassium across the cellular membrane. A new crystallographic
structure of NaK reveals conformational differences in the residues that make up the
selectivity filter between the four subunits that form the ion channel and the inner
helix of the ion channel. The crystallographic structure also identifies a side-entry
ion-conduction pathway for Na+ permeation that is unique to NaK. NMR studies and
molecular dynamics simulations confirmed the dynamical nature of the top part of the
selectivity filter and the inner helix in NaK as also observed in the crystal structure.
Taken together, these results indicate that the structural plasticity of the selectivity
filter combined with the dynamics of the inner helix of NaK are vital for the efficient
conduction of different ions through the nonselective ion channel of NaK.
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3.1

Introduction

Both potassium and sodium ions are highly abundant in biological systems, playing
key roles in the electrical activity of cells. The sodium potassium ion channel (NaK)
is a nonselective, monovalent cation channel that conducts both sodium and potassium ions equally efficiently (Shi et al., 2006). In contrast, potassium ion channels
selectively conduct potassium ions over sodium ions by a factor of 1000:1 (Hille,
2001). This high selectivity for potassium ions is achieved by a highly conserved
amino acid sequence (Thr-Val-Gly-Tyr-Gly ) that forms a narrow pore within the ion
channel called the selectivity filter (SF). In the SF of potassium ion channels, four
identical binding sites are formed from the backbone carbonyls and a threonine hydroxyl group (Doyle et al., 1998). The high conductance of potassium ion channels
can be explained by either the multi-ion "knock-on" mechanism (Kratochvil et al.,
2016; Jensen et al., 2010), or the more recently proposed "direct knock-on" mechanism (Kopfer et al., 2014; Langan et al., 2018; Öster et al., 2019). The SF of
NaK (Thr-Val-Gly-Asp-Gly ) differs by a single amino acid residue (Asp66) to the one
found in potassium ion channels, yet NaK conducts both sodium and potassium ions.
The mechanism by which NaK is able to conduct both sodium and potassium ions is
currently under active debate (Sauer et al., 2013; Roux, 2017; Nimigean and Allen,
2011). NaK has a similar architecture to that of potassium ion channels such as
KcsA (Doyle et al., 1998); potassium ion channels possess four discrete ion binding
sites, each with a seemingly identical chemical environment. NaK also possesses
four discrete binding sites, the first binding site is an external site found at the top
of the SF, the second binding site occurs within a water-filled cavity often called the
vestibule, the third and fourth binding sites occur at the bottom of the SF. The chemical environment at the second ion binding site is defined by ordered water molecules
within the vestibule and is thus dynamical, while the third and fourth ion binding sites
in the SF are conserved between NaK and potassium ion channels (Alam and Jiang,
2009a; Alam and Jiang, 2009b). Mutagenesis studies on NaK have shown that the
mutations Asp66Tyr and Asn68Asp radically alter the conformation of the first two
binding sites in the SF of NaK, generating a potassium-selective ion channel mutant
named NaK2K (Derebe et al., 2011). The ion selectivity of the NaK2K mutant shows
that a Tyr residue within the SF precludes the permeation of sodium ions.
The structure of the full-length NaK from Bacillus cereus was first solved to a resolution of 2.40 Å in the space group C2221 (Shi et al., 2006). In this structure, two of
the four polypeptide chains that make up a complete ion channel are found within the
asymmetric unit of the crystal. In a later study, it was found that the deletion of the
first nineteen amino acid residues removed the interfacial helix of the protein, altering the conformation of the NaK channel and placing it in an "open" form as the inner
helices twist around a flexible glycine residue (Gly87 ). This deletion mutant is often
named NaK∆19. To date, all the reported crystal structures (Alam and Jiang, 2009a;
Liu and Gonen, 2018) of NaK∆19 have crystallized in space group I4 in which only
one of the four polypeptides that make up a complete ion channel is found within the
asymmetric unit. The other three polypeptides are generated from the symmetry of
the crystal, meaning that all four subunits are identical. This has yielded an incomplete picture of how the complete biological subunit of the NaK ion channel operates.
NaK crystals in this space group (I4) are also highly prone to either perfect or partial merohedral twining (Parsons, 2003). In this form of twinning, Bragg reflections
perfectly overlap each other, giving a seemingly normal looking diffraction pattern.
Only upon careful analysis of the Bragg reflection intensity profiles can merohedral
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twinning be detected, and the amount of twinning estimated and refined (Parsons,
2003). Several excellent methods and tests (Padilla and Yeates, 2003) have been
developed by the crystallographic community to detect this and other sorts of twinning. However, it is not unknown for this sort of twinning to go undetected during
refinement (Yeates and Fam, 1999). Here, we were able to crystallize NaK∆19 in
the original space group of the full-length NaK, namely C2221 . In this space group,
two polypeptides or subunits are present within the asymmetric unit allowing differences between subunits to be observed. An added benefit of the space group C2221
is that merohedral twinning is not possible, removing additional complications from
structural refinement. These crystals diffracted to a resolution of 1.53 Å producing
the highest resolution structure of NaK∆19 to date. Previous structures of NaK∆19
typically have lower resolutions between 1.80 and 2.40 Å (Shi et al., 2006; Alam and
Jiang, 2009a).
Recently, we used a combination of solid-state NMR and MD simulations, revealing conformational plasticity of the SF as the key for conducting both Na+ and
K+ efficiently (Shi et al., 2018). While we found K+ to permeate through the SF in
the fourfold symmetric crystallographic conformation, an asymmetric structure in different subunits is required for Na+ conduction. MD simulations further suggested
a previously undiscovered binding site for Na+ outside the SF, which is caused by
a peptide flip of Asp66 and named, by us, a ‘side-entry’ binding site. The determined asymmetric X-ray structure from the present study does not only corroborate
the dynamic and asymmetric nature of the SF in NaK, but also nicely confirms the
presence of the side-entry binding site necessary for Na+ conduction.
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Results and discussion

Within the asymmetric unit of our structure is a dimer that contains two of the four
polypeptides that make up the complete NaK ion channel [Fig. 3.1(a)]. We calculated
the RMSD for alpha carbon atoms between the two polypeptide chains (A and B) in
the dimer within our structure (1.40 Å) using the least-squares fit function (LSQ) in
Coot (Emsley et al., 2010) [Fig. 3.1(b)]. We also used Coot to calculate the RMSD
for all atoms in the A and B polypeptide chains (1.96 Å).

F IGURE 3.1: (a) NaK ion channel composed of four subunits, each of which is
formed from a separate polypeptide. Each of the four polypeptides or subunits are
shown in a different color with the ions within the SF shown as orange spheres. (b)
Overlay of the alpha carbon traces of the two polypeptide chains in our NaK∆19
structure. The A polypeptide chain is shown in magenta, and the B polypeptide
chain is shown in cyan. The SF forms the ion channel pore, next to that is the
pore helix, which is flanked by the long inner helix, the outer helix is located at
the periphery of the ion channel. (c) SF of the NaK ion channel shown in stick
format with ions in the SF shown as orange spheres. For clarity only two of the four
subunits that make up a complete ion channel are shown.

As can be seen from Fig. 3.1, the conformation of the inner helix differs between
the A and B polypeptides in the dimer within our structure. We then compared our
NaK∆19 structure with the previous crystal structure of NaK∆19 reported by Alam
& Jiang (Alam and Jiang, 2009a) in space group I4 (PDB entry 3e8h). When comparing LSQ fits between 3e8h with the A polypeptide chain in our structure, we see
an RMSD for alpha carbon atoms of 1.24 and 1.66 Å for all atoms in the structure.
Comparing LSQ fits between 3e8h and the B polypeptide in our structure, the RMSD
for alpha carbon atoms is 0.87 and 1.09 Å for all atoms in the entire structure. This
indicates that the conformations of both the A and the B polypeptides in our structure
differ from those seen in earlier work on NaK∆19 (Fig. 3.2).
Several differences are visible in the conformation of the inner helix below the
hinge region between our structure and previous work on NaK∆19. A flexible glycine
residue (Gly87 ) is found in the middle of the inner helix. It is thought to act as a gating hinge (Alam and Jiang, 2009a; Jiang et al., 2002) in NaK, and other tetrameric
ion channels such as MthK, a calcium-gated potassium ion channel (Jiang et al.,
2002) from Methanobacterium thermoautotrophicum. In the original structure of
NaK∆19 in the space group I4, only one subunit is present within the asymmetric
unit. The other three subunits are identical, symmetry-related copies of the original
subunit. The fact that the conformation of the inner helix differs between the subunits and that the conformation of the inner helix in both of our subunits differs from
the original structure in space group I4 indicates the conformation of the inner helix

3.2. Results and discussion

63

F IGURE 3.2: Overlay of the α-carbon traces between the two polypeptides within
our NaK∆19 structure and a previous NaK∆19 structure in a different space group.
(a) A polypeptide of our NaK∆19 structure shown in magenta, and a previously refined 1.80 Å structure of NaK∆19 (PDB entry 3e8h) shown in blue. (b) B polypeptide of our NaK∆19 structure shown in cyan, and a previously refined structure of
NaK∆19 (PDB entry 3e8h) shown in blue.

is dynamic and is also influenced by crystal packing interactions. This is in accord
with the recent solid-state NMR studies on NaK∆19 which failed to assign residues
below the gating hinge (Gly87 ) in the inner and outer helices due to conformational
heterogeneity caused by strong structural dynamics (Shi et al., 2018) in this region.
The conformation of the outer helix differs between the two subunits in our structure
and that of the previously solved structure.
Electrophysiology studies have been conducted on NaK and NaK∆19 channels
reconstituted into liposomes to study ion selectivity via the incorporation of radioactive 86 Rb (Shi et al., 2006) into the liposome. In these studies, a much higher flux
rate was observed for NaK∆19 that was three times higher than that of NaK. This is
understandable as NaK∆19 lacks the N-terminal M0 helix-forming residues that are
thought to lock the channel in a closed form (Alam and Jiang, 2009a). These studies
(Shi et al., 2006) suggest that the ion channel conducts K+ ions more effectively than
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Na+ ions and that the NaK channel is not very selective between Na+ , K+ and Rb+ .

3.2.1

Asymmetry within the selectivity filter

During refinement, it became evident that the entire Asn68 residue in the A polypeptide was present in dual conformations and that the entire Asp66 residue in the B
polypeptide was also present in dual conformations. Each of the two conformations of Asn68 [Fig. 3.3(a)] in the A polypeptide has a refined occupancy of around
50%. In one conformation, the ND2 atom of the Asn68 side chain interacts with the
backbone carbonyl of Asn68 on the B polypeptide (2.87 Å), whereas in the other
conformation the ND2 atom interacts with the side chain hydroxyl OG atom of Ser70
on the B polypeptide chain (3.01 Å). The conformation of the Asn68 side chain in
the original NaK∆19 structure is similar to the conformation that interacts with the
backbone carbonyl of Asn68 on the B polypeptide. However, it is not a particularly
close match. The backbone carbonyl of Asn68 is also present in dual conformations,
although the difference is minor compared with that of Asp66 in the B polypeptide
chain.

F IGURE 3.3: Two key residues involved in selective ion permeation within the homodimer present in our structure are in dual conformations. (a) In the A polypeptide
of our homodimer, Asn68 is present in two conformations, the 2Fo -Fc electron density map contoured at a level of 1σ is shown as a blue mesh. (b) In the B polypeptide of our homodimer, Asp66 is present in two conformations, the 2Fo -Fc electron
density map contoured at a level of 1.3σ is shown as a blue mesh.

The residue Asn68 is found at the top of the SF, where it forms a constriction
point. Thus, the ability of Asn68 to alter its conformation could serve to alter the
diameter of external entry to the SF. As potassium and sodium ions have different
ion radii (Harding, 2002), this structural feature could allow the permeation of both
sodium and potassium to enter and permeate through NaK. Each of the two conformations of Asp66 in the B polypeptide [Fig. 3.3(b)] also has a refined occupancy
of around 50%. In one conformation its main chain carbonyl is parallel with the SF
where it interacts with a water molecule (2.30 Å) that hydrogen bonds to one of four
water molecules (2.30 Å) involved in coordinating the bound sodium ion at the second ion binding site within the vestibule of the SF. This conformation of the main
chain carbonyl of Asp66 is the one observed in previous NaK∆19 structures (Alam
and Jiang, 2009a; Alam and Jiang, 2009b). In the second conformation, the carbonyl
of Asp66 undergoes a peptide flip and coordinates to a partially occupied putative
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sodium ion binding site outside of the SF [Fig. 3.4]. This flipped carbonyl group of
Asp66 is only present in one of the two polypeptides (B) within our structure. The
putative sodium ion binding site [Fig. 3.4] is formed from the backbone carbonyl
oxygen atom of Asp66 (2.28 Å), the backbone carbonyl oxygen atom of Phe69 (2.27
Å), the backbone carbonyl oxygen atom of Asp66 on a symmetry-related molecule
(2.59 Å), a water molecule (2.63 Å) and the side chain hydroxyl of Ser70 (2.84 Å).
The Asp66 side chain is also present in dual conformations; one conformation interacts with the backbone amide group of Phe69 (2.67 Å) on the same polypeptide
chain while the other conformation interacts with the hydroxyl of Ser70 (2.63 Å) on
a symmetry-related A polypeptide chain. The conformation of the Asp66 side chain
in the original NaK∆19 structure interacts with the backbone amide group of Phe69
and has its carbonyl group pointing into the SF.

F IGURE 3.4: Potential side-entry sodium ion binding site found just outside of the
SF. (a) 2Fo -Fc electron density map contoured at 1σ shown as a blue mesh. Coordination distances to a putative sodium ion (cyan sphere) are given in Ångstroms.
The Asp66(A) residue comes from the A polypeptide, whereas the Asp66(B)
residue comes from the B polypeptide. (b) The position of the potential side-entry
sodium ion binding site is shown, the a polypeptide subunit is shown as a yellow
cartoon while the a polypeptide subunit is shown as an orange cartoon. Potassium
and sodium ions are shown as purple and cyan spheres, respectively.

Molecular dynamics simulations have recently shown that the conduction of
sodium atoms via NaK involves a side-entry ion-conduction pathway (Shi et al.,
2018). This side-entry pathway results from a flipping of the backbone carbonyl
on Asp66, which is present in the B polypeptide in our structure. The observed
structural plasticity within the SF with its ability to alter conformation is likely to be
a critical molecular determinant for highly efficient conduction of different ions in
nonselective cation channels. This role of carbonyl flipping in the SF of NaK makes
sense, as main chain carbonyl groups from a protein are the most common donor
groups to sodium ions (Harding, 2002).

3.2.2

Contents of the selectivity filter

Within our ion channel structure, a potassium ion is bound at the external site found
at the top of the SF [Fig. 3.5]. This potassium is coordinated to four backbone
carbonyl oxygen atoms of Gly67 (2.60 Å) and four ordered water molecules (2.80 Å)
found at the top of the ion channel. In the vestibule, a sodium ion coordinates to four
water molecules (2.60 Å) and the four backbone carbonyl oxygen atoms of Val64
(3.00 Å). While in site 3, a potassium ion is coordinated to the backbone carbonyl
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oxygen atoms of Thr63 (2.83 Å) and Val64 (3.01 Å). Site 4 in the ion channel is
also occupied by a potassium ion, which coordinates to the four backbone carbonyl
oxygen atoms of Thr63 (2.89 Å) and the four hydroxyl oxygen atoms of Thr63 (2.79
Å) that line the SF. The sodium ion and water molecule structure observed within the
vestibule of our NaK structure are very similar to those seen in a previous structure of
a 100 mM Na+ complex (Alam and Jiang, 2009b) of NaK (PDB entry 3e89). However,
in the previous structure, the water–sodium coordination distance was an unrealistic
4.02 Å, compared with the much more favorable 2.60 Å distance (Harding, 2002)
observed in our structure. The distance observed between the sodium ion and the
four backbone carbonyl oxygen atoms of Val64 in this structure (PDB entry 3e89) is
2.94 Å, which is very similar to the 3.00 Å distance observed in our structure. This
coordination distance is somewhat longer than might be expected for a sodium ion
but may reflect a mixture of ions within the vestibule (site 2).

F IGURE 3.5: SF of the NaK ion channel. For clarity, only the two polypeptide chains
found within the dimer of our structure are shown. Potassium ions are shown as
purple spheres, with sodium ions shown as cyan spheres and water molecules are
shown as red spheres. A 2Fo -Fc electron density map contoured at 1.0σ is shown
as a blue mesh.

3.2.3

Conformational flexibility of the SF corroborated with solid-state
NMR data

To further investigate the influence of mixed sodium and potassium conditions on
NaK∆19, we performed solid-state NMR measurements, which had previously only
been performed under pure sodium or potassium conditions. We prepared uniformly
[13 C-15 N]-labeled NaK∆19 in proteoliposomes with 50 mM potassium and 50 mM
sodium present. The 2D 15 N-13 Cα correlation spectrum can be seen in Fig. 3.6
(in blue) with the SF residues indicated. As observed before, spectra of NaK do
not display signals for residues in either the inner or outer helix below the height of
the gating hinge (Gly87 ). Notably, residues Asp66 up to Ser70 cannot be observed
either (Shi et al., 2018), the absence of these peaks is likely the result of conformational flexibility. The residues in the upper part of the SF match those found in
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multiple conformations or varying interactions in our current crystal structure, which
could explain the loss of their NMR signals.

F IGURE 3.6: 2D 15 N-13 Cα correlation spectra of NaK∆19 in 50 mM K+ (positive
signals in red; negative signals in maroon) and with 50 mM K+ and 50 mM Na+
(positive signals in blue; negative signals in dark blue). Indicated are the residues
belonging to the lower part of the SF.

To enable a comparison with pure potassium conditions, we changed the buffer
of the sample to 50 mM potassium and measured it again. This procedure allows
for an accurate comparison as the same sample is used for all measurements. The
resulting overlay of the spectra clearly shows that the samples are virtually identical
[Fig. 3.6]. The spectra show that the overall structure of the protein is not influenced
by the change to pure potassium conditions (see also Fig. S1 of the supporting
information). No differences can be observed for the residues which make up the
site 3 and site 4 binding sites, Thr63 and Val64. The entire lower part of the SF under
potassium conditions appears to be unchanged from mixed sodium and potassium
conditions.

3.2.4

Molecular dynamics based computational electrophysiology
simulations suggest that larger reorganization of the selectivity
filter is needed for Na+ conduction

To investigate whether the asymmetric X-ray structure represents the conductive
state of the NaK channel, we performed molecular dynamics based computational
electrophysiology simulations (Kutzner et al., 2011; Kutzner et al., 2016) for K+ and
Na+ using the Amber99sb (Lindorff-Larsen et al., 2010) and CHARMM36m (Huang
and MacKerell, 2013) force fields, respectively. During the simulations, we observed
significantly higher RMSFs at the top part of the SF (Asp66 and Gly67 ) compared
with the lower ones [Thr63, Val64 and Gly65, Figs. 3.7(a) and 3.7(b)], which is in
good agreement with the X-ray structure showing the same pattern of conformational
flexibility.
From the MD simulations, we observed inward as well as outward K+ permeation
using both Amber99sb and CHARMM36m force fields [Table 3.1]. The simulated K+
conductance using the new asymmetric SF structure (0.8-1.3 pS, Table 3.1) is comparable with our previously simulated one (0.6 pS) based on the same method but
starting from the fourfold symmetric structure (Shi et al., 2018). Compared with the
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experimental conductance (35 pS) (Derebe et al., 2011), the simulated conductance
from the current study is about 27-44 times smaller. Nevertheless, the conductance
ratio between the previously simulated MthK channel (MthK: 7.2 pS for outward K+ )
(Kopfer et al., 2014) and NaK studied here is about 5-9. This agrees relatively well
with the experimentally observed single-channel conductance ratio (MthK/NaK: 6.3)
(Derebe et al., 2011).
TABLE 3.1: Summary of MD-based computational electrophysiology simulations
of the NaK channel. Simulations of NaK (PDB entry 6v8y) for Na+ and K+ using
different force fields (AMBER: Amber99sb; CHARMM: CHARMM36) and varying
transmembrane voltages.
Ion

Force
field

Ion
Voltimage
bal- (mV)
ance

K+

Amber

2

390
± 30

K+

Amber

4

Time
(µs)

No.
of
production
runs

Inward
permeation
(number
µs-1 )

Inward
conductance
(number
µs-1 )

Outward
permeation
(number
µs-1 )

Outward
conductance
(number
µs-1 )

5

5

2±1

0.8 ±
0.4

0

0

600
± 30

5

5

4±3

1.1 ±
0.8

1±2

0.3 ±
0.5

2

380
± 60

5

10

1±1

0.4 ±
0.4

3±3

1.3 ±
1.3

Na+ Amber

2

380
± 60

5

5

0

0

0

0

Na+ Amber

4

640
± 50

2.5

5

0

0

0

0

Na+

2

340
± 10

5

10

0

0

0

0

K+
CHARMM

CHARMM

Interestingly, K+ could permeate through the SF via two different pathways [Fig.
3.7(a)]: (i) the canonical pathway, where the ion transverses through the entire SF,
similar to K+ permeation in selective K+ channels like KcsA (Kopfer et al., 2014);
(ii) the side-entry pathway, where K+ binds at the side-entry binding site (the same
side-entry binding site for Na+ determined in the current X-ray structure) before leaving the SF. This result is different from our previous simulations of NaK based on
the fourfold symmetric structure, where only the canonical conduction pathway was
observed during K+ conduction through the SF (Shi et al., 2018). As previous Na+
permeation simulations based on the asymmetric SF also allowed side-entry permeation (Shi et al., 2018), we conclude that the deformation away from the fourfold
symmetric pore domain enables the side-entry conduction pathway for both K+ and
Na+ ions.
In strong contrast to the K+ permeation, we did not observe any Na+ permeation
from our simulations, even at high transmembrane voltages (>600 mV, Table 3.1).
Na+ remained tightly bound in the planes formed by backbone carbonyls of T63 or
V64 for the duration of the simulations [Fig. 3.7(d)], similar to our earlier simulations of NaK starting from the fourfold symmetric structure (Shi et al., 2018). Our
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F IGURE 3.7: Root mean square fluctuations (RMSF) of the SF during MD simulations with (a) K+ and (b) Na+ using the CHARMM36m force field. Snapshots
from the MD simulations showing (c) top-to-bottom and side-entry pathways of K+
permeation and (d) no Na+ permeation.

previous study further revealed that the Na+ conductive state requires an asymmetric deformation of the lower part of the SF (induced by the flipping of Thr62) which
was suggested by the ssNMR data. This leads to a considerably wider SF to accommodate solvated Na+ ions during permeation. In the current study, the channel
was crystallized when both K+ and Na+ are present in the buffer solution. The new
structure reveals that K+ ions bind at sites 3 and 4, whereas the Na+ ion is found
in the vestibule as well as at the side-entry binding site. This result is in line with
the ssNMR data, showing that the lower part of the SF (Thr63, Val64 and Gly65) is
stabilized by K+ at the mixed ionic condition. Therefore, we conclude that the current
crystal structure with only conformational asymmetry at the top part of the SF represents only the K+ -conducting state that enables ion permeations from two different
pathways. In contrast, the Na+ -conducting state of NaK is likely to exhibit a much
larger conformational plasticity at the entire SF.
Recent simulations of the potassium-selective mutant of NaK (NaK2K) revealed
that outward K+ permeation can be regulated by relatively minor alterations of the
SF width, that is, in turn, affected by the degree of opening of inner helices (Kopec,
Rothberg, and Groot, 2019). To probe whether the same mechanism is present in
NaK, we performed additional MD simulations, imposing a predefined opening of
inner helices with distance restraints (Table S1 of the supporting information). The
average opening at S4 reached slightly lower levels to those observed for increased
current in NaK2K (ca 0.855–0.860 nm) in the CHARMM force fields, suggesting
that the coupling between the inner helices and the SF might be weaker in NaK.
Nevertheless, we observed that the larger opening could indeed enhance outward
K+ conduction, especially with the CHARMM force field. In contrast, we did not
observe any Na+ ion permeation events, similarly to smaller openings sampled in
unrestrained simulations (Table 3.1), further suggesting that the larger degree of SF
reorganization is needed for Na+ conduction. Of interest, channels permeating ions
in the inward direction consistently attained a lower level of the S4 opening than the
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ones permeating in the outward direction. This observation suggests that also the
SF occupancy by ions, that differ for inward and outward permeation, might have an
effect on the coupling.
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Conclusions

Our X-ray structure, NMR data and molecular dynamics simulations have revealed
the dynamical nature of the inner helix in NaK and the different conformations of the
inner helix below the gating hinge indicate the flexibility of this region. The asymmetry between polypeptides observed within the dimer in our asymmetric unit and
the different conformations of Asp66 and Asn68 observed in the two polypeptides
within the asymmetric subunit indicate the structural plasticity of the SF in NaK. The
observed asymmetry reveals a so-far unseen sodium ion binding site adjacent to the
SF that enables the side entry of ions into the ion channel. The presence of this
side-entry binding site agrees with earlier MD simulations (Shi et al., 2018). Thus,
we propose that the asymmetry and plasticity of Asp66 within the SF helps to enable
NaK to conduct both sodium and potassium with high efficiency.
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Materials and methods
X-ray crystallography protein expression and purification

A gene encoding a truncated form of NaK from Bacillus cereus m1550 without the
19 amino acid residues of the N-terminal M0 helix was purchased in the pD421
expression vector from ATUM (Newark, CA). After transformation and plating of E.
coli BL21 cells on LB agar plates, colonies were resuspended in liquid LB medium,
grown at 37°C to an A600 of approximately 0.8, and induced with 0.5 mM IPTG for 18
h at 25°C. Cells were then pelleted by centrifugation. For every gram (wet weight) of
cells, 5 ml of lysis buffer (50 mM Tris pH 7.8, 150 mM KCl) containing SIGMAFAST
protease inhibitor (Millipore Sigma) and 1 mg ml-1 of lysozyme was added. Cells
were resuspended by slow stirring at room temperature for 30 min and further lysed
by sonication. Cell debris was removed by centrifugation at 10 000 relative centrifugal force (rcf). NaK was then solubilized by incubation of the supernatant with
40 mM Sol-grade n-decyl-β-D-maltopyranoside (DM) at room temperature for 2 h.
Additional debris was removed from the lysate by centrifugation at 21 000 rcf for 30
min. The protein was then purified on a TALON metal affinity resin using buffers
containing 4 mM DM. Fractions containing NaK were pooled, and the 6×His-Tag
was removed by adding one unit of thrombin per milligram of NaK and incubating at
room temperature for 16 h. NaK was then concentrated via ultrafiltration using a 30
kDa MWCO concentrator and further purified on a Superdex 200 Increase 10/300GL
column using 20 mM Tris–HCl pH 7.8, 100 mM KCl and 4 mM Anagrade DM.

3.4.2

Protein crystallization

A solution of NaK protein solution was concentrated via ultrafiltration to 14 mg ml-1
using a 50 kDa MWCO concentrator. The crystals used for data collection were
grown in sitting drops prepared by mixing equal volumes of protein solution in buffer
(20 mM Tris–HCl pH 8.0, 50 mM KCl, 50 mM NaCl and 4 mM Anagrade DM) with
well solution (72.5% MPD, 50 mM KCl and 100 mM HEPES pH 7.5). Crystals were
flash-frozen in liquid nitrogen without any additional cryoprotectant.

3.4.3

100 K X-ray data collection processing and refinement

Two sets of X-ray diffraction data were collected at 100 K over a range of 100° (0.5°
steps) from the same crystal using a Dectris PILATUS3 X 6M detector at the Advanced Photon Source (APS) on the ID19 beamline SBC-CAT to 1.53 Å resolution. All data were processed and reduced using XDS (Kabsch, 2010) and XSCALE.
Molecular replacement was used for phasing the structure via the Molrep program
from the CCP4 suite (Winn et al., 2011). Model building and refinement were conducted using Coot (Emsley et al., 2010) and phenix.refine from the Phenix suite
(Adams et al., 2010), while PyMOL (Yuan et al., 2016) was used to make all the
figures within the manuscript. The data collection and refinement statistics are given
above in Table 3.2.

3.4.4

ssNMR protein purification

NaK∆19 was expressed in E. coli NEB express I Q (New England Biolabs). Minimal
medium (M9) was supplemented with 13 C glucose (4 g l-1 ; 552151, Sigma–Aldrich)
and 15 N ammonium chloride (1 g l-1 ; 299251, Sigma–Aldrich). At an OD600 of 0.8, the
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TABLE 3.2: Data collection and refinement statistics for the NaK ion channel structure.

PDB entry
Wavelength (Å)
Space group
a, b, c (Å)
α, β, δ (°)
Resolution range (Å)
Total No. of reflections
No. of unique reflections
Completeness (%)
Multiplicity
h I/σ(I)i
CC1/2
Rp.i.m. (%)
Rfactor (%)
Rfree (%)
RMSD bond lengths (Å)
RMSD bond angles (°)
Ramachandran favored (%)
Ramachandran outliers (%)

6v8y
0.97
C2221
81.72, 88.14, 49.85
90, 90, 90
38.34-1.53 (1.58–1.53)
188414 (11639)
26758 (2568)
97.10 (94.69)
7.04 (4.53)
16.20 (1.90)
0.999 (0.678)
2.23 (45.20)
15.69
17.77
0.008
0.963
99.44
0.00

culture was induced with 0.4 mM IPTG (isopropyl-β-D-1-thiogalactopyranoside) and
grown overnight at 25°C. Cells were harvested and resuspended with lysis buffer
[50 mM Tris (pH 7.5), 100 mM NaCl, 1 mM MgCl] and protease inhibitor cocktail
(11836170001, Sigma–Aldrich). The sample was lysed using a microfluidizer (LM10,
Microfluidics) with five cycles at a working pressure of 15 000 p.s.i.. The membrane
fraction was isolated by ultracentrifugation at 150 000 rcf for 2 h at 4°C and solubilized in solubilization buffer [50 mM Tris (pH 7.5), 100 mM NaCl and 40 mM DM
(n-decyl-β-maltoside; GLYCON Biochemicals)] at room temperature for 3 h. The protein was batch-purified by immobilized metal affinity chromatography using TALON
Superflow beads (GE Healthcare Life Sciences). Protein concentrations were determined using Bradford reagent supplemented with α-cyclodextrin (5 mg ml-1 ; AppliChem). The protein sample was mixed with E. coli total lipid extract (100500,
Avanti Polar Lipids) in a ratio of 2:1 (w:w protein to lipid) for 1 h at 4°C. Reconstitution into liposomes was performed by dialysis at 4°C for 8 d against 20 mM Tris
(pH 8.0), 50 mM NaCl and 50 mM KCl with 5× buffer exchange and a 100× dilution
factor. The proteoliposome pellet was collected by ultracentrifugation at 300 000 rcf
for 4 h at 4°C. The sample was filled into a 3.2 mm magic angle spinning (MAS) rotor
(Bruker BioSpin) and used for measurements, sample A with mixed-ion conditions.
The sample was subsequently washed from 50 mM NaCl and 50 mM KCl conditions to only 50 mM KCl. For this, the sample was removed from the rotor and
resuspended in 1 ml buffer with 20 mM Tris (pH 8.0) and 50 mM KCl. The buffer
was refreshed twice, after ultracentrifugation for 30 min at 150 000 rcf and 4°C, and
the total incubation time was 14 d. After this time, the sample was ultracentrifuged
at 300 000 rcf and 4°C for 2 h and again filled into a 3.2 mm MAS rotor. Sample B
contained only K+ buffer conditions.
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3.4.5

ssNMR spectroscopy

Solid-state NMR spectra were recorded on a 16.4 T wide-bore spectrometer (700
MHz, Bruker BioSpin) equipped with a 3.2 mm triple-resonance Efree MAS probe.
Spectra were recorded at 11 kHz MAS and referenced with external DSS (4,4dimethyl-4-silapentane-1-sulfonic sodium salt). The sample temperature was kept
constant at approximately 10°C as measured by the temperature-dependent position of the water resonance. The 90°pulse radio frequency amplitudes were 83.3,
50 and 35.7 kHz for proton, carbon and nitrogen, respectively. High-power proton decoupling was performed using the SPINAL-64 sequence during the evolution
and detection periods. The samples were characterized using 2D 15 Ni -13 Cαi (NCA)
and 13 C-13 C correlation spectra. The carbon–carbon correlated proton-driven spin
diffusion (PDSD) spectra were collected with a mixing time of 20 ms. The NCA experiment employed a SPECIFIC CP step with a contact time of 2.8 ms for sample A
and 3 ms for sample B.

3.4.6

MD simulations

MD simulations were performed using the GROMACS software package (version
2019; (Spoel et al., 2005)). In the simulations, an F92A mutant of the crystal structure of NaK (PDB entry 6V8Y) was embedded in a patch of a 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) membrane and solvated in water with K+ or Na+
and Cl- ions, corresponding to a salt concentration of 600 mM. Instead of a WT-NaK
channel, the F92A mutant was used in all simulations in order to increase the current
as an experimentally increased ion flux was reported for this mutant (Alam and Jiang,
2009a; Alam and Jiang, 2009b). All titratable residues of the protein were protonated
according to their standard protonation state at pH 7. Simulations were performed
with both AMBER99sb and CHARMM36m (Adams et al., 2010) force fields using the
TIP3P water model (Wu et al., 2014).
For the simulations with the AMBER99sb force field, Berger’s parameters for
lipids (Berger, Edholm, and Jahnig, 1997) and Joung’s parameters for ions (Joung
and Cheatham, 2008) were employed in both the equilibrium and the production
runs. Aliphatic hydrogen atoms were treated with the virtual sites approach (Feenstra, Hess, and Berendsen, 1999), allowing for a 4 fs time step for integration.
To equilibrate the systems, a short 10 ns simulation was performed by positionrestraining all heavy atoms of the NaK channel with a force constant of 1000 kJ
mol-1 nm-2 to the starting structure. The system was further equilibrated for 20 ns by
releasing the position restraints. For simulations with the CHARMM36m force field,
GROMACS inputs and parameters were provided by the CHARMM-GUI webserver
(Jo et al., 2008; Jo et al., 2009; Wu et al., 2014; Lee et al., 2016). The system was
equilibrated in six steps using default scripts provided by the CHARMM-GUI webserver. A time step of 2 fs was used in the simulations of 2.875 ns for equilibration.
After the double-bilayer setup was built, the system was further equilibrated without position restraints for 5 ns in the AMBER setup and 10 ns in the CHARMM setup.
For all production simulations with Amber99sb and CHARMM36m force fields, shortrange electrostatic interactions were calculated with a cutoff of 1.0 nm, whereas
long-range electrostatic interactions were treated by the particle mesh Ewald method
(Darden, York, and Pedersen, 1993; Essmann, Perera, and Berkowitz, 1995). The
cutoff for van der Waals interactions was set to 1.0 nm, while long-range dispersion
corrections for energy and pressure were applied. Simulations were performed at a
constant temperature of 310 K with a velocity rescaling thermostat (Bussi, Donadio,
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and Parrinello, 2007). The pressure was kept constant at 1 bar by means of a semiisotropic Brendensen barostat (Berendsen et al., 1984). All bonds were constrained
with the LINCS algorithm (Hess et al., 1997). During the production simulations, an
ion imbalance (Na+ or K+ ) of 2 and 4 was maintained between two compartments in
the computational electrophysiology setup (Kutzner et al., 2011; Kutzner et al., 2016)
as implemented in the GROMACS package. The resulting transmembrane potential
was calculated using the GROMACS tool gmx potential. A permeation event was
counted when an ion passed through the entire SF. For simulations at larger degrees of opening of inner helices (Table S1 of the supporting information), we used
distance restraints between CA atoms of the A92 residue, similar to our recent work
(Kopec, Rothberg, and Groot, 2019). The distances between four CA atoms were
increased from the one present in the crystal structure of the NaK2K channel (PDB
entry 3ouf; (Derebe et al., 2011)) by either 0.1 or 0.2 nm, with a force constant of
1000 kJ mol-1 nm-2 .
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Simulations at larger degrees of opening of inner helices of NaK, we used distance

restrains placed between CA atoms of A92 residue
Openi

Opening

Opening

ng

A92

T63

[nm]*

[nm]*

Ion

Force

Voltage

Number of

Inward

Outward

field

[mV]

simulation

permeation

permeation

s / Total

[number/µs]

[number/µs]

simulation
time [µs]
0.1

0.1

ch0:

ch0:

1.756 ±

0.838 ±

0.003

0.004

ch1:

ch1:

1.760 ±

0.845 ±

0.003

0.006

ch0:

ch0: 0.843

1.761 ±

± 0.004

0.006

ch1:

ch1:

0.839

1.770 ±

± 0.005

K+

Amber

370±40

5 / 2.5

2±2

0

K+

Amber

620±20

5 / 2.5

4±1

0

K+

Amber

570±50

5 / 2.5

6±6

1±1

Na+

Amber

410±30

5 / 2.5

0

0

Na+

Amber

610±40

5 / 2.5

0

0

K+

Charmm

360±40

3 / 1.5

3±2

14±7

0.004
0.2

0.1

0.1

0.2

ch0:

ch0:

1.868 ±

0.844 ±

0.002

0.007

ch1:

ch1:

1.874 ±

0.864

0.002

± 0.01

ch0:

ch0:

1.748 ±

0.858 ±

0.004

0.003

ch1:

ch1:

1.749 ±

0.867 ±

0.003

0.005

ch0:

ch0:

1.745 ±

0.857 ±

0.005

0.003

ch1:

ch1:

1.743 ±

0.860 ±

0.003

0.002

ch0: 1.834

ch0: 0.831

± 0.001

± 0.001

IUCrJ (2021). 8, doi:10.1107/S205225252100213X

ch1: 1.843

ch1:

± 0.005

0.837 ±

ch0:

ch0:

1.734 ±

0.845 ±

0.002

0.001

ch1:

ch1:

1.733

0.848

± 0.001

±

Supporting information, sup-2

0.002
0.1

Na+

Charmm

330±10

5 / 2.5

0

0

Na+

Charmm

540±10

5 / 2.5

0

0

Na+

Charmm

540±20

5 / 2.5

0

0

0.001
0.1

0.2

ch0:

ch0:

1.734 ±

0.844 ±

0.001

0.001

ch1:

ch1:

1.736

0.852 ±

± 0.001

0.001

ch0: 1.834

ch0:

± 0.002

0.848

ch1:

± 0.001

1.836

ch01:

± 0.001

0.856
± 0.001

*ch0 - channel with inward permeation, ch1 - channel with outward permeation
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Figure S1 2D 13C-13C proton-driven spin diffusion (PDSD) correlation spectra of NaK19 in 50mM
K+ (positive signals in red; negative signals in maroon) and with 50 mM K+ and 50 mM Na+ (positive
signals in blue; negative signals in grey).
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Abstract
Ion conduction is an essential function for electrical activity in all organisms. The
non-selective ion channel NaK was previously shown to adopt two stable conformations of the selectivity filter. Here, we present solid-state NMR measurements of NaK
demonstrating a population shift between these conformations induced by changing
the ions in the sample while the overall structure of NaK is not affected. We show that
two K+ -selective mutants (NaK2K and NaK2K-Y66F) suffer a complete loss of selectivity filter stability under Na+ conditions, but do not collapse into a defined structure.
Widespread chemical shift changes are seen between the Na+ and K+ states of the
K+ -selective mutants in the region of the pore helix indicating structural changes.
We conclude that the stronger link between the selectivity filter and the pore helix
in the K+ -selective mutants, compared to the non-selective wild-type NaK channel,
reduces the ion-dependent conformational flexibility of the selectivity filter.
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Introduction

Ion selectivity is an essential characteristic for the functioning of ion channels. Their
ability to select and conduct specific ion types underlies many important biological
processes. The molecular basis for ion selectivity appeared to be explained when the
first crystal structure of a K+ -selective channel, KcsA, became available (Doyle et al.,
1998). The highly conserved selectivity filter (SF) sequence TVGYG in each subunit
forms a narrow pore in the tetramer. The backbone carbonyl oxygens and the threonine hydroxyl group create four ion binding sites (S1 to S4) that allow ions to pass in
a single file. The coordination of potassium ions (K+ ) in the ion binding sites lowers
the dehydration energy, because it mimics the hydration shell. This finding prompted
the snug-fit theory, which states that ion selectivity comes from the geometrical arrangement that allows only K+ to be efficiently conducted (Zhou et al., 2001). As
sodium ions (Na+ ) are smaller, they would not be effectively coordinated by the ion
binding sites. This theory was questioned, since flexibility in the protein backbone
can compensate for geometrical restraints and it was even shown that the planar
carbonyl oxygen arrangements between the ion binding sites are Na+ -selective (Kim
and Allen, 2011). Since then, the focus has been on multi-ion permeation interactions as the basis for ion selectivity (Berneche and Roux, 2000; Roux, 2017; Kopec
et al., 2018; Kopfer et al., 2014).
The non-selective ion channel NaK from Bacillus cereus is a tetramer with a
structure very similar to KcsA. The SF sequence 63 TVGDGN 68 of NaK leads to a
loss of the S1 and S2 ion binding sites compared to the canonical K+ -selective SF
(Shi et al., 2006). Instead it possesses a water-filled vestibule at the top part of
the SF, which is stabilized by hydrogen bonds of either D66 or N68 with S70 of
the neighboring subunit (Fig 4.1a). The lack of four continuous ion binding sites
was proposed to be the reason for the non-selective conduction behavior of NaK
(Derebe et al., 2011). The SF of NaK can be transformed from 63 TVGDGN 68 to
the canonical K+ -selective sequence 63 TVGYGD 68 yielding a K+ -selective channel.
This double mutant, called NaK2K, possesses again four ion binding sites as was
revealed by the crystal structure (PDB ID: 3OUF) (Derebe et al., 2011). The top
part of the SF for NaK2K is stabilized by a hydrogen bond between Y66 and T60
in the neighboring subunit, as well as an intra-subunit hydrogen bond between D68
and Y55 (Fig 4.1a). It was reported that NaK2K does give rise to weak Na+ currents, but only when no K+ is present (Sauer et al., 2013). By mutating the SF sequence to 63 TVGFGD 68 an intermediate mutant can be obtained, which we will call
NaK1K (previously described as NaK2K-Y66F) and which is 3 times less selective
than NaK2K (Sauer et al., 2011). Compared to NaK2K, this mutant is no longer able
to connect its subunits through a hydrogen bond between F66 and T60 of the neighboring subunit (Fig 4.1a). Nonetheless, NaK1K still forms the canonical SF structure
with four ion binding sites and is K+ -selective. The SF sequence of NaK1K is similar
to that of the K+ -selective human ether-à-go-go related gene (hERG) channel with
the SF sequence SVGFG, which also exhibits low Na+ conductance in the absence
of K+ (Gravel et al., 2013; Gang and Zhang, 2006). Furthermore, most K+ -selective
K2P channels have the replacement of Tyr by Phe in the SF sequence for one (e.g.
TREK-2, TRAAK) or both (e.g. TREK-1) pores. A recent study revealed that both
hERG and K2P channels are gated in the SF (Schewe et al., 2019).
Previously we described that for the non-selective channel NaK no NMR signal can be detected from residues in the top part of the SF (D66 to S70), which
was attributed to conformational heterogeneity (Fig 4.1b and 4.1c). Residues in the
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F IGURE 4.1: Schematic overview of NaK and its K+ -selective mutants. (a) SF
region of NaK, NaK2K and NaK1K with the SF residues indicated and ion binding
sites displayed with red circles. The neighboring subunit is represented by a gray
line in the middle of the pore. Hydrogen bonds between the SF residues and the
pore helix are indicated with teal dashed lines on the opposing subunit. Bold lines
are used when the residues are visible in the NMR spectra. (b) The crystal structure
of NaK with K+ (PDB ID:3E8H). Only two opposing subunits are shown for clarity
and the SF region schematically portrayed in (a) is indicated with gray dashed lines.
(c) Amino acid sequence of NaK with the SF sequence indicated in red.

lower part of the SF (T62 to G65) display two peaks for each residue, corresponding
to two distinct conformations (Shi et al., 2018). The non-selective ion channel has
two conformations of the SF that are both stable and the ratio between the populations depends on the ion type present. Combined molecular dynamics (MD) simulations and solid-state nuclear magnetic resonance (ssNMR) distance measurements
showed the K+ favored conformation to match the crystal structure. The Na+ favored
conformation was discovered to be characterized by a carbonyl flip of T62.
In this study we investigated the ion-induced conformational changes of NaK
and both K+ -selective mutants (NaK2K and NaK1K) using ssNMR spectroscopy,
which has several unique advantages over other structural biology methods. First,
membrane proteins are investigated under native-like conditions by studying samples reconstituted in liposomes with ssNMR (Shi et al., 2018; Najbauer et al., 2019;
Schubeis et al., 2020; Kaur et al., 2019; Kaur et al., 2018; Varga, Tian, and McDermott, 2007; Bhate et al., 2010). It has been shown before that the lipid environment
is crucial for the functioning of various ion channels (Weingarth et al., 2013; Marius,
Planque, and Williamson, 2012; Poveda et al., 2014). Second, membrane proteins
are studied under physiological buffer conditions and temperatures. Furthermore,
it is possible to investigate the structural dynamics of a protein at atomic resolution
(Jekhmane et al., 2019; Öster et al., 2019; Shi et al., 2019). Using ssNMR we show
that the non-selective ion channel is flexible in nature and its SF converts between
conformations in response to different ion types, with all changes contained within
the SF residues. In contrast, K+ -selective mutants of this channel only allow for one
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stable SF conformation with K+ binding, while the SF loses its stability in the presence of Na+ ions. These conformational changes within the SF have consequences
for the pore helix conformation, indicating a strong connection between the SF and
the pore helix. This link, and the associated SF stabilization, does not easily permit
the accommodation of other ions than K+ in the SF of K+ -selective channels.

4.2. Results
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Results
Contrasting response of a non-selective and K+ -selective channel to different ions

Here we show that we are able to switch the major conformational state of NaK by
changing the ionic conditions within the same sample from one ion type to another
(details described in Methods 4.4). This approach of changing the ionic conditions of
a sample instead of preparing separate samples has the advantage that any preparation artefacts are completely eliminated. We prepared uniformly [13 C, 15 N]-labeled
NaK∆19 in liposomes. NaK∆19, from now on referred to as NaK, and all other constructs used in this study are missing the amphiphilic M0 helix which leads to a larger
open probability of the channel (Alam and Jiang, 2009). The 2D NCO and NCA correlation spectra of NaK with 50 mM Na+ show both conformations of the SF similar
to the previously described results (Shi et al., 2018). After exchanging the buffer of
the sample to 50 mM K+ , the spectra of NaK display a switch of the population for the
SF residues to the K+ favored state (Fig 4.2a and 4.2b, Fig. S1). This result shows
that the SF conforms to the ion type that is available and is not determined by the
ions present during sample preparation. The flexible behavior demonstrates that the
previously described SF conformations are interchangeable. Please note, the major
population of T63 seems to have reversed compared to the previous data. However,
the previously assigned nitrogen chemical shifts of the two states of T63 have only a
minimal difference, which makes it difficult to distinguish these two states. It should
also be noted that the previously published assignment of NaK was done on a sample prepared with a different lipid mixture (Shi et al., 2018). Comparing the spectra
of the NaK sample prepared with Na+ to the sample after it has been washed with
K+ , the spectra look almost identical with the exception of the signals from the SF
residues. It becomes clear that only the SF residues are affected by the switch of the
ionic conditions and thus are the ion sensitive residues in the non-selective channel.
Changing the ionic conditions for a sample of the K+ -selective mutant NaK2K revealed a different situation. Spectra recorded under Na+ conditions do not show any
signals corresponding to the SF residues (Fig 4.2c), suggesting that the SF is highly
dynamic on a microsecond to millisecond timescale. After exchanging the buffer of
the sample to K+ however, all SF residues become visible with only one set of signals (Fig 4.2d). This indicates that the SF is now in one stable conformation, the
rigidity of which allows the detection of the complete SF region and is reminiscent of
the KcsA SF region (Varga, Tian, and McDermott, 2007). These observations are in
line with our previous findings, comparing proton detected NMR spectra of NaK2K
recorded under K+ and ion free conditions (Öster et al., 2019). But they are significantly different from previous X-ray studies that displayed no differences for the
K+ -selective mutants under various ionic conditions (Shi et al., 2006; Derebe et al.,
2011). In contrast to the spectra of NaK, there appear to be widespread chemical
shift perturbations for NaK2K when changing the ionic conditions. These chemical shift perturbations become obvious when the spectra are overlayed, showing
multiple regions with clear differences (Fig. S2). In conclusion, the SF of NaK2K becomes dynamic under Na+ conditions and the chemical shift perturbations indicate
that conformational changes occur also in other regions of the protein.
Strikingly, no significant chemical shift perturbations were observed between the
spectra of NaK1K and NaK2K when measured under Na+ or K+ conditions (Fig. S3,
Fig. S4, Fig. S5, Fig. S6) except for minor changes in residues neighboring the
point mutation. However, the spectra of NaK1K under Na+ conditions show less line
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F IGURE 4.2: Structural effects of different ions on NaK and NaK2K. (a) 2D NCO
and NCA correlation spectra of NaK in Na+ and (b) washed to K+ in blue and red,
respectively. (c) 2D NCO and NCA spectra of NaK2K in Na+ and (d) washed to K+
in teal and purple, respectively. The nitrogen resonances of assigned SF residues
are indicated in the spectra. In the NCA spectra the carbon resonances represent
the same residue as the nitrogen resonances, whereas in the NCO spectra the
carbon resonances represent the preceding residue. The second conformation for
a resonance is indicated with a prime (’).

broadening compared to NaK2K, indicating a more defined structure (Fig. S3b and
Fig. S3c). The higher spectral quality of NaK1K under Na+ conditions compared to
NaK2K could be the result of an increased ability of the SF to adjust to Na+ conditions. We speculate that the weaker connection between the SF and pore helix, due
to the loss of the intersubunit hydrogen bond between F66 and T60 for NaK1K, allows the rest of the protein to retain a more stable conformation under Na+ conditions
with the exception of the SF. Dynamic differences between NaK1K and NaK2K may
therefore explain the lower K+ -selectivity of this mutant. Further research is needed
to fully determine the basis of the electrophysiological difference between these two
K+ -selective mutants (Sauer et al., 2011).

4.2.2

Characterizing the ion sensitive residues of the K+ -selective mutants

To further investigate the ion responses observed in the K+ -selective mutants, we
performed backbone and sidechain chemical shift assignments for NaK1K samples
prepared in the presence of Na+ or K+ . The spectra of NaK1K with 50 mM Na+ or K+
(Fig 4.3a and 4.3b) clearly show the different ion responses. Using a set of six 3D
correlation spectra (Fig. S7) (Hoffmann et al., 2019) a total of 55 residues were assigned independently for each sample: the upper part of transmembrane helix (TM)
1 (V29 to S43), the TM1 loop and the pore helix (V45 to L61), the end of the pore
loop (F69 to Q72) and the upper part of TM2 (T73 to I84). The SF residues (T62
to D68) are assigned only for the sample in K+ conditions. The complete assignments for NaK1K in K+ and Na+ can be found in Fig. S8 and Table S1 and Table S2.
The transmembrane helix regions below the gating hinge (G87 ) were not detected,

4.2. Results

89

which might be due to conformational dynamics on the microsecond to millisecond
timescale as previously described for NaK (Shi et al., 2018). Due to the similarities
between NaK1K and NaK2K it was not necessary to perform 3D experiments for the
assignment of NaK2K. The assignments of NaK1K could be transferred to NaK2K
based on 2D NCA, NCO and PDSD experiments and previous assignments of H2 O
back-exchanged [2 H,13 C,15 N]-labeled NaK2K (Öster et al., 2019).

F IGURE 4.3: Chemical shift differences between the Na+ and K+ states of NaK1K.
(a) 2D NCO and NCA correlation spectra of NaK1K under Na+ or (b) K+ conditions in green and orange, respectively. The nitrogen resonances of assigned SF
residues are indicated. In the NCA spectra the carbon and nitrogen resonances
represent the same residue, whereas in the NCO spectra the carbon resonances
represent the preceding residue. (c) The chemical shift difference between the
Na+ and K+ states of NaK1K. Differences are plotted for the nitrogen (orange), CA
(green), CB (red) and CO (blue) atoms of all assigned residues. Residues with
a significant chemical shift difference (>1 ppm) are marked below in teal and the
standard deviation is indicated. The secondary structure element is shown below
and gaps in the sequence are indicated with dashed lines. (d) The crystal structure
of NaK1K (PDB ID: 3TET) with all residues assigned under K+ conditions indicated
in orange. The backbone atoms of the SF residues are depicted as well as the
sidechain of T63. (e) The crystal structure of NaK1K (PDB ID: 3TET) with residues
with a significant chemical shift difference (>1 ppm) between the Na+ and K+ states
in teal. The SF residues are not detected under Na+ conditions and are shown as
transparent. Residues with a significant chemical shift difference for a CA or CB
atom are indicated and shown as sticks.

Both samples of NaK1K in Na+ or K+ needed to be assigned separately, as the
spectra showed significant differences. Chemical shift perturbations of both CA and
nitrogen atoms indicate structural changes, while for nitrogen atoms alone these
structural changes are most likely associated to changes within the hydrogen bonding network (Williamson, 2013). All residues with a chemical shift difference between
the Na+ and K+ conditions of more than 1 ppm (parts per million) are classified as
significant (Fig 4.3b and Table S3) and indicated on the structure of NaK1K in figures
4.3c and 4.3d. In total there are 21 ion sensitive residues (L48, D52, A53, Y55, F56,
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V58 to P71, K77, I84) for the K+ -selective mutants that have significant chemical
shift perturbations including the SF residues which are absent under Na+ conditions
in both NaK1K and NaK2K. The loss of SF signal is due to increased dynamics under Na+ conditions, as these residues are observed again after reintroduction of K+
ions in NaK2K (Fig 4.2d). Strikingly, there are 5 ion sensitive residues (L48, D52,
Y55, K77 and I84) for which the chemical shifts in the presence of Na+ match the
chemical shifts observed in NaK (Table S4).
The ion sensitive residues are concentrated in the region of the pore helix, which
is involved in stabilization of the SF. The sidechain of L48 shows significant chemical
shift perturbations and under Na+ conditions the chemical shifts are similar to those
in NaK (Table S5). This L48 sidechain is pointing towards the loop connecting the
SF and TM2 in the crystal structure of NaK1K (Sauer et al., 2011) (Fig 4.3d). Within
the pore helix, strong changes were observed for residues D52, A53, Y55, F56,
V58, V59, T60 and L61. Most of these chemical shift perturbations are localized to
the nitrogen atom of the residues, with V59 having the largest shift. V59 is directly
responsible for coordinating the lower part of the SF. For Y55 the CA atom is ion
sensitive and under Na+ conditions becomes similar to the chemical shift assignment
in NaK. The sidechain of this residue is shown to be involved in a hydrogen bond
with D68 at the top of the SF in the crystal structure of NaK1K, but this interaction
is absent in NaK. We can therefore attribute the observed chemical shift change for
Y55CA in NaK1K to a loss of this hydrogen bond in the presence of Na+ . The CA
atom of the neighboring F56 also displays ion sensitivity indicating a reorientation
of the sidechain between the two ion states. The residues connecting the SF to
TM2 (F69, S70, P71) all show ion sensitive chemical shift perturbations, but are
not detected in NaK. The ion sensitivity of these residues could originate from the
direct connection to the SF or it could be influenced by the hydrogen bond network
of the water molecules behind the SF. Residue F69 is involved in coordination of
a water molecule in the crystal structure of NaK1K and the sidechain of S70 in
NaK is involved in a stabilizing intersubunit hydrogen bond. Overall, all ion sensitive
residues point to changes in SF dynamics and structural reorientation of the pore
helix region under different ionic conditions in the K+ -selective mutants, for which the
Na+ state partially resembles the conformation of the non-selective channel.
Additionally, K77 and I84 both display ion sensitivity and their chemical shifts
under Na+ conditions match those of NaK. It was recently demonstrated that mutations of I131 in KirBac1.1 (equivalent to I84 in NaK) influenced the ion selectivity
of the channel (Matamoros and Nichols, 2021). Previously NaK2K under K+ conditions was investigated using solution NMR and the SF of NaK2K was observed to
affect TM2, revealing a potential allosteric pathway that influences the open state of
the channel (Brettmann et al., 2015). A pathway connecting the SF and TM2 could
explain the ion sensitivity of K77 and I84 as they are positioned relatively close to
the gating hinge residue (G87 ), which causes a kink in TM2 in the open channel as
shown in the crystal structure (Alam and Jiang, 2009).

4.3. Discussion
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Discussion

Using ssNMR we have shown the difference in response for non-selective and K+ selective ion channels to Na+ or K+ conditions (Fig. 4.4). NaK only shows an impact
on the SF residues, whereas for the K+ -selective mutants the entire pore helix region
changes and the SF becomes dynamic under Na+ conditions. In a recent study
using single-molecule Förster resonance energy transfer (FRET) on the K+ -selective
channel KirBac1.1, it was also shown that there is an increase of motion under Na+
conditions at the SF region (Wang et al., 2019). Additionally, using MD simulations
it was recently predicted that the K+ -selective channel hERG displays SF dynamics
during ion conduction, which was suggested to be linked to the flickering gating mode
of this channel (Miranda et al., 2020). Both these studies showcase the potential
widespread implications of a dynamic SF state with regards to ion selectivity and ion
conduction.

F IGURE 4.4: Schematic overview of the response of non-selective and K+ -selective
cation channels to different ions. (a) Non-selective and (b) K+ -selective cation channels conformations under K+ (left) or Na+ (right) conditions. The selectivity filter
(SF), pore helix (PH), TM1 and TM2 are indicated for the channel on the left and
ion binding sites are indicated with spheres. Regions of the SF which cannot be
observed in the NMR spectra are indicated with dashed lines and the strength of
the connection between the pore helix and the SF is symbolized with jagged lines
(springs).

In contrast with the dynamic state observed for the K+ -selective mutants under Na+
conditions, the K+ state corresponds to the canonical SF conformation. This canonical SF conformation is clearly dependent on the link between the SF and the pore
helix, as disruption of this conformation to a dynamic state causes chemical shift
changes mainly in the pore helix. Also, ion channel mutations that minimize the link
between the SF and the pore helix have been shown to result in decreased selectivity. For example, in KcsA the E71A mutant loses a hydrogen bond between the pore
helix and the SF and it becomes non-selective under Na+ conditions (Cheng et al.,
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2011; Chakrapani et al., 2011). E71 (V59 in NaK) has a stabilizing function in KcsA
and mutations of this residue strongly affect the channel gating mode (Bhate and
McDermott, 2012). It should be noted that the sidechain of E71 has an additional
hydrogen bond with Y78 in the SF of KcsA making an even stronger connection,
compared to the absence of a bond between V59 and D66 in NaK or Y66/F66 in
the K+ -selective mutants. Another argument in favor of the influence of the pore helix on channel selectivity is the loss of ion selectivity for the NaK2K Y55F mutant.
This mutant loses the ability to form a hydrogen bond between the SF and the pore
helix, becoming completely non-selective (Sauer et al., 2011). The link between the
SF and the pore helix is clearly important for ion selectivity and this could explain
the electrophysiological difference observed between NaK1K and NaK2K. The less
K+ -selective NaK1K also has less hydrogen bonds stabilizing the SF and is thus
more susceptible to disruption of the canonical SF conformation. The difference in
the amount of stabilizing hydrogen bonds could cause a difference in the probability
of entering the dynamic SF state. Also, the loss of a stabilizing hydrogen bond in
NaK1K seems to enhance the accommodation of Na+ ions, as seen in the improved
resolution of the spectra compared to NaK2K under Na+ conditions. Again, this highlights the importance of the link between the SF and the pore helix in determining
ion selectivity.
An interesting mutation of the K+ -selective hERG channel shows a change for a
hydrogen bond involving the same residues that display chemical shift perturbations
in NaK1K under Na+ conditions. This mutation in hERG, that is associated with
long-QT syndrome (Clancy and Rudy, 2001; Teng et al., 2008), modifies the channel
from K+ -selective to non-selective by changing the SF sequence from SVGFGN to
SVGFGD (Lees-Miller et al., 2000). The mutant displays a SF structure reminiscent
of NaK with a loss of the S0-S2 binding sites in the MD simulations (Miranda et al.,
2020). Compared to wild-type hERG there is a change of the hydrogen bond network
behind the SF from V59 and V64 to a bond between V59 and F66 (S520, V625,
F627 in hERG). The mutation also generally widens the top of the SF and causes
dehydration of the region behind the SF. High extracellular K+ concentrations allow
reformation of the canonical SF by cancelling the repulsion of the Asp ring at the
top, which is reminiscent of the EEEE-ring in Na+ channels (Miranda et al., 2020).
Since this hERG mutant has the same SF sequence as NaK1K (only with a Ser
as the initial residue) but behaves as a non-selective channel, the hydrogen bond
network observed might be similar to that of NaK1K under Na+ conditions. Especially
since the same residues that display strong chemical shift perturbations in NaK1K
are involved with the hydrogen bond network of the hERG mutant. The difference
between this hERG mutant and NaK1K in ion selectivity emphasizes the important
role of the pore helix.
It should be noted that the increased dynamics of the SF observed under Na+
conditions for the K+ -selective mutants is distinct from the collapsed SF conformation
observed in KcsA. KcsA displays structural collapse of the SF under low K+ conditions and then does not allow any ion conduction. The collapsed SF conformation
is stable and was observed by a previous ssNMR study (Bhate et al., 2010), unlike
the highly dynamic SF state of the K+ -selective NaK mutants under Na+ conditions
observed here. Movement of the pore helices during collapse of the SF has been
observed with homo-FRET experiments in KcsA that also showed a stabilizing effect
of K+ ions on the SF structure (Renart et al., 2019). The collapsed conformation
of the SF is not seen in all K+ -selective channels, as MthK for example retains the
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conductive SF conformation in the absence of K+ and allows for Na+ conduction under these conditions (Ye, Li, and Jiang, 2010). The crystal structures of both NaK1K
and NaK2K show 2 buried water molecules behind the SF similar to MthK, but unlike
KcsA which has only 1 buried water molecule (Derebe et al., 2011; Sauer et al.,
2011). The amount of buried water molecules and the ability to collapse the SF to a
stable conformation have been suggested to be linked (Derebe et al., 2011). For the
previously mentioned KcsA mutant E71A, the SF does not collapse and this mutant
is less K+ selective (Cheng et al., 2011). Another interesting KcsA mutant is E71Q,
which displays flickery gating behavior similar to any NaK mutants which contain the
D66Y substitution (Sauer et al., 2011; Chakrapani et al., 2011). Proton-detected ssNMR revealed that this E71Q mutant has increased dynamics of the SF compared
to wild-type KcsA and it was proposed that the water molecules behind the SF are
responsible for the different gating behaviors of KcsA (Jekhmane et al., 2019). In
the same study it was found that two other electrophysiologically distinct E71 mutants shared a similar pattern of chemical shift perturbations, but showed distinct
dynamic behavior (Jekhmane et al., 2019). This agrees with the detected difference
in dynamics between NaK1K and NaK2K, indicated by the stronger line broadening
observed in the spectra under Na+ conditions for NaK2K. We show here that instead
of a stable collapsed SF conformation in the absence of K+ , NaK1K and NaK2K
assume a highly dynamic state of the SF which might be the case for all other K+ selective channels with 2 buried water molecules behind the SF. Our results show
that the presence of K+ ions stabilizes the canonical SF conformation.
The ion sensitivity of the pore helix and two residues in TM2 for the K+ -selective
NaK mutants might be related to a change in the open probability of the channel.
A recent ssNMR and FRET study of the K+ -selective KirBac1.1 channel strengthens the case for a potentially conserved allosteric pathway (Amani et al., 2020). A
comparison of the open and closed conformations of the channel revealed major
chemical shift perturbations throughout the protein. Based on this, a reorientation
of the pore helix via an interaction with TM1 was proposed. Reorientation of the
pore helix could explain our large chemical shift perturbations seen for this helix, but
we do not observe any changes in TM1. This would require further research with a
closed conformation of NaK and its mutants.
Based on our current study, we propose that the interaction between the SF and
the pore helix plays an important role in ion selectivity. We can change the state of
both K+ -selective or non-selective cation channels by changing the ionic conditions.
For the non-selective NaK the SF moves independently of the rest of the channel
and supports both K+ and Na+ conduction with different stable SF conformations, as
described previously (Shi et al., 2018). For the K+ -selective mutants the presence of
K+ stabilizes the SF structure, but without these ions the SF becomes dynamic. The
changes in the SF have a clear effect on the pore helix as measured by ssNMR. The
stronger connection between the SF and pore helix in the K+ -selective mutants does
not allow the SF to switch to non-selective ion conduction.
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4.4

Materials and Methods

NaK, NaK2K (NaK D66Y and N68D double mutant) and NaK1K (NaK D66F and
N68D double mutant) are truncated by the first 19 amino acids and have a Cterminal hexahistidine tag. The NaK construct in a pQE60 vector was expressed
in E. coli NEB Express Iq Competent cells (New England Biolabs, Ipswhich, Massachusetts, USA). The NaK2K construct was cloned from the original pQE60 vector
into a pET28a expression vector, using the NCO I and Hind III cleavage sites on both
plasmids. The NaK2K construct in pET28a was also mutated to NaK1K. Both NaK2K
and NaK1K were expressed in E. coli OverExpress C43(DE3) (Lucigen, Middleton,
Wisconsin, USA).

NaK

NaK2K

NaK1K
Primer Y66F+
Primer Y66F–

Protein/primer sequence
MAKDKEFQVLFVLTILTLISGTIFYSTVEGLRPIDALYFSV
VTLTTVGDGNFSPQTDFGKIFTILYIFIGIGLVFGFIHKLAV
NVQLPSILSNLVPRGSRSHHHHHH*
MAKDKEFQVLFVLTILTLISGTIFYSTVEGLRPIDALYFSV
VTLTTVGYGDFSPQTDFGKIFTILYIFIGIGLVFGFIHKLAV
NVQLPSILSNLVPRGSRSHHHHHH*
MAKDKEFQVLFVLTILTLISGTIFYSTVEGLRPIDALYFSV
VTLTTVGFGDFSPQTDFGKIFTILYIFIGIGLVFGFIHKLAV
NVQLPSILSNLVPRGSRSHHHHHH*
CACGTTGACGACTGTCGGTTTTGGGGATTTTAGTCCG
CGGACTAAAATCCCCAAAACCGACAGTCGTCAACGTG

Minimal medium (M9) was supplemented with 13 C glucose (4 g/liter; 1396, Cambridge Isotope Laboratories, Tewksbury, Massachusetts, USA) and 15 N ammonium
chloride (1 g/liter; 299251, Sigma-Aldrich, St. Louis, Missouri, USA). At an OD600
of 0.8, the cultures were induced with 0.4 mM isopropyl β-d-1-thiogalactopyranoside
(IPTG) and grown overnight at 25°C. An additional 1 g of 13 C glucose and 0.25 g 15 N
ammonium chloride was added after 6 hours of expression. Cells were harvested
and resuspended with 10 ml of lysis buffer (50 mM tris (pH 7.5), 100 mM NaCl, 1 mM
MgCl, and protease inhibitor cocktail (11836170001, Sigma-Aldrich)) per gram of cell
pellet. The sample was lysed using a microfluidizer (LM10, Microfluidics, Westwood,
Massachusetts, USA) with five cycles of a working pressure of 15,000 psi. The
membrane fraction was isolated by ultracentrifugation at 150,000 relative centrifugal force (rcf) for 2 hours at 4°C and solubilized in solubilization buffer (50 mM tris
(pH 7.5), 100 mM NaCl, and 40 mM DM (n-Decyl-β-maltoside; GLYCON Biochemicals, Luckenwalde, Germany)) at room temperature for 3 hours. The protein was
batch-purified by immobilized metal affinity chromatography using TALON Superflow
beads (GE Healthcare Life Sciences, Chicago, Illinois, USA). Protein concentrations
were determined using Bradford reagent supplemented with α-cyclodextrin (5 mg/ml;
AppliChem, Darmstadt, Germany). The protein sample was mixed with E. coli total
lipid extract (100500, Avanti Polar Lipids, Alabaster, Alabama, USA) in a ratio of 2:1
(w/w) for 1 hour at 4°C. Reconstitution into liposomes was performed by dialysis at
4°C for 8-10 days against 20 mM tris (pH 8.0) and 50 mM NaCl with at least 6 times
buffer exchange and a 100x dilution factor. Proteoliposome pellets were collected by
ultracentrifugation at 300,000 rcf for 4 hours at 4°C. Samples were filled into 3.2 mm
magic-angle spinning rotors (Bruker BioSpin, Billerica, Massachusetts, USA).
The NaK and NaK2K samples were washed from Na+ to K+ conditions. The
samples were removed from the rotors and resuspended in 1 ml buffer with 20 mM
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tris (pH 8.0) and 50 mM KCl. The buffer was refreshed twice, after ultracentrifugation
of 30 min at 150,000 rcf, and the total incubation time was 14 days for each sample.
The NaK1K in K+ conditions was prepared by dialyzing the protein sample after
purification against 20 mM tris (pH 8.0) with 50 mM KCl instead of NaCl.
Solid state NMR spectra were recorded on a spectrometer with an external magnetic field strength corresponding to 800 MHz 1 H Larmor frequency for the NaK samples or 700 MHz 1 H Larmor frequency for the NaK2K and NaK1K samples. Both
spectrometers were equipped with a 3.2 mm triple-resonance Efree magic-angle
spinning (MAS) probe (Bruker BioSpin). All spectra were recorded at a spinning
speed of 11 kHz and external DSS (4,4-dimethyl-4-silapentane-1-sulfonic sodium
salt) was used as the proton chemical shift reference. The sample temperature was
kept at approximately 10°C as measured from the 1 H chemical shift of water (Böckmann et al., 2009). Radio frequency amplitudes were 83.3 kHz, 50 kHz and 35.7 kHz
for proton, carbon and nitrogen 90°pulses, respectively. High power proton decoupling was performed using the SPINAL-64 sequence during evolution and detection
periods (Fung, Khitrin, and Ermolaev, 2000). The samples were characterized using
2D 15 Ni -13 Cαi (NCA) and 15 Ni -13 COi-1 (NCO) cross polarization correlation spectra.
For the N-CA transfer, pulses were optimized around 5 kHz for nitrogen and 6 kHz
for carbon with contact times around 3.5 ms. For the N-CO transfer, pulses were optimized around 2 kHz for nitrogen and 13 kHz for carbon with contact times around 3
ms. The carbon-carbon correlated proton-driven spin diffusion (PDSD) spectra were
performed with a mixing time of 20 ms (Szeverenyi, Sullivan, and Maciel, 1982).
Spectra were processed in TopSpin (Bruker BioSpin) with a shifted sine bell window
function (QSINE 4). All spectra from the NaK and NaK2K samples are displayed
with contour levels starting at 5 times the noise level and 15 times the noise level for
the NaK1K samples. The chemical shift assignment of NaK1K in Na+ and K+ was
performed as described in previous work (Hoffmann et al., 2019). Briefly, the intraresidue correlations were obtained from 3D NCACO, NCACB and NCACX correlation spectra and the inter-residue connections were based on 3D CANCO, NCOCA
and NCOcaCB correlation spectra. An example of the sequential backbone walk for
the K+ sample is shown in Fig. S7. The complete chemical shift assignments for
NaK1K in K+ and Na+ are given in Table S1 and Table S2, respectively. All spectra
are displayed with positive signal only unless stated otherwise.
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4.8

Supplementary Material

Fig. S1

Fig. S1. Overlay of 2D NCO and NCA correlation spectra of NaK with Na + and K+ in blue and red,
respectively. In the NCA spectra the carbon resonances represent the same residue as the nitrogen
resonances, whereas in the NCO spectra the carbon resonances represent the preceding residue. The
nitrogen resonances of assigned SF residues are indicated and the second conformation for a
resonance is indicated with a prime (’).
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Fig. S2

Fig. S2. Overlay of 2D NCO and NCA correlation spectra of NaK2K with Na+ and K+ in teal and purple,
respectively. The nitrogen resonances of assigned SF residues are indicated for the K+ spectra. Regions
with clear chemical shift changes are marked with dashed lines.
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Fig. S3

Fig. S3. 2D NCO and NCA correlation spectra of NaK, NaK1K and NaK2K with 50 mM Na+. (A) NaK,
(B) NaK1K and (C) NaK2K in blue, green and teal. The nitrogen resonances of assigned SF residues
are indicated and the second conformation is indicated with a prime (‘). Representative 1D slices for
the nitrogen and carbon dimensions are shown on the right side and above the spectra, respectively.
The linewidth at half-height of T80 is indicated in all 1D slices.
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Fig. S4

Fig. S4. 2D NCO and NCA correlation spectra of NaK, NaK1K and NaK2K with 50 mM K+. (A) NaK,
(B) NaK1K and (C) NaK2K in red, orange and purple. The nitrogen resonances of assigned SF
residues are indicated and the second conformation is indicated with a prime (‘). Representative 1D
slices for the nitrogen and carbon dimensions are shown on the right side and above the spectra,
respectively. The linewidth at half-height of T80 is indicated in all 1D slices.
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Fig. S5

Fig. S5. Overlay of 2D NCO correlation spectra for NaK1K and NaK2K with 50 mM K+. The contour
levels for the spectrum of NaK2K start at 3 times the noise level instead of 5 times. The spectra are
processed to be comparable. The nitrogen resonance of G67 is indicated and for the NCO spectrum
the carbon resonance represents the preceding residue.

4.8. Supplementary Material

Fig. S6

Fig. S6. 2D proton-driven spin diffusion carbon-carbon correlation spectra of NaK, NaK1K and NaK2K.
(A) NaK, (B) NaK1K and (C) NaK2K with 50 mM Na+ in blue, green and teal, respectively. (D) NaK, (E)
NaK1K and (F) NaK2K with 50 mM K+ in red, orange and purple, respectively. Negative contours are
indicated in gray.
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Fig. S7

Fig. S7. Example of the “backbone walk” for NaK1K in 50 mM K+ for residues S57 to A53. For this
purpose we used 3D spectra of CANCO (purple), NCACO (green), NCACB (positive contours light
green, negative contours pink), NCOCA (blue), NCOcaCB (orange) experiments. The residue and the
nitrogen plane observed are indicated on the right.
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Fig. S8

Fig. S8. Assigned spectra of NaK1K with 50 mM K+ or Na+. (A) 2D NCO and NCA correlation spectra
of NaK1K in K+ (orange). (B) 2D NCO and NCA correlation spectra of NaK1K in Na+ (green). All
assigned residues are indicated in the spectra with the nitrogen resonance, residues with minimal
chemical shift differences were grouped under one mark for clarity.
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Table S1

Table S1. Assignment of NaK1K in 50 mM K+ (BMRB ID: 50305).
V29
L30
T31

N
118,6
118,4
121,2

CO
178,3
180,3
176,4

Cα
67,59
58,30
68,64

Cβ
31,37
41,75
67,78

I32

121,8

178,4

65,01

36,26

L33
T34
L35
I36
S37
G38
T39
I40
F41
Y42
S43

118,6
121,2
126,6
122,4
115,9
107,6
118,4
120,1
121,6
116,2
114,0

180,4
179,2
180,3
177,3
176,1
175,0
177,3
178,1
177,0
178,5

58,28
67,95
58,58
66,41
63,96
46,94
67,88
65,40
63,11
62,46
60,84

41,75
68,71
42,14
38,38
63,32

V45

120,0

177,0

65,25

31,92

21,07
22,58

E46

111,9

176,7

55,58

29,59

36,72

G47

105,6

174,2

46,69

L48

119,2

177,8

54,37

42,53

27,40

R49

122,0

176,5

55,31

30,87

27,19

P50

136,6

177,6

66,94

31,88

28,04

I51
D52
A53

114,5
122,3
122,9

176,0
177,4
180,4

64,03
57,07
55,06

36,68
40,67
20,91

178,60

L54

124,0

177,8

58,16

40,61

27,81

Y55

120,5

175,9

61,01

38,92

127,03

68,17
38,49
38,34
37,47
64,10

F56

120,4

178,2

60,52

37,94

S57

119,4

176,3

64,83

62,36

V58

121,3

178,0

67,50

31,96

V59

121,7

176,8

66,30

32,52

T60
L61
T62
T63

119,4
121,0
97,1
110,0

175,2
175,2
176,7
172,8

68,15
57,90
61,42
63,52

43,85
69,36
69,37

V64

122,3

180,0

66,07

31,49

C

other

26,37
28,85
17,67
26,37
26,35

21,03
28,92

21,38
23,75
23,62
24,77
20,89
26,25
21,45
20,65
20,61
22,38

C
181,79
C
25,00
22,74
C
43,88
C
49,79

C
26,80
22,64
C
133,20
C
117,19
C
130,10

G65
F66
G67
D68
F69
S70
P71
Q72
T73
D74
F75
G76

103,1
116,2
102,8
120,4
115,8
112,5
135,3
121,6
115,2
125,8
120,0
107,6

175,5
178,4
174,5
176,1
173,7
170,8
175,9
177,8
175,3
179,0
178,2
178,7

48,47
60,63
44,90
55,53
56,68
56,79
62,69
54,91
60,31
58,07
58,47
46,80

K77

128,6

177,7

I78
F79
T80
I81
L82
Y83
I84

119,1
118,7
113,5
120,5
116,3
120,4
115,9

177,8
176,3
174,7
175,5
176,9
177,1
178,1

36,44

179,70

61,51
31,56
31,15
71,95
39,05

28,95
34,06
21,58

61,39

32,91

26,73

64,97
62,33
67,29
66,48
57,91
62,51
65,39

37,10
42,51
68,78
38,22
41,27
40,67
38,17

17,43
21,14

49,56
180,31

C:
29,72
C
42,60
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Table S2

Table S2. Assignment of NaK1K in 50 mM Na+ (BMRB ID: 50305).
N

CO

Cα

Cβ

V29

118,4

178,0

67,37

31,29

L30

118,3

180,2

58,16

41,57

T31

120,9

176,2

68,50

67,96

C

other

26,27

I32

121,4

178,2

64,94

36,50

L33

118,5

180,2

58,14

41,62

T34

121,3

179,3

68,62

67,90

L35

126,1

180,5

58,26

42,36

I36

122,6

177,1

66,36

38,19

S37

116,4

176,1

64,07

63,22

G38

107,5

175,0

47,05

T39

118,7

177,4

67,82

68,19

20,69

I40

120,4

178,0

65,49

38,19

29,30

F41

121,8

176,9

63,51

38,13

Y42

116,0

178,4

62,98

37,71

S43

113,4

60,70

64,10

V45

120,8

176,9

65,15

31,60
29,49

22,51
21,27
36,24

26,27

E46

112,0

176,8

55,55

G47

105,6

174,1

46,69

L48

118,8

178,0

54,11

43,67

26,06

R49

121,4

176,7

55,28

30,37

27,49

23,99
21,25
43,79

P50

136,4

177,8

66,67

31,86

27,98

49,94

I51

115,0

175,5

63,93

37,11

D52

122,8

178,8

56,72

40,53

A53

126,5

180,2

54,75

21,28

L54

123,4

178,0

57,78

40,32

27,41

26,83
22,71

Y55

120,9

176,9

63,58

39,24

F56

116,7

178,7

61,53

38,11

S57

118,6

177,3

64,38

62,63

V58

119,0

179,1

67,31

31,45

V59

114,0

179,2

65,71

30,67

T60

121,6

174,7

67,92

68,49

L61

116,2

175,5

56,99

F69

119,1

172,8

57,46

43,44

S70

118,6

170,2

56,19

63,68

P71

133,5

176,0

63,46

31,69

28,42

50,71

Q72

121,4

177,9

54,84

31,76

34,00

180,41

21,55

T73

115,7

175,3

60,34

71,59

125,6

179,0

57,99

39,15

F75

119,4

177,9

58,54

107,8

178,2

46,80

K77

127,3

177,7

61,40

21,42

26,07

D74
G76

180,89

33,19

27,44

C:
29,97
C:

42,40
I78

118,6

177,4

64,82

37,26

F79

118,4

176,2

62,28

42,26

T80

113,0

174,7

67,07

69,30

I81

120,8

175,9

66,46

38,26

L82

116,8

176,9

58,14

41,52

Y83

120,4

176,8

62,26

40,33

I84

117,4

177,7

65,57

38,09
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Table S3

Table S3. Chemical shift differences between the assignment of NaK1K in K+ or Na+. Significant
chemical shift differences are shown in orange.

N

CO

Cα

Cβ

V29

0,21

0,28

0,22

0,08

L30

0,08

0,12

0,14

0,19

T31

0,32

0,16

0,14

-0,19

I32

0,37

0,19

0,07

-0,23

L33

0,11

0,17

0,14

0,14

T34

-0,14

-0,16

0,09

0,05

L35

0,46

-0,18

0,31

-0,22

I36

-0,16

0,12

0,05

0,19

S37

-0,56

0,04

-0,11

0,10

G38

0,11

0,00

-0,10

T39

-0,25

-0,17

0,06

-0,01

I40

-0,25

0,09

-0,09

0,30

F41

-0,22

0,10

-0,40

0,21

Y42

0,13

0,06

-0,52

-0,24

S43

0,57

0,14

0,00

V45

-0,90

0,12

0,10

0,32

E46

-0,06

-0,11

0,03

0,10

G47

-0,03

0,12

0,00

L48

0,46

-0,21

0,26

-1,15

R49

0,63

-0,22

0,03

0,50

P50

0,13

-0,22

0,27

0,02

I51

-0,51

0,54

0,10

-0,43

D52

-0,41

-1,39

0,35

0,14

A53

-3,53

0,19

0,31

-0,38

L54

0,58

-0,23

0,39

0,30

Y55

-0,45

-0,97

-2,57

-0,32

F56

3,67

-0,51

-1,01

-0,17

S57

0,79

-0,95

0,44

-0,27

V58

2,35

-1,12

0,19

0,50

V59

7,75

-2,49

0,59

1,85

T60

-2,23

0,50

0,23

L61

4,84

-0,26

0,91

F69

-3,36

0,85

-0,79

S70

-6,10

0,60

0,60

-2,17

P71

1,81

-0,13

-0,77

-0,12

Q72

0,17

-0,10

0,07

-0,61

T73

-0,55

0,00

-0,03

0,36

D74

0,13

0,07

0,08

-0,10

-0,07

F75

0,61

0,35

G76

-0,22

0,51

0,00

K77

1,38

-0,01

-0,02

-0,29

I78

0,52

0,38

0,16

F79

0,30

0,18

0,06

0,25

T80

0,56

0,07

0,22

-0,52

-0,16

I81

-0,28

-0,41

0,02

-0,04

L82

-0,56

0,02

-0,23

-0,26

Y83

0,08

0,28

0,24

0,34

I84

-1,45

0,43

-0,18

0,08
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Table S4

Table S4. Comparison of ion sensitive residues in NaK1K under Na+ conditions and the assignment of
NaK (BMRB ID: 27219 & 27220). Significant chemical shift differences are highlighted in orange.
N

CO

Cα

Cβ

L48

-0,2

0,1

-0,07

0,85

D52

-0,5

0,8

-0,05

0,04

A53

1,8

-0,1

0,02

-0,26

Y55

0,7

0,1

0,29

0,07

F56

-1,4

-0,2

-0,32

-0,19

V58

-3,2

0,0

-0,02

-0,26

V59

-0,1

1,0

0,58

0,45

T60

1,4

-0,3

0,71

0,71

L61

-4,5

0,0

-0,76

P71

0,3

0,51

-0,16

K77

-0,1

0,1

-0,04

-0,01

I84

0,0

-0,1

0,36

-0,01
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Table S5

Table S5. Chemical shift assignments of the L48 atoms for NaK1K with K+ (A) or Na+ (B), NaK with
Na+ (C), NaK2K with K+ (D). Comparisons between the various assignments are stated with the
significant chemical shift differences shown in orange.
A
B
C
D

N

CO

C

C

C

C

C

119,2

177,8

54,37

42,53

27,40

25,00

22,74

118,8

178,0

54,11

43,67

26,06

23,99

21,25

119,0

177,9

54,17

42,82

26,41

24,64

21,57

119,3

177,8

54,44

42,54

27,51

24,82

22,87

A-B

0,5

-0,2

0,26

-1,14

1,34

1,01

1,49

B-C

-0,3

0,1

-0,06

0,85

-0,35

-0,65

-0,32

A-D

-0,1

0,0

-0,07

-0,01

-0,11

0,18

-0,13
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Abstract
Ion conduction through potassium channels is a fundamental process of life. On
the basis of crystallographic data, it was originally proposed that potassium ions
and water molecules are transported through the selectivity filter in an alternating
arrangement, suggesting a “water-mediated” knock-on mechanism. Later on, this
view was challenged by results from molecular dynamics simulations that revealed
a “direct” knock-on mechanism where ions are in direct contact. Using solid-state
nuclear magnetic resonance techniques tailored to characterize the interaction between water molecules and the ion channel, we show here that the selectivity filter of
a potassium channel is free of water under physiological conditions. Our results are
fully consistent with the direct knock-on mechanism of ion conduction but contradict
the previously proposed water-mediated knock-on mechanism.
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5.1

Chapter 5. The conduction pathway of potassium channels is
water free under physiological conditions

Introduction

Potassium (K+ )–selective channels allow for the selective and efficient conduction
of K+ ions across the cell membrane. They are involved in numerous physiological
and pathophysiological processes (Hille, 2001). K+ channels have been characterized in great detail by numerous studies using electrophysiology, x-ray crystallography, molecular dynamics (MD) simulations, and spectroscopic approaches. The first
atomic resolution structure of a K+ channel was determined around 20 years ago
for the channel KcsA, explaining many phenomena observed experimentally before
(Doyle et al., 1998; Zhou et al., 2001). KcsA has become a textbook example of how
a protein structure can explain protein function. A selectivity filter (SF), comprising
four K+ binding sites, is formed in the homotetrameric arrangement by segments
of the four subunits with the signature sequence TVGYG (Fig. 5.1A). This narrow
pore allows for high selectivity and near diffusion–limited conduction rates. Despite
these achievements, some elementary properties of the K+ channel remain under
debate. For example, it was proposed early on that water molecules are cotransported with K+ ions and that the conduction through the SF occurs via alternating
water molecules and ions in a mechanism that we refer to in the following as “watermediated” knock-on (Morais-Cabral, Zhou, and MacKinnon, 2001). This mechanism
involves a cycle of [W, K, W, K], where W refers to water and K is K+ , and [K, W, K,
W] states occupying the SF binding sites S1 to S4 (Fig. 5.1, A and B).

F IGURE 5.1: Comparison between water-mediated and direct knock-on ion permeation mechanisms. (A) The structure of the SF in NaK2K [Protein Data Bank
(PDB) ID: 3ouf], with the ion binding sites (S1 to S4) and amino acid sequence indicated. (B) The two stages of the water-mediated knock-on mechanism. (C) The
three stages of the direct knock-on mechanism. K+ ions and water molecules are
displayed as purple and small red spheres, respectively. The name of the state is
indicated above the structure, showing the occupancy at binding sites S1 to S4 with
either K+ (K) or water (W), or unoccupied (0).

The water-mediated knock-on mechanism had been the accepted model in the
field until 2014 when a study suggesting that ions are in direct contact with each
other and that no water molecules are involved in the conduction process appeared
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(Kopfer et al., 2014). The proposed “direct” knock-on mechanism (Fig. 5.1C) (Kopfer
et al., 2014) was first observed in computational electrophysiology simulations of
KcsA and furthermore supported by reanalysis of x-ray crystallographic data, indicating that, also under crystallographic conditions, adjacent binding sites are simultaneously occupied by K+ ions. More recently, the latter result was confirmed by anomalous x-ray diffraction studies of the K+ channel NaK2K (Langan et al., 2018). NaK2K
is a K+ -selective double mutant (D66Y and N68D) of the nonselective channel NaK
and a well-established model system for K+ -selective channels (Derebe et al., 2011;
Sauer et al., 2013). In contrast, a recent investigation using two-dimensional (2D) infrared (IR) spectroscopy appeared to favor the water-mediated rather than the direct
knock-on mechanism (Kratochvil et al., 2016).
However, more recently, it could be shown that the 2D IR data are also in accordance with the direct knock-on mechanism (Kopec et al., 2018). Notably, all of these
previous investigations were either based on x-ray analysis of detergent-solubilized
proteins or MD simulations using the so-obtained structures. At this stage, it would
thus be highly interesting to directly investigate the role of water molecules in the SF
experimentally under conditions which are close to the native state. This means, in
the context of membrane proteins, to study them embedded in a lipid bilayer at room
temperature and under physiological buffer conditions. Solid-state nuclear magnetic
resonance (NMR) is a structural biology technique that has emerged over the past
two decades and that is quite suitable for this task. Solid-state NMR has already
been used successfully to investigate the structure and dynamics of several membrane proteins (Wang, Chamberlin, and Noskov, 2014; Joedicke et al., 2018), including the ion channels KcsA-Kv1.3 (Lange et al., 2006), wild-type KcsA (Varga, Tian,
and McDermott, 2007; Bhate et al., 2010), VDAC (voltage-dependent anion channel)
(Schneider et al., 2010), M2 (Hu, Luo, and Hong, 2010; Sharma et al., 2010), and
NaK and NaK2K (Shi et al., 2018). Furthermore, it has been demonstrated that solidstate NMR can probe the interaction of the protein of interest with water molecules,
for instance by hydrogen/deuterium (H/D) exchange experiments, which are sensitive to processes occurring on long time scales, i.e., seconds to hours or even days
(Shi et al., 2011). In addition, 1 H spin diffusion experiments allow for the detection of
bound water molecules, which interact with the protein on a shorter time scale of 1 to
100 ms, via magnetization exchange (Van Melckebeke et al., 2011; Huster, Yao, and
Hong, 2002). Here, we have investigated the K+ channel NaK2K (Alam and Jiang,
2009) by 1 H-detected solid-state NMR (Fricke et al., 2017; Schubeis et al., 2018;
Good et al., 2017) and MD simulations to investigate whether water molecules are
present in its SF under equilibrium conditions, i.e., without an applied voltage.
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5.2

Results

For this purpose, we prepared a deuterated detergent–solubilized sample with a
[2 H, 13 C, 15 N]-labeling scheme and subsequently exposed it to water. Deuterons of
water-exposed residues can then exchange to protons in a process known as H/D
exchange, making those sites NMR visible. H/D exchange is usually restricted to
amide protons (HN ) and some side-chain protons. Figure 5.2A shows the fingerprint
cross-polarization (CP)–based NH correlation spectrum of NaK2K after reconstitution into Escherichia coli lipids in the presence of 50 mM K+ at 25°C. Under these
conditions, the spectrum exhibits around 20 to 25 sharp signals, similar to what has
been observed before for KcsA (Mance et al., 2015), with a broader feature in the
background. The sharp signals could be readily assigned with the help of a set of
3D experiments: (H)COCA(N)H, (H)CACO(N)H, (H)CANH, and (H)CONH (Fig. Fig.
S1 and table Table S1). We found that the assignable signals correspond to three
regions of the protein (Fig. 5.2, C and D). The strongest and sharpest signals are
from the extracellular part (G47-D52 and D68-K77). Furthermore, signals are observed for the upper part of the SF (G65-G67). Weaker signals are also observed
for residues around the gating hinge region in transmembrane helix 2 (TM2) (G89
and L90) and for the corresponding residues in TM1 (around L30). As expected, we
do not observe any exchange in the protected parts of TM1 and TM2. In addition,
most of the SF residues are weak (G65) or missing altogether in the assignment
spectra (T63 and V64; backbone 13 C and 15 N chemical shifts are known from 13 Cdetected experiments; Fig. Fig. S2 and table Table S2), indicating that those regions
are not exposed to water. The H/D exchange pattern for the SF is in agreement with
previous observations for KcsA, where only Y78 and G79 (corresponding to Y66
and G67 in NaK2K) are water accessible (Mance et al., 2015; Medeiros-Silva et al.,
2016), as well as with H/D exchange patterns deduced from MD simulations (Fig.
Fig. S3). This is the first indication that there is no water present in the SF, possibly
with the exception of binding site S1, and that binding sites S2 to S4 are instead
solely occupied by K+ at the given concentration in our experimental setting. This
observation is corroborated by extended MD simulations performed at 0 mV (Fig.
Fig. S4), in which binding sites S2 and S3 are never occupied by a water molecule,
while water in binding site S4 is present less than 20% of the time. To further investigate how the water accessibility depends on ion occupancy in the SF, we washed
the sample in a buffer without K+ ions and subsequently returned the sample to the
original condition with 50 mM K+ . In the spectra recorded after the washing steps,
residues T63 and V64 show clear peaks (Fig. 5.2B) and could be assigned on the
basis of 3D (H)CANH and (H)CONH experiments. T63 and V64 could now be identified as weak noisy peaks in the 2D NH spectrum of the original sample (Fig. 5.2A),
suggesting that they are very slightly exchanged initially and become strongly water exposed during the washing procedure (Fig. Fig. S5). Note that the washing
procedure does not result in a collapsed state of the SF in NaK2K. K+ ions are not
required to stabilize the SF in the conductive conformation for NaK2K (and other K+
channels, e.g., MthK) (Derebe et al., 2011). This is in contrast to KcsA (and several
other K+ channels) where the SF functions as an inactivation gate (Berneche and
Roux, 2005).
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F IGURE 5.2: Assignment of back-exchanged deuterated NaK2K. (A) CP-based NH
spectrum of NaK2K, with the peak assignment indicated and with SF residues in
purple. (*) T63 and V64 are indicated but could only be assigned on the basis
of the spectra recorded after the washing procedure. ppm, parts per million. (B)
CP-based NH spectrum of NaK2K, after the washing procedure, with assignments
of SF residues indicated. (C) Assigned residues are indicated on the protein sequence in orange (based on back-exchanged deuterated NaK2K) and green (based
on back-exchanged deuterated NaK2K after the washing procedure). The structural
elements are shown underneath the sequence: the TM1, the pore helix (PH), the
SF, and the TM2. (D) The assigned residues are indicated on the crystal structure
of NaK2K (PDB ID: 3ouf) in orange and green (based on back-exchanged deuterated NaK2K before and after the washing procedure, respectively). The binding
sites (S1 to S4) are indicated as purple spheres, and for clarity, only two opposing
subunits are shown.

In principle, it is unexpected that the region below the gating hinge at G89 in TM2
is not visible because it should be water accessible (see movie S1). However, it may
be conceivable that slow dynamics of this part would be present at room temperature in liposomes. These dynamics could indeed lead to line broadening effects.
We therefore tentatively assign the broad feature in the spectrum to the protein segments below the hinge region. Corroboration of this assumption comes from an
INEPT (insensitive nuclei enhanced by polarization transfer)–based NH correlation
experiment where the broad background signal is missing (Fig. Fig. S6). This result
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indicates that the region below the hinge is dynamic on a time scale that interferes
with the INEPT-based transfer and at the same time leads to line broadening in the
CP-based spectrum, suggesting dynamics on the millisecond time scale. If the line
broadening had instead been the result of static disorder, then the broad signals
would have shown up in the INEPT-based spectrum as well.
Next, we performed an experiment in which magnetization from water is transferred to the protein. The efficiency of the magnetization transfer depends on the
distance between bound water and amide protons. When the transfer time is short
(5 ms; Fig. 5.3A), we observe only a few amides, with strong peaks only for residues
in and around the SF, and in a spectrum with longer transfer time (35 ms; Fig. 5.3B),
we observe transfer from water to almost all observable amide protons. Depending
on the signal buildup behavior (based on five experiments with transfer times of 5,
12, 20, 35, and 100 ms; Fig. Fig. S7), the residues can be divided into two classes
as can be seen in Fig. 5.3D. The curves of one class, represented by G47, R49, and
Q72, build up slowly and do not relax on the investigated time scale. Those amide
protons are in close proximity to transiently bound water molecules that are themselves in exchange with the bulk water, which dominates the relaxation behavior. In
contrast, the amide protons of residues G65 to F69 build up relatively fast and then
decay with a relaxation time that corresponds to rigid protons in the protein (see figs.
Fig. S8 and Fig. S9 for all spin diffusion buildup plots before and after the washing
procedure, respectively). Those residues are all in contact with two structural water
molecules at the back of the SF as observed in the crystal structure [Protein Data
Bank (PDB) ID: 3ouf]. Their buildup rates, visualized in Fig. 5.3C by spheres of variable size, follow the expected pattern based on the distance of their amide protons
to those structural water molecules (table Table S3), i.e., G67 and D68 build up the
fastest, followed by F69, Y66, and lastly G65. This order can only be explained if all
the water magnetization comes from the two structural water molecules at the back
of the upper SF and not by additional water molecules in the SF. If water molecules
were present in the SF as well, as predicted by the water-mediated knock-on mechanism, then a different buildup behavior would be expected. For example, in this case,
G65 and Y66 should have shown a buildup comparable to G67 and D68, which are in
close proximity to the structural water molecules. Although T63 and V64 are barely
visible in the 2D NH spectra, we do observe clear diagonal peaks for those residues
in the spin diffusion experiments. No magnetization transfer from water is observed
for either T63 or V64, which is consistent with the magnetization transfer from water
to the SF residues only coming from the bound water behind the SF. Our results
agree well with previous observations for KcsA, where G79 and L81 (corresponding
to G67 and F69 in NaK2K) are in close proximity to a bound water molecule (Mance
et al., 2015; Weingarth et al., 2014).

5.2. Results

F IGURE 5.3: Spin diffusion buildup from bound water to amide protons in NaK2K.
2D HN slices with mixing times of 5 ms (A) and 35 ms (B) taken at the chemical
shift of bound water (4.86 ppm) from 3D H(H)HN spin diffusion experiments. (C)
Close up around the SF in a monomer of the tetrameric NaK2K structure (PDB ID:
3ouf). The magnetization transfer from bound water molecules to amide protons
in the SF is indicated as orange spheres, where larger spheres represent faster
spin diffusion buildup rates. S1 to S4 represent the binding sites in the SF. (D)
Spin diffusion buildup plots from bound water to amide protons for the indicated
residues. The error bars are based on the average noise levels in the 3D spectra.
A.U., arbitrary unit; SD, spin diffusion.
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Discussion

In summary, both the H/D exchange results and the water-to-protein magnetization
transfer experiments show that there is no water in the central SF binding sites as
long as K+ ions are present at a physiological concentration, preventing water from
entering the SF. We note that H/D exchange in the lower part of the SF (T63 and
V64) would probably require both the presence of water in the SF and carbonyl
flipping (Berneche and Roux, 2005; Fowler et al., 2013) of the SF residues, as this
would expose the SF amides to the pore. Another potential explanation could be that
the H/D exchange of T63 and V64 comes from the water behind the SF because of
structural rearrangements. However, such structural rearrangements would have
been detected in crystal structures of NaK2K in the presence and absence of K+
ions (Derebe et al., 2011; Sauer et al., 2013). Further, a recent solid-state NMR
study on KcsA showed that mutations removing hydrogen bonds and increasing the
water accessibility behind the SF did not result in H/D exchange in the lower part of
the SF (Jekhmane et al., 2019). In the same study, increased dynamics was shown
to be related to carbonyl flipping in the SF. It would thus be interesting to investigate
the proximity of water molecules to the SF residues in these mutants. Our data
are consistent with increased dynamics during the washing procedure, which would
allow water to enter the SF when no ions are present, resulting in H/D exchange in
the lower part of the SF. Previous and current results from MD simulations show that
both aspects, carbonyl flipping and water in the SF, are linked: If water is present
in binding sites S1 to S4, then the corresponding SF residues are prone to frequent
flips (Figs. Fig. S10 and Fig. S11) (Brennecke and Groot, 2018). Therefore, we
can interpret our results such that the K+ ions prevent H/D exchange in two ways:
They stabilize the SF in a conductive, nonflipped conformation and at the same time
prevent water binding at the K+ binding sites. As the upper part of the SF exhibits
some degree of H/D exchange, it is likely that binding site S1 is partially occupied
by water. In conclusion, our data strongly support the direct knock-on mechanism of
ion conduction.
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Materials and methods
Sample preparation

The NaK2K construct (NaK D66Y and N68D double mutant; plasmid provided by Y.
Jiang) is missing the first 19 amino acids and has a C-terminal hexahistidine tag.
The NaK2K construct was cloned from the original pQE60 vector into a pET28a expression vector using the NCO I and Hind III cleavage sites on both plasmids (protein
sequence: MAKDKEFQVLFVLTILTLISGTIFYSTVEGLRPIDALYFSVVTLTTVGDGNFSPQTDFGKIFTILYIFIGIGLVFGFIHKLAVNVQLPSILSNLVPRGSRSHHHHHH).
The protein was expressed in E. coli OverExpress C43 (DE3) (Lucigen) using
2 liters of deuterated M9 medium. The cells were adapted to D2 O conditions as
described previously (Fricke et al., 2017). Deuterated M9 medium (D2 O 99.9% D;
D214, Eurisotop) was supplemented with α-ketobutyric acid (60 mg/liter; CDLM7318-PK, Cambridge Isotope Laboratories), d-glucose 13 C (4 g/liter; 552151,
Sigma-Aldrich), and lyophilized deuterated 15 N ammonium chloride (1 g/liter;
299251, Sigma-Aldrich). At an OD600 (optical density at 600 nm) of 0.8, the
cultures were induced with 0.4 mM IPTG (isopropyl β-d-1-thiogalactopyranoside)
and grown for 24 hours at 25°C. Additional labeled deuterated glucose (1 g/liter) and
deuterated 15 NHCl (0.25 g/liter) were added to the cultures 6 hours after induction.
Cells were harvested and resuspended with 10 ml of lysis buffer [50 mM tris (pH
7.5), 100 mM NaCl, 1 mM MgCl, and protease inhibitor cocktail (11836170001,
Sigma-Aldrich)] per gram of cell pellet. The sample was lysed using a microfluidizer
(LM10, Microfluidics) with five cycles of a working pressure of 15,000 psi. The
membrane fraction was isolated by ultracentrifugation at 150,000 relative centrifugal
force (rcf) for 2 hours and solubilized in 80 ml of solubilization buffer [50 mM tris (pH
7.5), 100 mM NaCl, and 40 mM DM (n-Decyl-β-maltoside; GLYCON Biochemicals)]
at room temperature for 3 hours. The protein was batch-purified by immobilized
metal affinity chromatography using 5 ml of bed volume of TALON Superflow beads
(GE Healthcare Life Sciences). Protein concentrations were determined using
Bradford reagent supplemented with α-cyclodextrin (5 mg/ml; AppliChem), and 5.4
mg of protein was mixed with E. coli total lipid extract (100500, Avanti Polar Lipids)
in a ratio of 2:1 (w/w). H/D back exchange and proteoliposome formation were
performed by dialysis for 8 days at 100× dilution against 500 ml of 100% H2O with
20 mM tris (pH 8.0) and 50 mM KCl, followed by ultracentrifugation at 300,000 rcf
for 4 hours at 4°C. Half of the pellet was removed for NMR experiments (sample A,
K+ ). The second half of the sample was resuspended in 1 ml of 20 mM tris (pH 8.0)
and kept rotating at 4°C. The buffer was refreshed twice over the course of 14 days,
each time after ultracentrifugation at 150,000 rcf for 30 min at 4°C. From this, half
of the sample was removed for NMR experiments (sample B, no ions). The other
half of the sample was resuspended in 1 ml of 20 mM tris (pH 8.0) with 50 mM KCl.
The sample was kept rotating at 4°C for 8 days, during which time the buffer was
refreshed once and used for NMR experiments (sample C, washed to K+ ).

5.4.2

Solid-state NMR

Sample A (K+ ) was packed into a 1.9-mm solid-state NMR rotor (Bruker BioSpin),
and 1 µl of D2 O was added to enable deuterium locking. To prevent leakage, a
spacer was added between the bottom cap and the sample, and the drive cap was
glued using a silicon-based glue. The washed samples [sample B (no ions) and
sample C (washed to K+ )] were packed into 1.3-mm rotors (Bruker BioSpin), and the

126

Chapter 5. The conduction pathway of potassium channels is
water free under physiological conditions

drive caps were glued as well to prevent leakage. Experiments on sample A were
recorded at 40-kHz magic angle spinning (MAS) using a four-channel (1 H, 13 C, 15 N,
and 2 H) 1.9-mm probe (Bruker BioSpin) on a spectrometer with an external magnetic
field strength corresponding to 900 MHz (Bruker BioSpin). Four CP-based 3D experiments [(H)CANH, (H)CONH, (H)CACO(N)H, and (H)COCA(N)H] were recorded
for backbone chemical shift assignments of sample A, closely following earlier work
by Fricke et al. (Fricke et al., 2017). The assigned chemical shifts confirm protein
folding into a single dominant conformation. Spin diffusion [H(H)NH] experiments
with mixing times of 5, 12, 20, 35, and 100 ms were recorded using a 3D version of
the standard (H)NH experiment, with the addition of a 1 H acquisition period followed
by a spin diffusion sequence on the 1 H channel (90° pulse, spin diffusion mixing
time, 90° pulse) before the CP-based transfer to 15 N. A recycle delay of 1 s and
90° pulses of 83.3, 50, and 35.7 kHz for 1 H, 13 C, and 15 N, respectively, were used
for all experiments acquired on sample A. Experiments on samples B and C were
recorded at 58- to 60-kHz MAS using a three-channel (1 H, 13 C, and 15 N) 1.3-mm
probe (Bruker BioSpin) on a spectrometer with an external magnetic field strength
corresponding to 600 MHz (Bruker BioSpin). For sample B, a 3D (H)CANH spectrum
was recorded, and for sample C, 3D (H)CANH and (H)CONH spectra were recorded
to identify new peaks compared to sample A. Spin diffusion (H(H)NH) experiments
with mixing times of 20, 40, and 60 ms were recorded on sample C. A recycle delay
of 1 s and 90° pulses of 100, 50, and 35.7 kHz for 1 H, 13 C, and 15 N, respectively,
were used for all experiments acquired on samples B and C. The chemical shifts
were referenced to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) using an external reference. The sample temperature was kept at 25°C, as measured from the 1 H
chemical shift of water. Proton detection with a 30-ms acquisition time was used for
all experiments. Further experimental parameters for the 3D experiments are listed
in tables Table S4 to Table S7.

5.4.3

Data analysis

All NMR data were processed using TopSpin 4 and analyzed using NMRFAM (National Magnetic Resonance Facility at Madison)-Sparky (Lee, Tonelli, and Markley,
2015) and CcpNmr Analysis (Vranken et al., 2005). High-resolution figures based
on 3D structures were produced using PyMOL and UCSF (University of California,
San Francisco) Chimera (Pettersen et al., 2004).

5.4.4

MD simulations

For calculations of the solvent accessible surface area (SASA) and backbone NH
hydrogen protection, as well as for the time traces showing the correlation between
the water presence in binding site S3 and carbonyl flipping of V64, MD trajectories of NaK2K, as reported in a recent publication (Kopec et al., 2018), were used.
In short, the high resolution structure of the open-state NaK2K (PDB ID: 3ouf),
with the F92A mutation, was inserted in a POPC (1-palmitoyl-2-oleoyl-snglycero-3phosphocholine) membrane, surrounded with explicit water and K+ and Cl- ions, and
simulated for 6.5 and 10.5 µs with the Amber99sb and CHARMM36m force fields
(Hornak et al., 2006; Best et al., 2012; Klauda et al., 2010; Huang et al., 2017) [labeled as AMBER (Assisted Model Building with Energy Refinement) and CHARMM
(Chemistry at Harvard Macromolecular Mechanics) in the current manuscript], respectively, under an applied voltage of 300 mV. All the simulation details can be
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found in the previous publication (Kopec et al., 2018). SASA patterns were calculated using the gmx sasa program, with a probe radius of 0.14 nm, and averaged
over all trajectories. The backbone NH hydrogen bond protection patterns report
the fraction of frames in which a given NH participated in hydrogen bonding with
another protein residue and were calculated using the gmx hbond program over all
trajectories.
To calculate the average occupancy of each site at a voltage of 0 mV, 50 frames
per force field were randomly selected from the applied voltage simulations and further simulated for additional 200 ns per frame without any voltage, resulting in 10
µs of sampling per force field. All remaining simulation parameters and details were
identical to those used for simulations with an applied voltage. The occupancy of
each site was calculated with a custom Fortran code.
For simulations and analyses, the GROMACS package was used (Lindahl, Hess,
and Spoel, 2001; Hess et al., 2008; Páll et al., 2015; Abraham et al., 2015; Pronk
et al., 2013; Spoel et al., 2005; Berendsen, Spoel, and Drunen, 1995), together with
GromacsWrapper (Beckstein, Domanski, and Somogyi, 2015). Visualizations and
movies were made with visual molecular dynamics (VMD) (Humphrey, Dalke, and
Schulten, 1996).
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5.8

Supplementary Material

Fig. S1

Fig. S1. Assignments of back-exchanged deuterated NaK2K in the presence of 50 mM K+.
(A) Backbone walk for residues S70 to V64 based on four 3D experiments: (H)COCA(N)H
(red), (H)CANH (orange), (H)CONH (purple), and (H)CACO(N)H (blue). (B) Schematic
drawings of the magnetization transfer in the assignment experiments. Filled circles represent the
observed nuclei, white arrows represent the path of the magnetization transfer. All experiments
start with magnetization on 1H followed by a cross-polarization (CP) based transfer to either C
or CO. The assignments can be found in Table S1.

5.8. Supplementary Material

Fig. S2

Fig. S2. 2D 15N-13Cα correlation spectrum of uniformly (13C and 15N)-labeled NaK2K in the
presence of 50 mM K+. The spectrum was recorded on a spectrometer with an external magnetic
field strength corresponding to 700 MHz (Bruker Biospin). SF residues are indicated and their
chemical shifts can be found in Table S2.
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Fig. S3

Fig. S3. Predicted H/D exchange pattern based on MD simulations. Solvent Accessible
Surface Area (SASA) patterns (using the AMBER (A) and CHARMM (B) force fields) and
backbone NH hydrogen bond protection patterns (using the AMBER (C) and CHARMM (D)
force fields) obtained from MD simulations. If an NH group is simultaneously exposed to
solvent (water) and is not protected by a hydrogen bond with another protein residue, then it
should quickly H/D exchange in experiments.

5.8. Supplementary Material

Fig. S4

Fig. S4. Occupancies of the main ion binding sites of the NaK2K SF in MD simulations
performed without an applied voltage. When using the AMBER force field (A) there is a
higher probability to find a water molecule in one of the external sites (S1 or S4) than when
using the CHARMM (B) force field, however there are no water molecules found in the internal
sites (S2 and S3) in simulations using either of the force fields.
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Fig. S5

Fig. S5. Comparison of 2D (H)NH spectra and illustrations of the washing procedure for
back-exchanged deuterated NaK2K. (A) Before washing, the strongest peak in the SF is Y66
followed by G67, G65, V64, and finally T63 (not visible above the noise). (B) After 14 days of
washing in 20 mM Tris (pH 8) without K+ ions, no SF residues can be observed and peak
splittings and broadenings are observed for the extracellular residues. (C) After an additional 8
days of washing in 20 mM Tris (pH 8) and 50 mM K+, the strongest peak in the SF is Y66
followed by G65, G67, V64, and finally T63 (now clearly visible significantly above the noise
level). SF residues are indicated in purple in the spectra. Amide protons are represented as
spheres in the SF structures, with varying radius depending on the internal distribution of peak
intensities for each sample.

5.8. Supplementary Material

Fig. S6

Fig. S6. Comparison of 2D (H)NH spectra of back-exchanged deuterated NaK2K in the
presence of 50 mM K+ using through-bond or through-space transfer. (A) INEPT
(Insensitive Nuclei Enhanced by Polarization Transfer) or (B) CP (cross-polarization)-based
transfer. For clarity, assignments are only indicated for isolated peaks in the spectra.
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Fig. S7

Fig. S7. 2D HN slices from 3D H(H)NH spin diffusion experiments with varying mixing
times. (A) 5 ms, (B) 12 ms, (C) 20 ms, (D) 35 ms, and (E) 100 ms. Slices taken at the chemical
shift of bound water (4.86 ppm). Assignments are indicated in the spectra.

5.8. Supplementary Material

Fig. S8

Fig. S8. Spin diffusion buildup plots from bound water (blue circles) to amide protons and
between neighboring amide protons (red triangles) in back-exchanged deuterated NaK2K
in the presence of 50 mM K+. The error bars are based on the average noise levels in the 3D
H(H)NH spin diffusion spectra.
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Fig. S9

Fig. S9. Spin diffusion buildup plots from bound water (blue circles) to amide protons and
between neighboring amide protons (red triangles), recorded after the washing procedure
for back-exchanged deuterated NaK2K in the presence of 50 mM K+. The error bars are
based on the average noise levels in the 3D H(H)NH spin diffusion spectra.

5.8. Supplementary Material

Fig. S10

Fig. S10. The relationship between carbonyl flipping and water presence at S3 in MD
simulations under an applied voltage performed with the AMBER force field. Visual
representation of the non-flipped (A) and flipped (B) conformations of the V64 carbonyl, and the
N-Cα-C-O dihedral used to identify the flipped conformation at S3. Backbone carbon atoms are
shown in grey, carbonyl oxygens in red, and backbone nitrogens in blue. K+ ions and water
molecules are shown as purple and red spheres, respectively. Atoms defining the N-Cα-C-O
dihedral are shown as small spheres. Examples of trajectory traces in which water molecules
either do not enter the SF (C) or rarely enter S3 (D), where the latter correlates with carbonyl
flipping.
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Fig. S11

Fig. S11. The relationship between carbonyl flipping and water presence at S3 in MD
simulations under an applied voltage performed with the CHARMM force field. Examples
of trajectory traces in which water molecules either do not enter the SF ((A) and (C)) or rarely
enter S3 ((B) and (D)), where the latter correlates with carbonyl flipping.

5.8. Supplementary Material

Table S1

Table S1. Chemical shift assignments of deuterated back-exchanged NaK2K, in the
presence of 50 mM K+, based on 1H-detected solid-state NMR experiments.
Residue
HN
N
CO
C
F28
177.87
V29^
8.32
118.35
66.85
178.07
L30~
9.08
117.75
57.69
180.49
T31‡
8.34
121.28
68.95
176.17
I32^
8.33
117.82
66.81
178.11
L33~
8.83
116.94
57.71
180.42
T34‡
8.37
120.35
68.19
Y42
177.88
S43
8.44
118.51
60.18
175.47
T44
7.42
111.68
63.59
176.14
V45
8.39
121.29
64.87
177.05
E46
6.24
111.52
55.24
176.66
G47
6.69
105.51
46.38
174.20
L48
7.49
119.47
54.19
177.79
R49
9.33
121.56
55.03
176.61
P50
66.53
177.56
I51
8.82
114.10
63.72
176.03
D52
6.51
121.99
56.81
177.30
T62
176.66†
T63
7.60†
110.32†
63.07†
172.68†
V64
65.74
179.81
7.24†
122.32†
G65
7.71
103.17
47.87
175.21
Y66
6.05
115.91
60.24
178.47
G67
9.89
101.97
44.52
174.49
D68
9.34
120.53
55.38
176.00
F69
7.31
115.61
56.35
173.70
S70
7.83
112.48
56.59
173.66
P71
62.64
175.79
Q72
10.47
121.20
54.62
177.81
T73
9.52
115.14
60.15
175.17
D74
9.29
125.24
57.79
178.91
F75
9.21
119.56
58.49
178.15
G76
8.88
107.39
46.47
178.57
K77
8.92
128.13
61.07
177.50
I88
66.11
179.90
G89
7.60
102.50
47.97
175.30
L90
8.79
121.92
58.11
178.96
^ ~ ‡ Assignments might be reversed due to similar 13C chemical shifts and
low quality of the spectra for these residues.
†
Assignments based on the sample after the washing procedure.

143

Chapter 5. The conduction pathway of potassium channels is
water free under physiological conditions

144

Table S2

Table S2. Chemical shift assignments of NaK2K SF residues, in the presence of 50 mM K+,
based on 13C-detected solid-state NMR experiments.
Residue
T63
V64
G65
Y66
G67

15
N
110.22
122.29
102.98
116.16
102.36

13
C
63.51
66.32
48.14
60.65
44.66
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Table S3

Table S3. Distances (Å) to amide protons of the SF in NaK2K (PDB ID: 3ouf) from the
closest water molecule and binding sites (S1 to S4). The site closest to the amide proton is
marked with green background for each residue.
Residue
T63
V64
G65
Y66
G67
D68
F69

water
8.8
7.6
5.1
3.5
2.0
3.5
3.1

S1
11.3
9.4
7.3
5.5
5.0
6.0
7.7

S2
8.6
6.8
5.3
5.2
6.1
7.9
9.4

S3
6.9
5.4
5.2
6.6
8.3
10.3
11.6

S4
6.4
5.7
7.0
9.2
11.2
13.4
14.4
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Table S4

Table S4. Experimental parameters for 3D (H)CANH experiments acquired at 25°C on
100% H2O back-exchanged uniformly (2H, 13C, and 15N)-labeled NaK2K. Sample A is the
initial sample in 50 mM K+, Sample B is washed from 50 to 0 mM K+, Sample C is washed
subsequently from 0 to 50 mM K+.
3D (H)CANH
Parameter
1
H Larmor frequency
MAS
1
H - 13C CP
1
H r.f power
13
C r.f power
Ramp shape
Duration
13
C evolution
13
C acquisition time
13
C spectral width
13
C- 15N CP
13
C r.f power
15
N r.f power
Ramp shape
Duration
15
N evolution
15
N acquisition time
15
N spectral width
15
N - 1H CP
1
H r.f power
15
N r.f power
Ramp shape
Duration

Sample A
Value
900 MHz
40 kHz

Sample B
Value
600 MHz
60 kHz

Sample C
Value
600 MHz
58 kHz

52.5 kHz
9.5 kHz
80 - 100 % on 1H
3.5 ms

49.5 kHz
10 kHz
80 - 100 % on 1H
2.5 ms

50.4 kHz
10.4 kHz
80 - 100 % on 1H
3 ms

5.6 ms
30 ppm

5.3 ms
26 ppm

6 ms
31 ppm

24.2 kHz
16.8 kHz
80 - 100 % on 15N
8 ms

34.9 kHz
22.8 kHz
80 - 100 % on 15N
8 ms

35.7 kHz
23.3 kHz
80 - 100 % on 15N
9 ms

11.5 ms
40 ppm

15.2 ms
27 ppm

15.3 ms
30 ppm

70.8 kHz
28.8 kHz
100 - 80 % on 1H
0.7 ms

77.5 kHz
10 kHz
100 - 80 % on 1H
1 ms

81 kHz
10.4 kHz
100 - 80 % on 1H
0.6 ms
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Table S5

Table S5. Experimental parameters for 3D (H)CONH experiments acquired at 25°C on
100% H2O back-exchanged uniformly (2H, 13C, and 15N)-labeled NaK2K.
3D (H)CONH
Parameter
1
H Larmor frequency
MAS
1
H - 13CO CP
1
H r.f power
13
C r.f power
Ramp shape
Duration
13
CO evolution
13
CO acquisition time
13
CO spectral width
13
CO - 15N CP
13
C r.f power
15
N r.f power
Ramp shape
Duration
15
N evolution
15
N acquisition time
15
N spectral width
15
N - 1H CP
1
H r.f power
15
N r.f power
Ramp shape
Duration

Sample A
Value
900 MHz
40 kHz

Sample C
Value
600 MHz
58 kHz

51.9 kHz
9.5 kHz
80 - 100 % on 1H
3.5 ms

50.4 kHz
10.4 kHz
80 - 100 % on 1H
3 ms

8.2 ms
14 ppm

10.2 ms
13 ppm

24.2 kHz
15.9 kHz
80 - 100 % on 15N
8 ms

35.7 kHz
23.3 kHz
80 - 100 % on 15N
9 ms

11.5 ms
40 ppm

12 ms
30 ppm

70.8 kHz
28.8 kHz
100 - 80 % on 1H
0.7 ms

81 kHz
10.4 kHz
100 - 80 % on 1H
0.6 ms
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Table S6

Table S6. Experimental parameters for 3D (H)CACO(N)H and (H)COCA(N)H
experiments acquired at 25°C on 100% H2O back-exchanged uniformly (2H, 13C, and 15N)labeled NaK2K.
3D (H)CACONH
Parameter
1
H Larmor frequency
MAS
1
H - 13C CP
1
H r.f power
13
C r.f power
Ramp shape
Duration
13
C evolution
13
C acquisition time
13
C spectral width
13
C- 13CO DREAM
13
C r.f power
Ramp shape
Duration
13
CO evolution
13
CO acquisition time
13
CO spectral width
13
CO - 15N CP
13
C r.f power
15
N r.f power
Ramp shape
Duration
15
N - 1H CP
1
H r.f power
15
N r.f power
Ramp shape
Duration

Sample A
Value
900 MHz
40 kHz
52.5 kHz
9.5 kHz
80 - 100 % on 1H
3.5 ms
4.7 ms
30 ppm
11.9 kHz
80 - 100 % on 13C
4.5 ms
8.8 ms
12 ppm
24.2 kHz
15.9 kHz
80 - 100 % on 15N
8 ms
70.8 kHz
28.8 kHz
100 - 80 % on 1H
0.9 ms

3D (H)COCANH
Parameter
H Larmor frequency
MAS
1
H - 13CO CP
1
H r.f power
13
C r.f power
Ramp shape
Duration
13
CO evolution
13
CO acquisition time
13
CO spectral width
13
CO - 13C DREAM
13
C r.f power
Ramp shape
Duration
13
C evolution
13
C acquisition time
13
C spectral width
13
C- 15N CP
13
C r.f power
15
N r.f power
Ramp shape
Duration
15
N - 1H CP
1
H r.f power
15
N r.f power
Ramp shape
Duration
1

Sample A
Value
900 MHz
40 kHz
51.9 kHz
9.5 kHz
80 - 100 % on 1H
3.5 ms
8.8 ms
12 ppm
11.9 kHz
100 - 80 % on 13CO
4.5 ms
5 ms
30 ppm
24.2 kHz
16.8 kHz
80 - 100 % on 15N
8 ms
70.8 kHz
28.8 kHz
100 - 80 % on 1H
0.9 ms
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Table S7

Table S7. Experimental parameters for 3D H(H)NH spin diffusion experiments acquired at
25°C on 100% H2O back-exchanged uniformly (2H, 13C, and 15N)-labeled NaK2K.
3D H(H)NH
Parameter
1
H Larmor frequency
MAS
1
H SD mixing times
1
H evolution
1
H acquisition time
1
H spectral width
1
H - 15N CP
1
H r.f power
15
N r.f power
Ramp shape
Duration
15
N evolution
15
N acquisition time
15
N spectral width
15
N - 1H CP
1
H r.f power
15
N r.f power
Ramp shape
Duration

Sample A
Value
900 MHz
40 kHz
5, 12, 20, 35, 100 ms

Sample C
Value
600 MHz
60 kHz
20, 40, 60 ms

6.15 ms
13 ppm

8.5 ms
12.5 ppm

72.5 kHz
28.8 kHz
80 - 100 % on 1H
1.1 ms

56.3 kHz
10.4 kHz
80 - 100 % on 1H
0.7 ms

12 ms
40 ppm

14.3 ms
30 ppm

70.8 kHz
28.8 kHz
100 - 80 % on 1H
0.7 ms

82.1 kHz
10.4 kHz
100 - 80 % on 1H
0.5 ms
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Conclusion
A great example of a biological process with a key role for ion channels is electrical signaling in the neurons of higher organisms. The action potential in neuronal
cells is initiated when a stimulus causes voltage-gated sodium channels to open,
which allows Na+ to flood into the cell and this depolarizes the membrane potential.
The depolarization then prompts voltage-gated potassium channels to open and enables K+ to exit the cell, which results in repolarization of the neuronal membrane
(Hodgkin and Huxley, 1952). This entire process is the basis of human intelligence
and indicates the importance of understanding ion channel functioning.
Cation-selective ion channels do not differentiate between the various positively
charged ions present in biological systems but are not permeable to negatively
charged ions. The basis of ion selectivity has been discussed throughout this thesis,
specifically for the tetrameric cation-selective ion channel superfamily of the nonselective channel NaK and its potassium-selective mutants. The use of ssNMR allowed for the investigation of these proteins in a native-like membrane environment
as well as at physiological temperatures and buffer conditions. The discoveries made
will now be compared to the larger field of ion channel research and potential future
investigations will be discussed.
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Ion channel selectivity

Whilst investigating the ability of ion channels to selectively permit ions to cross
membranes, it was shown in chapter 2 that the non-selective channel NaK is able
to structurally adapt to different ions with two distinct SF conformations. MD simulations show two ion-conduction pathways for NaK, the canonical K+ permeation
pathway and a novel side-entry ion-conduction pathway. In chapter 3, the crystal structure of NaK is determined with dual conformations for SF residues which
confirm the predicted side-entry ion binding site that is essential to the side-entry
ion-conduction pathway. In contrast, the potassium-selective mutants of NaK do not
allow for the same promiscuity and lose their SF stability under Na+ conditions as
shown in chapter 4. The widespread chemical shift perturbations observed can be
explained by the loss of SF stability, since the potassium-selective mutants have a
stronger connection between the SF and the pore helix.

6.1.1

Selectivity filter dynamics

The important role of dynamics for the functioning of ion channels and their selectivity
is becoming more recognized. In recent years, many groups have used various
techniques to investigate the implications of dynamics for ion selectivity, of which the
dynamic nature of the SF of NaK and its mutants is a great example.
Using single molecule FRET, the potassium-selective channel KirBac1.1 was
found to have similar dynamics as the potassium-selective mutants of NaK (Wang
et al., 2019). This channel can conduct Na+ in the absence of K+ and showed
two low FRET signals under these conditions, indicating a more dilated pore region. This dynamic behaviour under Na+ conditions did not seem to translate to
the rest of the protein, as FRET signals from a different location were insensitive to
the ionic conditions. Non-selective mutants of KirBac1.1 resulted in dilated unstable
conformations independent of the ionic conditions. This is in contrast to the nonselective NaK, which is flexible with two ion dependent stable conformations (Shi
et al., 2018). More importantly, the influence of remote regions on the ion channel
selectivity in KirBac1.1 was demonstrated recently (Matamoros and Nichols, 2021).
The I131M mutant of KirBac1.1 (equivalent to I84 in NaK) was shown to have higher
Na+ conductance and stabilized the dilated SF low FRET state. It was therefore
proposed that SF-supporting elements are essential to maintaining ion channel selectivity, which agrees with our data in the potassium-selective mutants of NaK.
Recent work on KcsA also showed a correlation between the ion occupancy
of the channel and the distance between the subunit pore helices (Renart et al.,
2019). Homo-FRET measurements revealed that the channel becomes more compact when more permeant ions were present. It was shown that for the E71A mutant
of KcsA (see 1.3.2) the intersubunit distances were independent of the ionic conditions. And for the K2P channel TREK-1, it was shown that low K+ concentrations
affect the stability of the SF (Lolicato et al., 2020). Using MD simulations, a pinched
and a dilated SF conformation were identified under low K+ conditions, both destroying the S1 and S2 binding sites of the canonical potassium-selective SF. Overall,
these other works show that the dynamic state of the SF of potassium-selective
channels in the absence of K+ is likely to be a widespread feature.
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Electrophysiological behaviour

The link between SF dynamics and the electrophysiological behavior of the ion channel is an interesting question which remains. Recent work on hERG using MD simulations showed SF dynamics between various states, which are presumed to correlate to the flickering conductance of the channel (Miranda et al., 2020). The N629D
mutation (equivalent to N68 in NaK) displayed two distinct states with a disruption of
the S1 and S2 binding sites. One state showed dilation of the top of the SF and this
significantly impaired cation permeation. The second state showed fluctuations of
the F627 sidechain with an asymmetrical SF conformation. It has been suggested
that the orientation of the phenylalanine in the SF of the hERG channel is correlated
to its biologically relevant fast inactivation (Wang and MacKinnon, 2017). Other research similarly showed that asymmetric constrictions are linked to the reorientation
of the F627 sidechain, although a second determinant to counteract it was identified
in the hydrogen bond between N629 and a tyrosine residue in the pore helix (Li et
al., 2021). An NMR and MD study on KcsA similarly showed a connection between
the SF conformation, and more importantly its interaction with the pore helix, to be
a distinguishing factor between various mutants with different electrophysiological
behavior (Jekhmane et al., 2019). Overall these results indicate that SF dynamics
appear to be a major factor in the electrophysiological behavior of a channel. Further
research of NaK2K and NaK1K and their dynamics could possibly shed some light
on these behaviors.
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Ion conduction mechanisms

In chapter 5, evidence was shown in favor of the proposed direct knock-on ion conduction mechanism in potassium-selective channels. This heavily debated mechanism put forward the suggestion that ion conduction was not water-mediated. Using
H/D exchange experiments in the presence of K+ , it was found that there is no water
access to the lower part of the SF, but exchange was discovered after an absence
of K+ . Determining the proximity of water molecules to the SF of NaK2K, no signal
could be detected for the lower part of the SF under K+ conditions. Both experiments
indicated that no water is present in the SF in the presence of K+ .

6.2.1

Direct knock-on mechanism

Following these results, various other groups have published data either opposing
the direct knock-on mechanism or agreeing with it. Starting with the publication of
crystal structures of the G77A and G77C mutants of KcsA (equivalent to G65 in
NaK), which were shown to have ions bound in the S2 and S4 ion binding sites
(Tilegenova et al., 2019). The G77A mutation abolishes the SF collapse (see 1.3.2)
and is suggested to deplete the S3 binding site of KcsA, which in turn results in
depletion of the S1 binding site. This agrees with the traditionally proposed ion
conduction mechanism that has alternating water molecules and ions present in the
SF, but it is unclear if the mutants are representative of a normal channel.
Originally, IR spectroscopy data was shown to support the water mediated ion
conduction mechanism (Kratochvil et al., 2016), but this data was shown to also
fit the direct knock-on mechanism if water occupancy at the S1 binding site was
taken into account (Kopec et al., 2018). The ability of IR spectroscopy to detect
the difference between the water-mediated and the direct knock-on ion conduction
mechanisms has been further developed, yet no final statement has been made on
which of the two mechanisms fits the data (Strong et al., 2020).
Other MD simulation studies have either observed adjacent ion binding site occupancies or an absence of water molecules in the SF of potassium-selective ion
channels (Rohaim et al., 2020; Boiteux et al., 2020). However, the direct knockon ion conduction mechanism will still need to be reconciled with streaming potential measurements which measured co-transport of water in potassium-selective ion
channels (Alcayaga et al., 1989; Iwamoto and Oiki, 2011). It was also suggested that
the disruption of the S4 ion binding site leads to a loss of preference for either water mediated or direct knock-on ion conduction (Oakes, Furini, and Domene, 2020).
Further research is needed to establish the link between a loss of ion binding sites,
which is thought to lead to less ion selectivity, and an increase of water mediated ion
conduction. Clearly, it will take more time before a consensus is reached on the ion
conduction mechanism in potassium-selective ion channels.

6.3. Outlook
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Outlook

Future work on ion channels could focus on the questions that remain surrounding
the electrophysiological behavior and the ion conduction mechanism or various other
questions which are still unresolved.
One mystery remaining for NaK is the gating mechanism of the channel. The
two distinct states of the closed and open channel were determined by X-ray crystallography (see section 1.2.2), but it is unclear how these changes are facilitated in
a biological system. Comparisons of NaK and KirBac or full-length WT NaK might
allow analysis of the interactions involved and give more information on the closed
conformation (Amani et al., 2020). These data might also further show evidence of
an allosteric pathway in NaK, which could be similar to the ion-sensitive residues
identified in the potassium-selective mutants of NaK.
It would also be important to combine electrophysiological data with the structural
investigation of NaK. Recent work has revealed the involvement of F92 in NaK as
a hydrophobic gate, restricting the diameter of the ion pore below the SF (Langan
et al., 2020). A focus on NaK mutants with a tyrosine residue in the SF sequence
would allow research into the flickering gating mode of the channel.
There are still numerous other mutations of NaK which could be further investigated, but it would be important to expand the knowledge on dynamics of other
non-selective ion channels. Since it has been shown that SF dynamics are likely to
play a major role in non-selective ion conduction for tetrameric cation-selective ion
channels.
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Abstract
Solid-state NMR (ssNMR) spectroscopy has evolved into a powerful method to obtain structural information and to study the dynamics of proteins at atomic resolution and under physiological conditions. The method is especially well suited to
investigate insoluble and noncrystalline proteins that cannot be investigated easily
by X-ray crystallography or solution NMR. To allow for detailed analysis of ssNMR
data, the assignment of resonances to the protein atoms is essential. For this purpose, a set of three-dimensional (3D) spectra needs to be acquired. Band-selective
homo-nuclear cross-polarization (BSH-CP) is an effective method for magnetization
transfer between carbonyl carbon (CO) and alpha carbon (CA) atoms, which is an
important transfer step in multidimensional ssNMR experiments. This tutorial describes the detailed procedure for the chemical shift assignment of the backbone
atoms of 13 C–15 N-labeled proteins by BSH-CP-based 13 C-detected ssNMR experiments. A set of six 3D experiments is used for unambiguous assignment of the
protein backbone as well as certain side-chain resonances. The tutorial especially
addresses scientists with little experience in the field of ssNMR and provides all the
necessary information for protein assignment in an efficient, time-saving approach.
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A.1

Introduction

To obtain information about the three-dimensional structure of a protein and its dynamics, many different techniques can nowadays be applied. When it comes to
insoluble proteins (Goldbourt, 2013; Knight et al., 2012; Sengupta et al., 2012), for
example, oligomeric assemblies (Jehle et al., 2010), bacterial structures (Loquet et
al., 2012), amyloid fibrils (Tycko, 2011; Wasmer et al., 2008), or membrane proteins
(Hong, Zhang, and Hu, 2012; Ullrich et al., 2011; Brown and Ladizhansky, 2015;
Wang and Ladizhansky, 2014), the application of protein X-ray crystallography and
solution NMR spectroscopy can be very difficult or even impossible. These proteins
crystallize only very reluctantly, if at all, and are not easily kept in solution either. For
the structural investigation of these kinds of proteins, cryo-electron microscopy and
solid-state NMR (ssNMR) can serve as useful methods where neither crystal formation nor solubilization are required. In contrast to cryo-electron microscopy, where
samples are studied in the frozen state, ssNMR allows for measurements in a wide
temperature range (-200°C to 120°C) and under different sample conditions. Membrane proteins can be observed in a lipid environment, and amyloid proteins can be
observed in the fibrillar state mimicking natural conditions and therefore valorizing
the structural and dynamic information thus obtained.
Key to this information is the ability to assign the resonances in the NMR spectra
to the atoms in the protein, in a process that is well established for 13 C–15 N-labeled
samples (Hong, 1999). The assignment should preferably result in a complete list of
the protein atoms and their corresponding chemical shifts.
For such an assignment, an isotope-labeled sample of the protein needs to be
produced and subjected to proton-detected or carbon-detected ssNMR experiments.
A detailed guide regarding practical considerations in solid-state NMR (Demers et
al., 2018) and a protocol for the backbone assignment of perdeuterated proteins
using proton detection (Fricke et al., 2017) have recently been published by our
group. The protocol described here is meant as a guide for backbone assignment
of proteins using carbon detection ssNMR, supplying information complementary to
the two publications mentioned above.
The acronyms listed in Table A.1 will be used in this tutorial to refer to recoupling
and decoupling schemes.
TABLE A.1: Meaning of the acronyms used in this tutorial.
Acronym
BSH-CP
CP
CW
DARR/RAD
DREAM
MIRROR
PDSD
SPECIFIC-CP
(Baldus et al.,
1998)
SPINAL-64

Meaning
Band-selective homo-nuclear cross-polarization
Cross polarization
Continuous wave decoupling
Dipolar-assisted rotational resonance/RF-assisted
diffusion
Dipolar recoupling enhanced by amplitude modulation
Mixed rotational and rotary-resonance condition
Proton-driven spin diffusion
Spectrally induced filtering in combination with
cross-polarization
Small phase incremental alternation with 64 steps
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To obtain information about interresidual correlations and thus achieve the chemical
shift assignment, a set of multidimensional hetero-nuclear correlation experiments
(such as (H)NCO, (H)NCA, (H)NCOCA, and (H)NCACB) is needed. An important
building block in the pulse scheme of these multidimensional experiments is the
CO–CA magnetization transfer step.
At strong external magnetic fields of about 700 to 900 MHz of proton Larmor frequency, moderate magic angle spinning (MAS) rates of around 20 kHz are favorable
for efficient suppression of the chemical shift anisotropy in order to increase sensitivity and resolution. Under these conditions, the more commonly used recoupling
techniques such as proton-driven spin diffusion (PDSD) (Dusold and Sebald, 2000),
DARR/RAD (Morcombe et al., 2004; Takegoshi, Nakamura, and Terao, 2001), MIRROR (Scholz et al., 2008), and DREAM (Verel, Ernst, and Meier, 2001) are less
powerful or not applicable for magnetization transfer between CO and CA spins.
The second-order recoupling techniques like PDSD, DARR, and MIRROR are less
efficient because of increased Zeeman energy difference between CA and CO spins
at higher external magnetic fields and because of stronger suppression of dipolar
couplings by faster sample rotation.
The DREAM transfer requires the spinning rate notably exceeding the isotropic
chemical shift difference between CO and CA spins (Verel, Ernst, and Meier, 2001).
This condition is not achievable when employing 3.2-mm probe heads at high magnetic fields of about 20 T. In case of the more conventional, second-order recoupling
methods (PDSD/ DARR/ MIRROR), the transfer is nonselective and unwanted magnetization exchanges occur that deteriorate resolution, sensitivity, and clarity of spectra. Band-selective homo-nuclear cross-polarization (BSH-CP) and DREAM function
via a first-order recoupling mechanism. Thus, the dipolar truncation prevents undesired sequential and long-range magnetization transfers. Also, in most cases, firstorder recoupling techniques are preferable to second-order schemes, because they
yield a larger recoupling scaling factor. However, much higher spinning speeds than
20 kHz are required for DREAM transfer between CO and CA at external magnetic
fields of about 20 T. Here, BSH-CP is preferable in terms of applicability, when using
3.2-mm rotors.
For successful magnetization transfer via BSH-CP, the Hartmann–Hahn condition (Equation A.1) needs to be fulfilled in that the sum or difference of the effective
fields on CO (ωe f f ,CO ) and CA (ωe f f ,CA ) equals an integer multiple (n = 1 or 2) of the
MAS rate (ωr ).

|ωe f f ,CO ± ωe f f ,CA | = n × ωr

(A.1)

The effective field (ωe f f ,X ) for a nucleus is determined by the applied radiofrequency
(RF) field (ωr f ) and the isotropic chemical shift offset Ω of the nucleus from the
carrier frequency, as represented by Equation A.2.
q
(A.2)
ωe f f ,X = (ωr2f + Ω2 )
For BSH-CP, it is recommended to set the carrier frequency to the center of the CA
region. Thus, negative effects of the relatively large chemical shift dispersion of the
CA resonances can be minimized (Chevelkov et al., 2013a; Chevelkov et al., 2013b).
The BSH-CP RF field equals the effective field applied on CA (Equation A.3):
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ωr f = ωe f f ,CA

(A.3)

At the considered experimental conditions, double-quantum (DQ) recoupling occurs
when the sum of the effective fields acting on CO and CA is equal to two (n = 2)
times the spinning rate, whereas zero-quantum (ZQ) recoupling takes place when
the difference between two RF fields results to one (n = 1) (Chevelkov et al., 2013a).
Previous theoretical analysis shows that the recoupling scaling factor for the DQ
transfer is more than two times larger than the one for the ZQ transfer, which makes
the DQ condition significantly better. Equation A.1 shows that the RF field required
for the DQ recoupling is approximately 2.5 times stronger than the RF field necessary
for the ZQ recoupling. Higher RF fields are also more preferable, because they
minimize negative consequences of isotropic chemical shift variation and anisotropic
chemical shifts more.
Setting the offset of the BSH-CP pulse to CA generates an effective field on CA,
which equals the applied BSH-CP RF field, and also a dissimilar effective field on
CO by virtue of the chemical shift difference (Ω). Thus, a trim pulse on CO needs to
be applied directly preceding or following the BSH-CP pulse. A trim pulse after the
BSH-CP transfer is required when transferring magnetization from CA to CO, to flip
the CO magnetization that builds up along the CO effective field during BSH-CP into
the x–y plane for detection of maximal signal (Figure A.1).

F IGURE A.1: Schematic representation of the BSH-CP step in the (H)NCACO ex−
→
periment. After the NCA-CP step, the CA bulk magnetization ( M CA ) is in the x–y
plane. For BSH-CP magnetization transfer from CA to CO an RF pulse is applied
→
along -y on resonance with CA, with the resulting field (−
ω r f ) thus equaling the CA
−
→
−
→
effective field ( ω e f f ,CA ). During BSH-CP, CO magnetization ( M CO ) builds up along
→
the CO effective field (−
ω e f f ,CO ). Because of the chemical shift difference between
CA and CO (Ω), the CO effective field is not in the x-y plane but differs from it by the
angle θ. A hard trim pulse is therefore applied on CO to flip the CO magnetization
into the x–y plane for detection.

To transfer magnetization from CO to CA, a trim pulse preceding the BSH-CP
pulse is necessary. Thus, CO magnetization (located in the x–y plane after the NCCP) coincides with the effective field on CO during the BSH-CP pulse (Figure A.2).
For detailed instructions on how to calculate the BSH-CP and the CO trim pulses,
see Box 61.
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F IGURE A.2: Schematic representation of the BSH-CP step in the (H)NCOCA ex−
→
periment. After the NCO-CP step, the CO bulk magnetization ( M CO ) is in the x–y
→
plane. For BSH-CP magnetization transfer from CO to CA, an RF pulse (−
ω r f ) has
−
→
to be applied on resonance with CA and thus along the CA effective field ( ω e f f ,CA ).
Because of the chemical shift difference between CA and CO (Ω), the CO effective
field is not in the x–y plane but differs from it by the angle θ. A hard trim pulse
therefore has to be applied on CO beforehand to flip the CO magnetization along
its effective field and fulfill the conditions for BSH-CP. During BSH-CP, CA magne−
→
tization ( M CA ) builds up in the x–y plane, in place for detection without further trim
pulses required.

By making use of BSH-CP transfer steps between CO and CA, robust and efficient recoupling can be achieved in highly deuterated and protonated protein samples (Chevelkov et al., 2013a; Chevelkov et al., 2013b). An optimal BSH-CP recoupling effect is obtained when the sum of the effective RF fields on CO and CA equals
twice the MAS frequency. Under this condition, BSH-CP can yield magnetization
transfer efficiencies of up to 50% for highly deuterated (Chevelkov et al., 2013a) and
up to 40% for protonated proteins (as shown here).
Thanks to the higher transfer efficiency, an experiment featuring a BSH-CP transfer block can yield spectra of the same quality as other recoupling techniques, while
using less scans. Depending on the sample quality, a complete set of 3D spectra for
resonance assignment can be recorded within 1 week (Shi et al., 2014).
BSH-CP-based experiments are suited for a wide range of samples and have
already been successfully applied to different kinds of proteins such as membrane
proteins (Shi et al., 2018; Salvi et al., 2017), amyloid fibrils (Hora et al., 2017; Vasa et
al., 2015; Gremer et al., 2017), and microcrystalline protein samples (Fasshuber et
al., 2015), as well as protein filaments and supramolecular assemblies (Habenstein
et al., 2015; Ravotti et al., 2016).
In order to highlight practical advantages of the technique, we compared the
performance of the BSH-CP method to widely employed PDSD and MIRROR recoupling methods in NCOCX experiments. Figure A.3 shows the spectra of PEG
precipitated uniformly 13 C–15 N-labeled ubiquitin recorded at MAS rates of 21 kHz on
a wide-bore instrument operating at 850 MHz of 1 H Larmor frequency. The CO–CA
recoupling time of the BSH-CP step in the (H)NCOCA experiment was 4.4 ms with
an RF pulse ramped down to 80% from an initial value of 15.1 kHz, whereas the mixing time of the PDSD was set to 100 ms. The transfer of magnetization by MIRROR
was achieved in a 25 ms recoupling period with a proton RF field of 14.9 kHz that
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yields maximal CA signal. Figure A.3a shows significant advantages of the BSHCP recoupling. 2D (H)NCA spectra obtained by (H)NCOCX experiments employing
the three different mechanisms for CO–CA magnetization transfer are represented
in Figure A.3b,c. Due to the nature of second-order recoupling techniques, PDSD
and MIRROR-based spectra exhibit a considerable number of long range and relay
correlation cross peaks. These peaks are undesirable for assignment experiments
because these are not interresidual correlations between Ni and CAi-1 nuclei. In
comparison, BSH-CP spectra do not yield such unwanted peaks, as we found in
our previous detailed studies (Chevelkov et al., 2013a; Chevelkov et al., 2013b; Shi
et al., 2014).

F IGURE A.3: (a) 1D spectra of aliphatic regions of uniformly 13 C–15 N-labeled
ubiquitin acquired by MIRROR and BSH-CP-based (H)NCOCA and PDSD-based
(H)NCOCX experiments. (b, c) Comparison of 2D (H)NCA spectra obtained by
BSH-CP (magenta) and MIRROR-based (H)NCOCA (green) and PDSD-based
(H)NCOCX (blue) experiments on uniformly 13 C–15 N-labeled ubiquitin

This tutorial describes the procedure for the chemical shift assignment of the
backbone atoms of 13 C-15 N-labeled proteins by BSH-CP-based carbon-detected ssNMR experiments, using a set of six 3D experiments that enables unambiguous
assignment of the protein backbone as well as certain side-chain resonances.
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Materials

To perform the experiments in this tutorial, a uniformly 13 C–15 N-labeled protein sample is required. For a 3.2-mm rotor, sample amounts of approximately 20 mg are
necessary to fill a rotor completely (without spacers). For a 3.2-mm-thin wall rotor,
which is preferable to a regular wall rotor regarding signal intensity, about 40% more
sample is needed for complete filling. A small amount (spatula point) of DSS (4,4dimethyl-4-silapentane-1-sulfonic acid) added to the sample can be used for precise
chemical shift referencing.
The optimum MAS spinning rate depends on the strength of the magnetic field
used; guidance MAS frequencies are listed in Table A.2. The cooling unit must be
able to maintain a constant low temperature to counteract the heating due to friction
during MAS.
TABLE A.2: Guidance MAS frequencies and pulse radiofrequencies (ω rf ) for the
implementation of BSH-CP-based ssNMR experiments on different spectrometers.
Spectrometer (MHz)
600
700
800
900

MAS frequency (kHz)
15
17.5
20
22.5

Ideal ω rf (ω eff,CA
9.6 kHz
11.2 kHz
12.8 kHz
14.4 kHz

In this tutorial, a sample of MxiH needles (83 amino acids) was used. This sample
was expressed and purified following the protocol established for S. typhimurium PrgI
needles (Loquet et al., 2012). The N-terminal hepta-histidine (His) tag was cleaved
using tobacco etch virus protease. The protein concentration was raised to 0.2 mM
during polymerization (37°C, 16 days) into needles.
Approximately 20 mg of needle protein were produced with 15 NH4 Cl as sole nitrogen source and D-[uniform-13 C6 ]-glucose ([U-13 C6 ]Glc) as the sole carbon source.
MxiH needles were ultracentrifuged and transferred into a 3.2-mm MAS rotor. Solidstate NMR experiments were conducted on a spectrometer with 700 MHz of 1 H Larmor frequency (Bruker Biospin, Germany) at a MAS rate of 17.5 kHz and a sample
temperature of 5°C.
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A.4

Procedure

Optimizing the magic angle
Spin up a rotor filled with KBr to 5 kHz. Match and tune the carbon channel to the
79 Br transmitter frequency. The peak width at half height of the first sideband should
be as low as possible but at least below 130 Hz. The intensity of the first sideband
should be roughly 15% of the main signal.

Spinning up
Insert the rotor with sample into the spectrometer; make sure that the rotor cap is
closed tightly and the rotor cap wings and the mark on the bottom are intact. Half
of the rotor bottom edge should be marked black, which is critical for the sensor that
measures the MAS frequency.
Increase the MAS frequency stepwise. If the rotor is newly filled, take small steps
(e.g., start with 3000 Hz, then steps of 2000 Hz) and monitor the bearing and drive
pressure. Leave the sample spinning at each speed for about 3 min for equilibration
and prevention of a rotor crash. During the process of spinning up, check the sample
temperature after each step to make sure the protein does not overheat or freeze.
Because the sample temperature inside the rotor cannot be measured directly, it
is monitored by determining the chemical shift of the H2 O signal. For this purpose,
1D proton spectra have to be acquired. Take care to reference your spectra first by
setting the DSS peak to a proton chemical shift of zero. The water peak usually is
the strongest signal in the 1 H spectrum and should appear at roughly 5 ppm.
The following equation for temperature calibration (Equation A.4) (Wishart et al.,
1995; Vandenhoogen et al., 1988) also takes the effect of pH and salt concentration
(csalt , in mM) into account and is valid in the range 0–80°C, from pH units 2 to 7, and
for salt concentrations from 0.0 to 1.0 M.
T = {0°C < T ≤ 52°C,
ppm
ppm
°C
· [δH2 O − 0.002
· ( pH − 7.4) − 9 × 10−5
·c ]
470.7°C − 93.8
ppm
pHunit
mM salt

= {52°C < T ≤ 80°C,
ppm
ppm
°C
· [δH2 O − 0.002
· ( pH − 7.4) − 9 × 10−5
·c ]
568.8°C − 115.8
ppm
pHunit
mM salt
(A.4)
As a rule of thumb, a water peak chemical shift of 4.96 ppm at pH 7 and moderate
salt concentrations (around 200 mM) corresponds to a sample temperature of 5°C.
A lower chemical shift corresponds to higher temperatures and vice versa with ∆
0.011 ppm ≈ ∆ 1°C. If the sample freezes, the water peak broadens strongly and
the signal intensity decreases, whereas in the case of a solvent loss, it will also decrease in intensity but not necessarily broaden. Protein denaturation due to heating
leads to broadening of the protein resonances because of increased conformational
heterogeneity. Regularly acquired, the 1 H spectrum of DSS will serve as a reference
spectrum to monitor and correct the external magnetic field drift.
When the desired MAS speed is reached, make sure that the proton, carbon,
and nitrogen channels are matched and tuned correctly.
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F IGURE A.4: Schematic representation of the (H)C correlation experiment pulse sequence. Filled rectangles represent 90° pulses.

All experiments in this tutorial were measured on a spectrometer with 700 MHz
of 1 H Larmor frequency (Bruker Biospin, Germany) at a MAS rate of 17.5 kHz.

Acquisition of a 1D (H)C spectrum • TIMING 1h
The pulse sequence for this experiment is shown schematically in Figure A.4. Data
A.8 contains the full pulse sequence code. Optimized parameters for this experiment
that can act as a guideline are listed in Table A.3. The 90° RF field amplitudes
used in the following experiments were 83.3, 50, and 35.7 kHz on 1 H, 13 C, and 15 N,
respectively. This equals a 90° pulse duration of 3 µs for 1 H, 5 µs for 13 C, and 7 µs
for 15 N.
TABLE A.3: Set of optimized experimental parameters for the acquisition of a 1D
(H)C spectrum.
Parameter
Initial transfer
Field (kHz)-H
Field (kHz)-C
Pulse shape
Time (ms)
Detection (t1 )
Field (kHz)-H

Value
HC-CP
74.6
50
Ramp 100-80% on H
0.2/0.6/1
C
82.8
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F IGURE A.5: (H)C spectrum of uniformly 13 C–15 N-labeled MxiH needles (83aa) in a 3.2-mm rotor at
17.5-kHz MAS using 32 scans with
a CP contact time of 200 µs (green)
for high CA and 1000 µs (blue) for
high CO signal as reference spectra.

Box 1. How to optimize the 90° pulses
1 H:

Double the duration of the proton pulse (90-80° H pulse), and try to get
the signal as close to zero as possible by varying either the power level or
the duration.
Do not forget to set the duration of the proton pulse back to half the optimized
value for a 90° pulse when finished.
13 C

and 15 N: For optimizing the carbon 90° pulse, set the RF offset to the
center of the CO signal and include a carbon 90° pulse after the (H)C step.
For optimizing the nitrogen 90° pulse, just add a nitrogen 90° pulse to the
(H)N experiment.
Try to eliminate the signal by varying either the power level or the duration
of the pulse.
Do not forget to delete the 90° pulse again when finished, and set the
carbon offset back to the center of the whole carbon region.

1. Set the offset of the proton channel to the water signal ( 5 ppm), the offset
of the carbon channel to the center of the carbon spectrum ( 100 ppm), and
the offset of the nitrogen channel to the center of the backbone nitrogen signal
( 120 ppm).
2. Set an initial 90° proton excitation pulse length to 3 µs (83.3 kHz) and set the
corresponding power level.
3. Calculate and set a possible condition for CP that fulfills the Hartmann–Hahn
condition (|ω NucA ± ω NucB | = n · ω MAS , with ω being the radio frequency field
strength of the nucleus A or B, ω MAS being the MAS frequency, and n = 1 or
n = 2). Avoid resonance and/or recoupling conditions for any of the involved
nuclei (ω Nuc /ω MAS = 0.5, 1, or2). A useful starting point for the carbon CP
pulse is the carbon 90° pulse RF (50 kHz). If a ramp-shaped pulse is used, set
the pulse power level so that the theoretical optimum is reached in the middle
of the ramp.
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4. Use SPINAL-64 (Fung, Khitrin, and Ermolaev, 2000) decoupling on the proton
channel during acquisition.
5. Set the duration of the SPINAL-64 165° decoupling pulses to 5.6 µs and the
corresponding power level.
6. Set the acquisition time to 15 ms.
7. Set the spectral width to span the whole carbon spectrum ( 300 ppm).
8. Set the number of scans to an integer multiple of the number of phase cycle
steps. Set the recycle delay to 2 s.
9. Optimize the first proton 90° excitation pulse (see Box A.4).
10. Optimize the carbon 90° pulse (see Box A.4).
11. Optimize the power levels and contact time of the CP step, the slope, the channel, and the direction of the CP ramp and the SPINAL-64 decoupling pulse
length and power level (starting from the optimized proton 90° pulse power
level and looking for maximum resolution). In addition, optimize the CP contact
time once for optimal CA and once for optimal CO signal. These spectra can
serve as reference spectra to determine transfer efficiencies.
12. Acquire the 1D (H)C spectrum (Figure A.5) using the optimized values. Regularly acquired (e.g., between multidimensional experiments) it will serve as a
reference spectrum to monitor sample and spectrometer stability.

Acquisition of a 2D (H)CC correlation PDSD spectrum • TIMING 1d
The pulse sequence for this experiment is shown schematically in Figure A.6.
Data A.8 contains the full pulse sequence code. Optimized parameters for this
experiment that can act as a guideline are listed in Table A.4.
13. Use the offset parameters from Step 1 for the setup of this experiment.
14. Use the optimized parameters (pulse lengths, power levels, etc.) from the (H)C
1D experiment. The easiest way to keep the optimized values from the (H)C
is to copy the (H)C experiment into a new experiment number, change it into a
2D experiment, and then read in the (H)CC PDSD pulse sequence.
15. Set the duration of the carbon 90°pulses to 5 µs and set the corresponding
power level.
16. Set the mixing time for the PDSD to 50 ms.
17. Set the acquisition times. Useful values could be 12 ms for the direct dimension and 10 ms for the indirect dimension. To optimize the acquisition times,
inspect the signal decay in the free induction decay.
18. Set the spectral widths in the direct and indirect dimensions to cover the whole
carbon spectrum.
Optional: Set a frequency constant so that the carrier frequency is shifted to the
center of the CA region during acquisition of the indirect dimension and reduce
the spectral width to the CA and side-chain C region. Note: Reducing the
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F IGURE A.6: Schematic representation of the (H)CC PDSD experiment
pulse sequence. Filled rectangles represent 90° pulses
TABLE A.4: Set of optimized experimental parameters for the acquisition of a 2D
(H)CC spectrum.

Parameter
Second transfer
Field (kHz)-C
13 C carrier (ppm)
Mixing time (ms)
t1 evolution
Field (kHz)-H
Spectral width
Acquisition time (ms)
Detection (t2 )
Field (kHz)-H

Value
C-C PDSD
50
65
50
C
82.8
46 kHz/261 ppm
10
C
82.8

spectral width in the indirect dimension saves measurement time, but the CO
signals will be folded into the spectrum. Adjusting the spectral width carefully
prevents overlap of the folded CO signals with other important resonances.
19. Set the number of scans to 32 and the number of dummy scans to 16. Set the
recycle delay to 2 s.
20. Acquire the 2D (H)CC PDSD NMR spectrum (Figure A.7) using the optimized
values. This spectrum can serve as a fingerprint spectrum to compare the
sample to previous samples of the same protein. Acquired with higher mixing
times (up to 200 ms) and ideally at lower spinning speed (11 kHz), PDSD
spectra can provide not only intraresidue but also long-distance cross peaks.

Acquisition of a 1D (H)N spectrum • TIMING 1h
The pulse sequence for this experiment is shown schematically in Figure A.8a.
Data A.8 contains the full pulse sequence code. Optimized parameters for this
experiment that can act as a guideline are listed in Table A.5.
21. Use the offset parameters from Step 1 for the setup of this experiment.
22. Set the first 90° proton excitation pulse and the SPINAL-64 decoupling pulse
length and power level to the optimized values from the (H)C 1D experiment.
23. Calculate and set a possible condition for CP that fulfills the Hartmann–Hahn
condition (|ω NucA ± ω NucB | = n · ω MAS , with ω being the radio frequency field
strength of the nucleus A or B, ω MAS being the MAS frequency, and n = 1 or
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F IGURE A.7: (H)CC PDSD spectrum of uniformly 13 C–15 N-labeled MxiH needles
(83aa) in a 3.2-mm rotor at 17.5-kHz MAS with 32 scans per t1 experiment. This
spectrum helps to assess the overall quality that is achievable for the spectra
recorded of one specific sample

n = 2). Avoid resonance and/or recoupling conditions for any of the involved
nuclei (ω Nuc /ω MAS = 0.5, 1, or2). A useful starting point for the nitrogen CP
pulse is the nitrogen 90° pulse RF (35.7 kHz).
24. Set the spectral width to span the whole nitrogen spectrum (∼40 ppm for the
backbone at 120 ppm, additional side-chain signals are expected as well, e.g.,
from Lys at 30 ppm). Set the acquisition time to 15 ms.
25. Set the number of scans to an integer multiple of the number of phase cycle
steps. Set the recycle delay to 2 s.
26. Optimize the nitrogen 90° pulse (see Box A.4).
27. Optimize the power levels and contact time of the CP step, the slope, the channel, and the direction of the CP ramp.
28. Acquire the 1D (H)N spectrum (Figure A.8b) using the optimized values.
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F IGURE A.8: (a) Schematic representation of the (H)N correlation experiment pulse
sequence. Filled rectangles represent 90° pulses. (b) (H)N spectrum of uniformly
13 C–15 N-labeled MxiH needles (83aa) in a 3.2-mm rotor at 17.5-kHz MAS using 32
scans.
TABLE A.5: Set of optimized experimental parameters for the acquisition of a 1D
(H)N spectrum.
Parameter
Initial transfer
Field (kHz)-H
Field (kHz)-N
Pulse shape
Time (ms)
Detection (t1 )
Field (kHz)-H

Value
HN-CP
59.3
38.7
Ramp 100-80% on H
0.65
N
82.8

Acquisition of 1D and 2D (H)NCA spectra • TIMING 6h
The pulse sequence for this experiment is shown schematically in Figure A.9.
Data A.8 contains the full pulse sequence code. Optimized parameters for this
experiment that can act as a guideline are listed in Table A.6.
29. Use the offset parameters from Step 1 for the setup of this experiment.
30. Set the first 90° proton excitation pulse to the optimized values from the (H)N
1D experiment.
31. Set a constant that shifts the carbon carrier frequency to the center of the CA
region before the NC-CP step.
32. Calculate and set a possible condition for the SPECIFIC-CP that fulfills the
Hartmann–Hahn condition (|ω NucA + ω NucB | = ω MAS , with ω being the radio
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F IGURE A.9: Schematic representation of the (H)NCA correlation experiment pulse sequence. Filled rectangles represent 90° pulses and empty
rectangles 180° pulses

frequency field strength of the nucleus A or B and ω MAS being the MAS frequency) for nitrogen to CA. Avoid resonance and/or recoupling conditions for
any of the involved nuclei (ω Nuc /ω MAS = 0.5or1). Use low power pulses to
avoid unspecific transfer. A useful contact time can be 3 ms.
33. Use continuous wave (CW) (Haeberlen and Waugh, 1968) decoupling on the
proton channel during the NCA SPECIFIC-CP transfer. Use SPINAL-64 decoupling during acquisition. The SPINAL-64 decoupling pulses can be set to
the optimized parameters from Step 11.
34. Set the acquisition times to 10 ms in the direct and 15 ms in the indirect dimension.
35. Set the spectral widths to span the whole carbon spectrum ( 300 ppm) in the
direct dimension and to span the whole nitrogen region ( 40 ppm) in the indirect
dimension.
36. Set the number of scans to 32. Set the recycle delay to 2 s.
37. Use the 1D (H)NCA experiment to optimize the power levels and the duration
of the NC-CP step, the slope, the channel, and the direction of the CP ramp,
and the CW decoupling pulse power level.
38. Acquire a 1D (H)NCA spectrum using the optimized values. This spectrum
can serve as a reference spectrum to determine transfer efficiency. For this
purpose, compare the intensity of the spectrum in the CA region to the 1D (H)C
spectrum with optimal CA signal. A transfer efficiency of 30% is considered
good.
39. Set the number of scans to 128 and the number of dummy scans to 16. Set
the recycle delay to 2 s.
40. Acquire a 2D (H)NCA spectrum (Figure A.10). This spectrum can be used
to further optimize the spectral widths to save acquisition times in 3D experiments.
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TABLE A.6: Set of optimized experimental parameters for the acquisition of a 2D
(H)NCA spectrum.
Parameter
Second transfer
Field (kHz)-H
Field (kHz)-N
Field (kHz)-C
Pulse shape
13 C carrier (ppm)
Time (ms)
t1 evolution
Field (kHz)-H
180° pulse
Spectral width
Acquisition time (ms)
Detection (t2 )
Field (kHz)-H

Value
NCA SPECIFIC-CP
85.0
5.6
13.0
Ramp 80-100% on C
65
4.6
N
82.8
C
7 kHz/99 ppm
12
CA
82.8

F IGURE A.10: 2D (H)NCA spectrum of uniformly 13 C–15 N-labeled
MxiH needles (83aa) in a 3.2-mm
rotor at 17.5-kHz MAS

Acquisition of 1D and 2D (H)NCO spectra • TIMING 6h
The pulse sequence for this experiment is shown schematically in Figure
A.11a. Data A.8 contains the full pulse sequence code. Optimized parameters
for this experiment that can act as a guideline are listed in Table A.7.
41. Use the offset parameters from Step 1 for the setup of this experiment.
42. Use all the optimized power levels and contact times from the (H)NCA experiment.
43. Set a constant that shifts the carbon carrier frequency to the center of the CO
region before the NC-CP step.
44. Use CW decoupling on the proton channel during the CP transfer.
SPINAL-64 decoupling during acquisition.

Use

45. Set the acquisition times to 10 ms in the direct and 15 ms in the indirect dimension.
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46. Set the spectral widths to span the whole carbon spectrum ( 300 ppm) in the
direct dimension and to span the whole nitrogen region ( 40 ppm) in the indirect
dimension.
47. Set the number of scans to 32. Set the recycle delay to 2 s.
48. Use the 1D (H)NCO experiment to optimize the power levels and the duration
of the NCO SPECIFIC-CP step, the slope, the channel, and the direction of the
CP ramp.

F IGURE A.11: (a) Schematic representation of the (H)NCO correlation experiment pulse sequence. Filled rectangles represent 90° pulses and empty rectangles
180° pulses. (b) 2D (H)NCO spectrum of uniformly 13 C–15 N-labeled MxiH needles
(83aa) in a 3.2-mm rotor at 17.5-kHz MAS

Attention: The parameters of the NCO transfer can be significantly different
from the NCA transfer!
49. Acquire a 1D (H)NCO spectrum using the optimized values. This spectrum
can serve as a reference spectrum to determine transfer efficiency. For this
purpose, compare the intensity of the spectrum in the CO region to the 1D (H)C
spectrum with optimal CO signal. A transfer efficiency of 30% is considered
good.
50. Set the number of scans to 128 and the number of dummy scans to 16. Set
the recycle delay to 2 s.
51. Acquire a 2D (H)NCO spectrum (Figure A.11b). This spectrum can be used
to further optimize the spectral widths to save acquisition times in 3D experiments.
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TABLE A.7: Set of optimized experimental parameters for the acquisition of a 2D
(H)NCO spectrum.
Parameter
Second transfer
Field (kHz)-H
Field (kHz)-N
Field (kHz)-C
Pulse shape
13 C carrier (ppm)
Time (ms)
t1 evolution
Field (kHz)-H
180° pulse
Spectral width
Acquisition time (ms)
Detection (t2 )
Field (kHz)-H

Value
NCO SPECIFIC-CP
88.7
7.9
10.3
Ramp 100-80% on N
185.2
3.8
N
82.8
C
7 kHz/99 ppm
12
CO
82.8

Acquistion of a 3D (H)NCACO • TIMING 2d
The pulse sequence for this experiment is shown schematically in Figure
A.12a. Data A.8 contains the full pulse sequence code. Optimized parameters
for this experiment that can act as a guideline are listed in Table A.8.
52. Use the offset parameters from Step 1 for the setup of this experiment.
53. Use all the optimized parameters from the 2D (H)NCA experiment.
54. Calculate and set the pulses for the BSH-CP transfer (see Box 61). The BSHCP contact time should be 3 ms.
55. Set two constants, one that shifts the carbon carrier frequency to the center of
the CA region before the NC-CP step and one after the BSH-CP transfer that
shifts the carbon carrier frequency to the center of the CO region before the
trim pulse.
56. Set the acquisition times to 10 ms for the direct dimension, 5 ms for the carbon
indirect dimension, and 6 ms for the nitrogen indirect dimension. If measurement time is limited, shortening the acquisition times in the indirect dimensions
can be useful to shorten the experiment time.
Set the spectral widths to span the whole carbon spectrum in the direct dimension, the whole CA region in the carbon indirect dimension and the whole
amide nitrogen range in the nitrogen indirect dimension. The spectral widths
for the indirect dimensions can be extracted from the 2D (H)NCA. To save
measurement time, limit the indirect spectral widths as much as possible.
57. Use CW decoupling on the proton channel during the CP transfer.
SPINAL-64 decoupling during acquisition.

Use

58. Set the number of scans to an integer multiple of the number of phase cycle
steps. Set the recycle delay to 2 s.
59. To optimize the power level and the duration of the BSH-CP transfer step, the
slope, and the direction of the CP ramp and the decoupling power level, acquire
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F IGURE A.12: (a) Schematic representation of the 3D (H)NCACO correlation experiment pulse sequence. Filled, empty, and gray rectangles represent 90°pulses,
180°pulses, and trim pulses, respectively. (b) 2D projection of the 3D (H)NCACO
spectrum of uniformly 13 C–15 N-labeled MxiH needles (83aa) in a 3.2-mm rotor at
17.5-kHz MAS, projection along the 13 CO–15 N plane over the whole 13 CA chemical
shift range.

the 1D version of the (H)NCACO spectrum and optimize for maximal negative
CO signal. This spectrum can serve as a reference spectrum to determine
transfer efficiency if recorded with the same number of scans as the other 1D
reference spectra (32 scans). To determine the transfer efficiency of the BSHCP step, compare the intensity of the spectrum in the CO region to the 1D
(H)NCO spectrum. A transfer efficiency of 30% is considered good, up to 40%
can be achieved.
60. Optimize the necessary acquisition times in the indirect dimensions by acquiring the 2D (H)NCACO versions of the spectrum. Set the size of the free induction decay to one for either nitrogen or CA.
61. Set the number of dummy scans to 16 and acquire a 3D (H)NCACO spectrum
(Figures A.12b and A.13) using the optimized values.
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TABLE A.8: Set of optimized experimental parameters for the acquisition of a 3D
(H)NCACO spectrum.
Parameter
t1 evolution
Field (kHz)-H
180° pulse
Spectral width
Acquisition time (ms)
Third transfer
Field (kHz)-H
Field (kHz)-C
Pulse shape
13 C carrier (ppm)
Time (ms)
Trim pulse
t2 evolution
Field (kHz)-H
180° pulse

Value
N
83.3
C
3.6 kHz/50 ppm
6
CA-CO BSH-CP
83.3
10.9
Ramp 100-80% on C
60.8
3.8
3.4 µs/50 kHz
CA
82.8
N

Box 2. How to calculate the conditions for the BSH-CP transfer
The theoretical RF field amplitude ω rf of the BSH-CP pulse is given by
ωe f f + ωr f = 2ωr

(A.5)

with ω eff being the effective field on CO and ω r being the MAS spinning
frequency. Because
q
ω e f f = Ω 2 + ωr f 2
(A.6)
with Ω being the difference of the CA and CO chemical shift offsets in Hz,
ω rf can be calculated as
q
Ω2 + ωr f 2 + ωr f = 2ωr
(A.7)
so that
ωr f =

4ωr 2 − Ω2
Ω2
= ωr −
4ωr
4ωr

(A.8)

For magnetization transfer from CA to CO, a hard trim pulse on CO has to
be applied after the BSH-CP step to selectively flip the CO magnetization to
the transverse plane for acquisition.
The power level of the trim pulse can be set to the power level of the optimized carbon 90° pulse, and the duration of the trim pulse ptp can easily be
calculated from the carbon 90° pulse duration p90 :
p t p = p9 0

θ
90°

(A.9)

via the flip angle θ which is given by
θ = arctan(

Ω
)
ωr f

(A.10)

For the BSH-CP transfer from CO to CA, the trim pulse is necessary before
BSH-CP to flip the CO magnetization along the effective field.
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F IGURE A.13: 2D projection of
the 3D (H)NCACO spectrum of
uniformly 13 C–15 N-labeled MxiH
needles (83aa) in a 3.2-mm rotor
at 17.5-kHz MAS, projection along
the 13 CO–13 CA plane over the
whole 15 N chemical shift range.

Acquisition of a 3D (H)NCACB spectrum • TIMING 2d
The pulse sequence for this experiment is shown schematically in Figure A.14.
Data A.8 contains the full pulse sequence code. Optimized parameters for this
experiment that can act as a guideline are listed in Table A.9.
62. Use the offset parameters from Step 1 for the setup of this experiment.
63. Use all the optimized parameters (power levels, contact times, and frequency
constants) from the (H)NCA experiment.
64. Set the pulse for the DREAM transfer. The RF field on carbon should be half
of the spinning speed for the transfer.
65. Set the acquisition times to 10 ms for the direct dimension, 5 ms for the carbon
indirect dimension, and 6 ms for the nitrogen indirect dimension.
66. Set the spectral widths to span the whole carbon spectrum in the direct dimension, the whole CA region in the carbon indirect dimension, and the whole
amide nitrogen range in the nitrogen indirect dimension. The spectral widths for
the indirect dimensions can be extracted from the 2D (H)NCA. To save measurement time, reduce the spectral widths as much as possible (considering
folding peaks).
67. Use CW decoupling on the proton channel during the NCA SPECIFIC-CP and
the DREAM transfer. Use SPINAL-64 decoupling during chemical shift evolution periods.
68. Set the number of scans to an integer multiple of the phase cycle step number.
Set the recycle delay to 2 s.
69. To maximize the DREAM transfer efficiency, acquire the 1D version of the
(H)NCACB spectrum and optimize for maximum negative CB signal by varying the DREAM pulse ramp, the power level, the duration, and the decoupling
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F IGURE A.14: Schematic representation of the 3D (H)NCACB correlation
experiment pulse sequence. Filled and
empty rectangles represent 90°and
180°pulses, respectively

power level. This spectrum can serve as a reference to determine transfer efficiency if recorded with the same number of scans as the 1D reference spectra
(32 scans).
70. Optimize the necessary acquisition times in the indirect dimensions by acquiring the 2D (H)NCACB versions of the spectrum.
71. Set the number of dummy scans to 16 and acquire a 3D (H)NCACB spectrum
(Figure A.15) using the optimized values.
TABLE A.9: Set of optimized experimental parameters for the acquisition of a 3D
(H)NCACB spectrum.
Parameter
t1 evolution
Field (kHz)-H
180° pulse
Spectral width
Acquisition time (ms)
Third transfer
Field (kHz)-H
Field (kHz)-C
Pulse shape
13 C carrier (ppm)
Time (ms)
t2 evolution
Field (kHz)-H
180° pulse
Spectral width

Value
N
82.8
C
2 kHz/28 ppm
6
CA-CB DREAM
86.7
8.8
Ramp 100-80% on C
65
1.8
CA
82.8
N
4 kHz/23 ppm

Acquisition of a 3D (H)CANCO spectrum • TIMING 2d
The pulse sequence for this experiment is shown schematically in Figure A.16.
Data A.8 contains the full pulse sequence code. Optimized parameters for this
experiment that can act as a guideline are listed in Table A.10.
72. Use the offset parameters from Step 1 for the setup of this experiment.
73. Use all the optimized parameters from the (H)NCO experiment.
74. Set three frequency constants: one before the first proton 90° pulse that shifts
the carrier frequency to the center of the CA region (Figure A.16: FQcCA),
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F IGURE A.15: 3D (H)NCACB spectrum of uniformly 13 C–15 N-labeled MxiH needles
(83aa) in a 3.2-mm rotor at 17.5-kHz MAS, 2D projection along the 13 CB–15 N plane
over the whole 13 CA chemical shift range. Positive signals in turquoise represent
remaining magnetization on CA nuclei, whereas negative signals in ochre show CB
resonances

one that shifts the carrier frequency back to the center of the spectral width
(FQcCx), and a constant that shifts the carrier frequency to the center of the
CO region after t2 , before the NCO-CP step (FQcCO).
75. Optimize the HCA-CP in a 1D (H)C experiment (power levels, ramp, and pulse
length) in which the carrier frequency is set to the center of the CA region and
use the optimized parameters for the 3D (H)CANCO experiment.
76. Set the spectral widths to span the whole carbon spectrum in the direct dimension, the whole CA region in the carbon indirect dimension, and the whole
amide nitrogen range in the nitrogen indirect dimension. The spectral widths
for the indirect dimensions can be extracted from the 2D (H)NCA. To save
measurement time, limit the spectral widths as much as possible (considering
folding peaks).
77. Use CW decoupling on the proton channel during the CP transfer.
SPINAL-64 decoupling during acquisition.

Use

78. Set the acquisition times to 10 ms for the direct dimension, 5 ms for the carbon
indirect dimension, and 6 ms for the nitrogen indirect dimension.
79. Set the number of scans to an integer multiple of the number of phase cycle
steps. Set the recycle delay to 2 s.
80. To optimize the power levels and the duration of the CP transfer step from CA
to nitrogen, the slope, the channel, and the direction of the CP ramp and the
decoupling power level, acquire the 1D version of the (H)CANCO spectrum and
optimize for maximal signal. This spectrum can serve as a reference spectrum
to determine transfer efficiency if recorded with the same number of scans as
the other 1D reference spectra (32 scans). To estimate the transfer efficiency of

182

Appendix A. Protein resonance assignment by BSH-CP based 3D
solid-state NMR experiments: A practical guide

F IGURE A.16: Schematic representation of the 3D (H)CANCO correlation
experiment pulse sequence. Filled and
empty rectangles represent 90°and
180°pulses, respectively

the CAN SPECIFIC-CP step, compare the intensity of the spectrum in the CO
region to the 1D (H)NCO spectrum. Efficiencies of 30% or more are considered
good.
81. Optimize the necessary acquisition times in the indirect dimensions by acquiring the 2D (H)CANCO versions of the spectrum.
82. Set the number of dummy scans to 16 and acquire a 3D (H)CANCO spectrum
(Figure A.17) using the optimized values.
TABLE A.10: Set of optimized experimental parameters for the acquisition of a 3D
(H)CANCO spectrum.
Parameter
Initial transfer
Field (kHz)-H
Field (kHz)-C
Pulse shape
13 C carrier (ppm)
Time (ms)
Second transfer
Field (kHz)-H
Field (kHz)-N
Field (kHz)-C
Pulse shape
13 C carrier (ppm)
Time (ms)

Value
HCA-CP
74.7
50
Ramp 100-80% on H
65.0
0.175
CAN SPECIFIC-CP
84.7
7.9
13.3
Ramp 100-80% on N
65
4.3

Acquisition of a 3D (H)NCOCA spectrum • TIMING 1d
The pulse sequence for this experiment is shown schematically in Figure A.18.
Data A.8 contains the full pulse sequence code. Optimized parameters for this
experiment that can act as a guideline are listed in Table A.11.
83. Use the offset parameters from Step 1 for the setup of this experiment.
84. Use all the optimized parameters (power levels and contact times) from the
(H)NCO experiment.
85. Set the pulses for the BSH-CP transfer (see Box 61). The power levels and the
pulse lengths can be adopted from the (H)NCACO experiment.
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F IGURE A.17:
3D (H)CANCO
spectrum of uniformly 13 C–15 Nlabeled MxiH needles (83aa) in a
3.2-mm rotor at 17.5-kHz MAS,
projection along the 13 CO–15 N
plane over the whole 13 CA chemical shift range.

86. Set a constant that shifts the carbon carrier frequency to the center of the CO
region before the NC-CP step and a constant that shifts the carbon carrier
frequency to the center of the CA region before the BSH-CP step.
87. Use CW decoupling on the proton channel during the CP and BSH-CP transfers. Use SPINAL-64 decoupling during the chemical shift evolution periods.
88. Set the acquisition times to 10 ms for the direct dimension, 5 ms for the carbon
indirect dimension, and 6 ms for the nitrogen indirect dimension.
89. Set the spectral widths to span the whole carbon spectrum in the direct dimension, the whole CO region in the carbon indirect dimension, and the whole
amide nitrogen range in the nitrogen indirect dimension. The spectral widths
for the indirect dimensions can be extracted from the 2D (H)NCO. To save
measurement time, limit the spectral widths as much as possible (considering
folding-in of peaks).
90. Set the number of scans to an integer multiple of the phase cycle step number.
Set the recycle delay to 2 s.
91. To optimize the power level and the duration of the BSH-CP transfer step, the
slope, and the direction of the BSH-CP ramp and the decoupling power level,
acquire the 1D version of the (H)NCOCA spectrum and optimize for maximal
signal. This spectrum can serve as a reference spectrum to determine transfer
efficiency if recorded with the same number of scans as the other 1D reference
spectra (32 scans). To estimate the transfer efficiency of the CO–CA BSH-CP
step, compare the intensity of the spectrum in the CA region to the 1D (H)NCA
spectrum. Efficiencies of 30% or more are considered good.
92. Optimize the necessary acquisition times in the indirect dimensions by acquiring the 2D (H)NCOCA versions of the spectrum.
93. Acquire a 3D (H)NCOCA spectrum (Figure A.19) using the optimized values.
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F IGURE A.18: Schematic representation of the 3D (H)NCOCA correlation
experiment pulse sequence. Filled,
empty, and gray rectangles represent
90° pulses, 180° pulses, and trim
pulses, respectively
TABLE A.11: Set of optimized experimental parameters for the acquisition of a 3D
(H)NCOCA spectrum.
Parameter
t1 evolution
Field (kHz)-H
180° pulse
Spectral width
Acquisition time (ms)
Third transfer
Trim pulse
Field (kHz)-H
Field (kHz)-C
Pulse shape
13 C carrier (ppm)
Time (ms)
t2 evolution
Field (kHz)-H
180° pulse

Value
N
82.8
C
2 kHz/28 ppm
6
CO-CA BSH-CP
3.25 µs/50 kHz
85.7
11.7
Ramp 100-80% on C
65
3.7
CO
82.8
N

Acquisition of a 3D (H)NCO(CA)CB spectrum • TIMING 1d
The pulse sequence for this experiment is shown schematically in Figure A.20.
Data A.8 contains the full pulse sequence code. Optimized parameters for this
experiment that can act as a guideline are listed in Table A.12.
94. Use the offset parameters from Step 1 for the setup of this experiment.
95. Use all the optimized power levels and contact times from the (H)NCOCA experiment.
96. Adopt the optimized values for the power levels and the duration of the DREAM
transfer step from the (H)NCACB experiment.
97. Use CW decoupling on the proton channel during the CP transfer.
SPINAL-64 decoupling during acquisition.

Use

98. Set the acquisition times to 10 ms for the direct dimension, 5 ms for the carbon
indirect dimension, and 6 ms for the nitrogen indirect dimension.
99. Set the spectral widths to span the whole carbon spectrum in the direct dimension, the whole CO region in the carbon indirect dimension, and the whole
amide nitrogen range in the nitrogen indirect dimension. The spectral widths for
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F IGURE A.19: 3D (H)NCOCA spectrum of uniformly 13 C–15 N-labeled
MxiH needles (83aa) in a 3.2-mm rotor
at 17.5-kHz MAS, 2D projection along
the 13 CA–15 N plane over the whole
13 CO chemical shift range.

the indirect dimensions can be extracted from the 2D (H)NCO. To save measurement time, narrow the spectral widths as much as possible (considering
folding-in of peaks).
100. Set the number of scans to an integer multiple of the number of phase cycle
steps. Set the recycle delay to 2 s.
101. Acquire the 1D version of the (H)NCO(CA)CB. This spectrum can also serve
as reference spectrum to determine the transfer efficiency if recorded with the
same number of scans as the other 1D reference spectra (32 scans).
102. Optimize the necessary acquisition times in the indirect dimensions by acquiring the 2D (H)NCO(CA)CB versions of the spectrum.
103. Set the number of dummy scans to 16. Using the optimized parameters, acquire the 3D (H)NCO(CA)CB spectrum (Figure A.21).

F IGURE A.20: Schematic representation of the 3D (H)NCO(CA)CB
correlation experiment pulse sequence. Filled, empty, and gray rectangles represent 90° 180° and trim pulses, respectively
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TABLE A.12: Set of optimized experimental parameters for the acquisition of a 3D
(H)NCO(CA)CB spectrum.
Parameter
Fourth transfer
Field (kHz)-H
Field (kHz)-C
Pulse shape
13 C carrier (ppm)
Time (ms)
Detection (t3 )
Field (kHz)-H

Value
CA-CB DREAM
86.7
8.8
Ramp 100-80% on C
65
1.8
C
82.2

F IGURE A.21: 3D (H)NCO(CA)CB spectrum of uniformly 13 C–15 N-labeled MxiH
needles (83aa) in a 3.2-mm rotor at 17.5-kHz MAS, projection along the 13 CB–15 N
plane over the whole 13 CO chemical shift range. Positive signals in dark blue represent remaining magnetization on CA nuclei, whereas negative signals in dark red
show CB resonances.

Acquisition of a 3D (H)N(CO)CACB spectrum • TIMING 2d
The pulse sequence for this experiment is shown schematically in Figure
A.22a. Data A.8 contains the full pulse sequence code. Optimized parameters
for this experiment that can act as a guideline are listed in Table A.13.
104. Use the offset parameters from Step 1 for the setup of this experiment.
105. Use all the optimized power levels, contact times, acquisition times, offset positions, and spectral widths from the (H)NCO(CA)CB experiment.
106. Use CW decoupling on the proton channel during the BSH-CP and DREAM
transfer. Use SPINAL-64 decoupling during acquisition.
107. Set the acquisition times to 10 ms for the direct dimension, 5 ms for the carbon
indirect dimension, and 6 ms for the nitrogen indirect dimension.
108. Set the number of scans to an integer multiple of the number of phase cycle
steps. Set the recycle delay to 2 s.
109. A 1D version of the (H)N(CO)CACB spectrum can serve as reference spectrum
to determine the transfer efficiency if recorded with the same number of scans
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F IGURE A.22: (a) Schematic representation of the 3D (H)N(CO)CACB correlation experiment pulse sequence. Filled, empty, and gray rectangles represent
90°pulses, 180°pulses, and trim pulses, respectively. (b) 3D (H)N(CO)CACB spectrum of uniformly 13 C–15 N-labeled MxiH needles (83aa) in a 3.2-mm rotor at 17.5kHz MAS, projection along the 15 N–13 CB-plane over the whole 13 CA chemical shift
range. Positive signals in pink represent remaining magnetization on CA nuclei,
whereas negative signals in gray show CB resonances.

as the other 1D reference spectra (32 scans). For this purpose, compare the
intensity of the spectrum in the CA region to the 1D (H)NCOCA spectrum.
110. Optimize the necessary acquisition times in the indirect dimensions by acquiring the 2D (H)N(CO)CACB versions of the spectrum.
111. Using the optimized parameters, acquire the 3D (H)N(CO)CACB spectrum
(Figure A.22b).
TABLE A.13: Set of optimized experimental parameters for the acquisition of a 3D
(H)N(CO)CACB spectrum.
Parameter
t2 evolution
Field (kHz)-H
180° pulse
Spectral width
Acquisition time (ms)
Detection (t3 )
Field (kHz)-H

Value
CA
82.8
N
4 kHz/23 ppm
5
C
82.2
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A.5

Anticipated results

The implementation of the above protocol will yield a set of one 2D and six 3D
NMR spectra. The conducted experiments correlate the nuclei of the protein
backbone atoms within one residue ((H)CC, (H)NCACO, and (H)NCACB) and
between neighboring residues ((H)NCOCA, (H)NCO(CA)CB, (H)N(CO)CACB,
and (H)CANCO) as shown schematically in Figures A.23 and A.24.

F IGURE A.23: (a) Schematic representation of the magnetization transfer in the
2D (H)CC PDSD experiment described in this tutorial at the example of an alanine
residue. The protein backbone of one residue (i) is indicated. Colored circles
represent nuclei whose chemical shifts are acquired in the experiment. For clarity,
only the transfer chain via CA as the first carbon nucleus is shown. (b) PDSD
spectrum of uniformly 13 C–15 N-labeled MxiH needles (83aa) in a 3.2-mm rotor at
17.5-kHz MAS. The grid highlights side-chain cross peaks of Ile71. Because of this
characteristic pattern, isoleucine residues are easy to identify in a PDSD spectrum
and therefore are convenient starting points for a chemical shift assignment.

In the PDSD experiment, magnetization is transferred first from hydrogen nuclei to carbon nuclei from where it is transferred further on to other carbon
nuclei that are close in space (Figure A.23a). This results in a spectrum where
practically all carbon atoms within a certain distance of one another are correlated by cross peaks (Figure A.23b). Using short mixing times (≤ 50 ms), all
carbon atoms within one residue will be correlated, whereas at longer mixing
times, interresidual correlations between nuclei of neighboring amino acids will
appear as well.
Some amino acids feature very characteristic side-chain carbon chemical
shifts (e.g., serine or threonine) or cross-peak patterns, like isoleucine (Figure
A.23b). Hence, these residues are very convenient starting points regarding
the backbone chemical shift assignment.
Having identified all the cross peaks belonging to one such residue i in the
PDSD and thus knowing the CAi chemical shift, other resonances of this
residue can be found in the 3D (H)NCACO and (H)NCACB spectra.
As the next step, the COi-1 chemical shift of the preceding residue i-1 can be
identified in the (H)CANCO spectrum. With this information, the CAi-1 chemical
shift can be detected in the (H)NCOCA spectrum, and the CBi-1 chemical shift
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F IGURE A.24: Schematic representation of the magnetization transfers in the 3D
NMR experiments described in this tutorial. The protein backbone of two neighboring residues (i and i-1) is indicated. Colored circles represent nuclei whose
chemical shifts are acquired in the experiment.

can be identified in the (H)NCO(CA)CB and (H)N(CO)CACB spectra. As the
last step, all the cross peaks belonging to the residue i-1 can be found in the
PDSD spectrum based on the already known CAi-1 and CBi-1 chemical shifts,
and the amino acid type of residue i-1 can be determined based on amino
acid-specific average chemical shifts (Figure A.24).
Ambiguities can occur here but can be solved in most cases by consulting the
known primary sequence. The resonances in question have to be assumed
to belong to one of the residues that come into consideration, the assignment
is continued, and if the following amino acid type is in accordance with the
sequence, the assumption is confirmed. If this is not the case, the assumption
was wrong and has to be discarded.
When all chemical shifts of the preceding residue i-1 have been determined,
it can become the known residue i. The procedure can be repeated for the
next neighboring residue, step by step yielding a complete assignment of the
protein backbone. Whenever this procedure comes to a halt, for example,
because of ambiguous resonances, a new starting point needs to be chosen
in order to proceed with the assignment. By inverting the procedure, the socalled “backbone walk” can be conducted in the inverse direction, identifying
the next neighboring residue instead of the preceding one.
Figure A.25 illustrates the steps of this backbone walk taking the example of
MxiH (see Table A.14 for achieved transfer efficiencies). Starting from Ile71,
the individual assignment steps described above are displayed navigating
through strip plots of the acquired 3D spectra. If the spectra have a good
resolution, the described procedure should yield a nearly complete and
unambiguous assignment of all the inflexible residues of the protein backbone
as well as some atoms of the amino acid side-chains.
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F IGURE A.25: Backbone walk for chemical shift assignment using a 13 C–15 Nlabeled MxiH needle protein sample (83aa) under 17.5-kHz MAS. Shown is the
assignment of backbone atoms of the amino acid patch between residues Ile71
and Val68 in the form of a strip plot. The overlaid 2D spectral planes are colorcoded: (H)NCACO in violet, (H)NCACB in turquoise (positive contours) and ochre
(negative contours), (H)CANCO in green, (H)NCO(CA)CB in blue (positive contours), and red (negative contours). The solid lines represent the same chemical
shifts and connect the peaks, establishing intraresidual and interresidual connections. All peaks used for the backbone walk are annotated with their chemical shift
assignment. The chemical shift values of the z-axes defining the 2D plane positions
are annotated on the right.
TABLE A.14: Achieved transfer efficiencies for u-13 C-15 N-labeled MxiH needles in
a 3.2-mm rotor at 17.5-kHz MAS in a 700 MHz 1 H Larmor frequency spectrometer.

Transfer step
NCA, SPECIFIC-CP
NCO, SPECIFIC-CP
NCACO, BSH-CP
NCOCA, BSH-CP

A.6

Transfer efficiency (%)
30
35
40
34

Reference spectrum
(H)C200µs
(H)C1ms
(H)NCO
(H)NCA
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I. (H)C pulse sequence (on Bruker hardware running TopSpin version 4.0)
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
; hC
; Cross Polarization for C channel
; cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
#include <Avance.incl>
#include <Delay.incl>
1 ze
2 d1 do:f2
; 90 on H
(p3 pl2

ph1):f2

; HC CP
(p10:sp0 ph2):f1 (p10:sp1 ph0):f2
; calibrate C 90, optional
#ifdef C90
(p1 pl1 ph3):f1
#else
#endif

/*end of C90*/

; Acquisition with H decoupling
1u pl12:f2
1u cpds2:f2
go=2 ph31
10u do:f2

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data
100m wr #0
HaltAcqu, 1m
exit
ph0 = 0
ph1 = 1 3

1

ph2 = 0 0 2 2 1 1 3 3
ph3 = 1 1 3 3 2 2 0 0
ph31= 0 2 2 0 1 3 3 1
;p1
;p3
;p10
;pl1
;pl2
;pl10
;pl12
;cpds2
;pl20
;d1
;p31
;spnam0
;spnam1

:
:
:
:
:
:
:
:
:
:
:
:
:

C 90 pulse length, use -DC90
H HP pulse length (H 90 at pl2)
HC CP at spf0 (f1,C) and spf3 (f2,H)
C HP power level
H HP power level
C CP power level
H spinal 64 decoupling power
H spinal 64 decoupling scheme
H CP power level
recycle delay
pulse length in decoupling sequence
ramp for variable amplitude during CP on C
ramp for variable amplitude during CP on H

II. (H)CC pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
; hCC_sd
"d0=0.5u"
"in0=inf1/2"
;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
#include <Avance.incl>
#include <Delay.incl>
1 ze
2 d1 do:f2
(p3 pl2 ph1):f2
(p10:sp0 ph2):f1 (p10:sp1 ph0):f2
; t1
1u
1u
d0
; 1u

evolution
fq=cnst10:f1
cpds2:f2

; change 13C offset, optional
; 1H decoupling pulse

fq=0:f1

; Spin diffusion
(p1 pl1 ph3):f1
1u do:f2
; 1u cpds3:f2
d11
; 1u do:f2

; optional for DARR mixing
; mixing time
; decouplers off, optional for DARR
mixing

(p1 pl1 ph4):f1
; Acquisition with H decoupling
1u cpds2:f2
go=2 ph31
10u do:f2

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data & 2D increments
100m wr #0 if #0 zd
1m id0
1m ip2
lo to 2 times td1
HaltAcqu, 1m
exit
ph0 = 0
ph1 = 1 1 1 1

1 1 1 1

3 3 3 3

3 3 3 3

2

ph2 =
ph3 =
ph4 =
ph31=

0
1 1 1 1
0 1 2 3
0 1 2 3

3 3 3 3
2 3 0 1

2 3 0 1

0 1 2 3

;p1
: C 90 pulse length
;p3
: H 90 pulse length
;p10
: HC CP at pl10 (f1,C) and sp0 (f2,H)
;pl1
: C 90 power level
;pl2
: H 90 power level
;sp1
: C CP power level
;pl12
: H spinal 64 decoupling power
;cpds2
: H spinal 64 decoupling scheme
;pl13
: H alt decoupling power (Spinlock and cw)
;sp0
: H CP power level
;d1
: recycle delay
;d11
: PDSD mixing time
;spnam 0 : ramp for variable amplitude CP on C
;spnam 1 : ramp for variable amplitude CP on H
;p31
: pulse length in decoupling sequence

III. (H)N pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
;hN
;Cross Polarization for Y channel (15N)
;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
#include <Avance.incl>
#include <Delay.incl>
1 ze
2 d1 do:f2
; 90 on H
(p3 pl2 ph1):f2
; HN CP
(p15:sp1 ph2):f1 (p15:sp0 ph0):f2
; calibrate N 90, optional
#ifdef N90
(p21 pl21 ph3):f1
#else
#endif

/*end of C90*/

; Acquisition with H decoupling
1u pl12:f2
1u cpds2:f2
go=2 ph31
10u do:f2

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data
100m wr #0
HaltAcqu, 1m
exit
ph0 =
ph1 =
ph2 =
ph3 =
ph31=

0
1
0
1
0

3
0 2 2 1 1 3 3
1 3 3 2 2 0 0
2 2 0 1 3 3 1

3

;p3
;p15
;p21
;pl2
;pl6
;pl5
;pl12
;cpds2
;pl21
;d1
;p31
;spnam0
;spnam1

:
:
:
:
:
:
:
:
:
:
:
:
:

H 90 pulse length
HN CP contact time
N 90 pulse length, use -DN90
H 90 power level
H CP power level
N CP power level
H spinal 64 decoupling power
H spinal 64 decoupling scheme
N 90 power level
recycle delay
pulse length in decoupling sequence
ramp for variable amplitude during CP on H
ramp for variable amplitude during CP on N

IV. (H)NCX pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
;hNCX
"p4
= 2*p1"
"d0
= 2u"
"in0 = inf1/2"
;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
#include <Avance.incl>
#include <Delay.incl>
1
2

ze
d1 do:f2

; 90 on H
(p3 pl2 ph1):f2
; HN CP
(p15:sp1 ph0):f2 (p15:sp0 ph2):f3
; t1(N) evolution
1u pl12:f2
1u cpds2:f2
d0*0.5
(p4 pl1 ph0):f1
d0*0.5
1u do:f2

;
;
;
;
;

; NC CP
1u fq=cnst10:f1
(p25:sp2 ph4):f1 (p25 pl11 ph0):f2 (p25:sp3 ph3):f3
; Acquisition with H decoupling
1u pl12:f2
1u cpds2:f2
go=2 ph31
10u do:f2

; 13C offset to CX

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data & 2D increments
10m wr #0 if #0 zd
1m
id0
1m
ip2
lo to 2 times td1
HaltAcqu, 1m
exit
ph0
ph1
ph2

1H decoupling pulse
incrementation
13C 180 refocusing pulse
incrementation
decouplers off

= 0
= 1 3
= 0 0 2 2

4

ph3 = 0
ph4 = 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3
ph31 = 0 2 2 0 1 3 3 1 2 0 0 2 3 1 1 3
;p3
: H 90 pulse length
;pl2
: H 90 pulse power level
;p15
: HN CP build up time
;sp0
: HN CP power on N
;sp1
: HN CP power on H
;cnst10: 13C CP offset on C
;p1
: C 90 pulse length
;pl1
: C 90 pulse power level
;plw3: 90N pulse power level
;p4
: (= 2*p1) C 180 pulse length
;p25
: NC CP build up time
;sp2
: NC CP power on C
;spnam2 : ramp for variable amplitude during CP on C
;sp3
: NC CP power on N
;spnam3 : ramp for variable amplitude during CP on N
;pl11 : H cw decoupling during NC CP
;pl12 : H spinal 64 decoupling power
;cpds2 : H spinal 64 decoupling scheme
;p31
: pulse length in decoupling sequence

V. (H)NCACO pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
; hNCACO
; BSH CP for CA-CO transfer
"p4
"d0
"d10

= 2*p1"
= 2u"
= 2u"

"in0
"in10

= inf1/2"
= inf2/2"

;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
#include <Avance.incl>
#include <Delay.incl>
1
2

ze
d1 do:f2

; 90 on H
(p3 pl2 ph1):f2
; HN CP
(p15:sp1 ph0):f2 (p15:sp0 ph2):f3
; t1(N) evolution
1u pl12:f2
1u cpds2:f2
d0*0.5
(p4 pl1 ph0):f1
d0*0.5
1u do:f2

;
;
;
;
;

; NC CP
1u fq=cnst10:f1
(p25:sp2 ph4):f1 (p25 pl11 ph0):f2 (p25:sp3 ph3):f3
; t2(CA) evolution
1u pl12:f2 pl3:f3

5

1H decoupling pulse
incrementation
13C 180 refocusing pulse
incrementation
decouplers off

; 13C offset to CA

1u cpds2:f2
d10*0.5
(p6 pl3 ph0):f3
d10*0.5
2u do:f2

;
;
;
;
;

1H decoupling pulse
incrementation
15N 180 refocusing pulse
incrementation
decouplers off

; BSH for CACO transfer
(p17:sp17 ph17):f1 (p17 pl14 ph0):f2
1u fq=cnst25:f1
(p19 pl1 ph19):f1

; BSH CP with cw proton decoupling
; 13C offset to CO
; CO flip to Y

; Acquisition with H decoupling
1u pl12:f2
1u cpds2:f2
go=2 ph31
10u do:f2

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data & 3D increments
10m wr #0 if #0 zd
1m
id10
1m
ip4
lo to 2 times td2
1m
rd10
1m
rp4
1m
id0
1m
ip2
lo to 2 times td1
HaltAcqu, 1m
exit
ph0= 0
ph1= 1
ph2= 0
ph3= 0
ph4= 0
ph17=0
ph19=3
ph31=0

2
1 1 1
0 2 2

3 3 3 3

0 0 0
3 3 3
2 2 0

0 0 0 0
3 3 3 3
2 0 0 2

;
;
;
;
2 2 2 2
1 1 1 1

2 2 2 2
1 1 1 1

;p3: H 90 pulse length
;pl2: H 90 pulse power
;sp0
: HN CP power on N
;sp1
: HN CP power on H
;p15: HN CP contact time
;p25: NC CP contact time
;sp17 : 13C CACO CP pulse
;p17: 13C CACO CP time
;cnst10: 13C offset to CA
;cnst25: 13C offset to CO
;p1: C 90 pulse length
;pl1: C 90 pulse power level
;p19: CO flip to Y, ca. 4.5u
;p6: N 180 pulse length
;pl3: N 90 pulse power
;pl12: H spinal 64 decoupling power
;cpds2 : H spinal 64 decoupling scheme
;pl14: 1H cw for DREAM
;pl11: 1H cw for NCA decoupling
;p31: pulse length in decoupling sequence

6

1H CP
1H p90 excite
15N in 1H to 15N CP
15N in NCA decoupling

VI. (H)NCACB pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
;hNCACB
;DREAM CA-CB transfer
"p4=2*p1"
"d0= 2u"
"d10= 2u"
"in0
"in10

= inf1/2"
= inf2/2"

;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
#include <Avance.incl>
#include <Delay.incl>
1 ze
2 d1 do:f2
; H 90
(p3 pl2 ph1):f2
; HN CP
(p15:sp1 ph0):f2

(p15:sp0 ph2):f3

; t1(N) evolution
1u pl12:f2
1u cpds2:f2
d0*0.5
(p4 pl1 ph0):f1
d0*0.5
1u do:f2

;
;
;
;
;

; NC CP
1u fq=cnst10:f1
(p25:sp2 ph4):f1 (p25 pl11 ph0):f2 (p25:sp3 ph3):f3

1H decoupling pulse
incrementation
13C 180 refocusing pulse
incrementation
decouplers off

; 13C offset to CA

; t2(CA) evolution
1u pl12:f2 pl3:f3
1u cpds2:f2
d10*0.5
(p6 pl3 ph0):f3
d10*0.5
2u do:f2

;
;
;
;
;

; DREAM for CACB transfer
;1u fq=cnst25:f1
(p21:sp21 ph17):f1 (p21 pl14 ph0):f2

; 13C offset
; DREAM pulse and 1H cw decoupling

; Acquisition with H decoupling
1u pl12:f2
1u cpds2:f2
go=2 ph31
10u do:f2

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data & 3D increments
10m wr #0 if #0 zd
1m
id10
1m
ip4
lo to 2 times td2
1m
rd10
1m
rp4
1m
id0
1m
ip2
lo to 2 times td1
HaltAcqu, 1m
exit

7

1H decoupling pulse
incrementation
15N 180 refocusing pulse
incrementation
decouplers off

ph0= 0
ph1= 1
ph2= 0
ph3= 0
ph4= 0
ph17=0
ph18=1
ph31=0

2
1 1 1
0 2 2

3 3 3 3

0 0 0
1 1 1
2 2 0

0 0 0 0
1 1 1 1
2 0 0 2

;
;
;
;
2 2 2 2
3 3 3 3

1H CP
1H p90 excite
15N in 1H to 15N CP
15N in NCA decoupling

2 2 2 2
3 3 3 3

;p3: H 90 pulse length
;pl2: H 90 pulse power level
;sp0
: HN CP power on N
;sp1
: HN CP power on H
;p15: HN CP contact time
;p25: NC CP contact time
;sp21 : 13C DREAM pulse power
;p21: 13C DREAM contact time
;cnst10 : 13C offset to CA
;cnst25 : 13C offset to CB
;p1: C 90 pulse length (calibration)
;pl1: C 90 pulse power level
;p6: N 180 pulse length
;pl3: N 90 pulse power
;pl12: H spinal 64 decoupling power
;cpds2 : H spinal 64 decoupling scheme
;pl14: 1H cw for DREAM
;pl11: 1H cw for NCA decoupling
;p31
: pulse length in decoupling sequence

VII. (H)CANCO pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
; CxNCy
"p4

= 2*p1"

"d0
"d10

= 1u"
= 1u"

"in0
"in10

= inf1/2"
= inf2/2"

;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
#include <Avance.incl>
#include <Delay.incl>
1
2

ze
d1
2u
2u
2u

do:f2
pl1:f1 pl2:f2
fq=cnst10:f1
fq=cnst20:f2

pl5:f3
; 13C offset to CA

; 90 on H
(p3 pl2 ph1):f2
; HCA CP
(p15:sp1 ph2):f1

(p15:sp0 ph0):f2

; t1(CA) evolution
1u pl12:f2 pl3:f3
1u cpds2:f2
d0*0.5

; 1H decoupling pulse
; incrementation

8

(p6 pl3 ph0):f3
d0*0.5
2u do:f2
1u pl10:f1 pl11:f2
; CAN CP
(p35:sp4 ph4):f1

; 15N 180 refocusing pulse
; incrementation
; decouplers off
pl9:f3

(p35 pl11 ph0):f2

(p35:sp5 ph3):f3

; t2(N) evolution
1u pl1:f1 pl12:f2
1u cpds2:f2
1u fq=cnst12:f1
d10*0.5
(p4 pl1 ph0):f1
d10*0.5
1u do:f2
1u pl7:f1 pl11:f2

; 1H decoupling pulse
; shifts 13C carrier frequency back
to center of spectral width
; incrementation
; 13C 180 refocusing pulse
; incrementation
; decouplers off
pl8:f3

; NCO CP
1u fq=cnst13:f1
(p25:sp2 ph5):f1 (p25 pl14 ph0):f2 (p25:sp3 ph6):f3
; Acquisition with H decoupling
1u pl12:f2
1u cpds2:f2
go=2 ph31
10u do:f2

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data & 3D increments
10m wr #0 if #0 zd
1m
id10
1m
ip3
lo to 2 times td2
1m
rd10
1m
rp3
1m
id0
1m
ip2
lo to 2 times td1
HaltAcqu, 1m
exit
ph0
ph1
ph2
ph3
ph4
ph5
ph6
ph31

=
=
=
=
=
=
=
=

0
1
0
0
0
1
0
0

3
0 2 2
1 1 1
0 0 0
2 2 0

; 13C offset to CO

1 1 1 1
2 2 2 2
2 0 0 2

;pl2
: H 90 pulse power level
;p3
: H 90 pulse length
;P15: HCA CP build up time
;sp1
: HCA CP power level on C
;sp0
: HCA CP power level on H
;cnst10 : 13C CP offset on CA
;cnst20 : HC CP offset on H
;cnst12: 13C offset to center of spectral width
;pl1
: C 90 pulse power level
;p1
: C 90 pulse length
;p4
: (= 2*p1) C 180 pulse length
;p35
: CAN CP build up time
;sp5
: CAN CP power level on N
;sp4
: CAN CP power level on C
;cnst13 : 13C CP offset on CO
;P25
: NCO CP build up time
;sp2
: NCO CP power level on C
;sp3
: NCO CP power level on N

9

;pl3
;pl5: N
;p6
;pl11
;pl14
;pl12
;cpds2
;p31

: N 90 pulse power level
90 pulse power level
: N 180 pulse length
: H CW decoupling during CN CP
: H CW decoupling during NC CP
: H spinal 64 decoupling power
: H spinal 64 decoupling scheme
: H decoupling pulse length

VIII. (H)NCOCA pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
; NCOCA_BSH
; BSH CP CO-CA transfer
"p4=2*p1"
"d0
= 2u"
"d10= 2u"
"in0
= inf1/2"
"in10
= inf2/2"
;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
1
2

ze
d1 do:f2
2u pl1:f1

pl2:f2

; 90 on H
(p3 pl2 ph1):f2
; HN CP
(p15:sp1 ph0):f2

(p15:sp0 ph2):f3

; t1(N) evolution
1u pl12:f2
1u cpds2:f2
d0*0.5
(p4 pl1 ph0):f1
d0*0.5
1u do:f2

;
;
;
;
;

; NC CP
1u fq=cnst10:f1
(p25:sp2 ph4):f1 (p25 pl11 ph0):f2 (p25:sp3 ph3):f3

1H decoupling pulse
incrementation
13C 180 refocusing pulse
incrementation
decouplers off

; 13C offset to CO

; t2(CO) evolution
1u pl12:f2 pl3:f3
1u cpds2:f2
d10*0.5
(p6 pl3 ph0):f3
d10*0.5
2u do:f2

;
;
;
;
;

; BSH for COCA transfer
(p18 pl1 ph18):f1

; flip CO

;

1H decoupling pulse
incrementation
15N 180 refocusing pulse
incrementation
decouplers off

1u fq=cnst25:f1

; 13C offset to CA

(p17:sp17 ph17):f1 (p17 pl14 ph0):f2
(p19 pl19 ph19):f1

; BSH CP with cw proton decoupling
; CA lock on X, CO flip to XY, no
need for 3D

; Acquisition with H decoupling
1u pl12:f2
1u cpds2:f2
go=2 ph31

; 1H decoupling pulse
; Acquisition
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10u do:f2

; decouplers off

; Write data & 3D increments
10m wr #0 if #0 zd
1m
id10
1m
ip4
lo to 2 times td2
1m
rd10
1m
rp4
1m
id0
1m
ip2
lo to 2 times td1
HaltAcqu, 1m
exit
ph0= 0
ph1= 1
ph2= 0
ph3= 0
ph4= 0
ph17=0
ph18=1
ph19=2
ph31=0

2
1 1 1
0 2 2

3 3 3 3

0
1
2
2

0
1
2
2

0
1
2
2

0
1
2
0

0
1
2
0

0
1
2
0

0
1
2
2

2 2 2 2
3 3 3 3
0 0 0 0

2 2 2 2
3 3 3 3
0 0 0 0

;p3
: H 90 pulse length
;pl2
: H 90 pulse power level
;sp0
: HN CP power level on N
;sp1
: HN CP power level on H
;p15
: HN CP contact time
;p1
: C 90 pulse length
;pl1
: C 90 pulse power level
;p18
: CO flip pulse ca. 60 grad
;sp17
: 13C BSH CP pulse
;p17
: 13C BSH CP time
;p19
: CO flip to Y
;pl19
: CO flip to Y
;cnst10 : 13C offset to CO
;cnst25 : 13C offset to CA
;p6
: N 180 pulse length
;pl3
: N 90 pulse power level
;pl12
: H spinal 64 decoupling power
;cpds2 : H spinal 64 decoupling scheme
;pl14
: 1H cw for BSH
;pl11
: 1H cw for NCA decoupling
;p25: NC CP contact time
;p31
: H decoupling pulse length

IX. (H)NCO(CA)CB pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
;NCOCACB
"p4
"d0
"d10

= 2*p1"
= 2u"
= 2u"

"in0
"in10

= inf1/2"
= inf2/2"

;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
1
2

ze
d1 do:f2
2u pl1:f1

pl2:f2
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; 90 on H
(p3 pl2 ph1):f2
; HN CP
(p15:sp1 ph0):f2

(p15:sp0 ph2):f3

; t1(N) evolution
1u pl12:f2
1u cpds2:f2
d0*0.5
(p4 pl1 ph0):f1
d0*0.5
1u do:f2

;
;
;
;
;

; NC CP
1u fq=cnst10:f1
(p25:sp2 ph4):f1 (p25 pl11 ph0):f2 (p25:sp3 ph3):f3

1H decoupling pulse
incrementation
13C 180 refocusing pulse
incrementation
decouplers off

; 13C offset to CO

; t2(CO) evolution
1u pl12:f2 pl3:f3
1u cpds2:f2
d10*0.5
(p6 pl3 ph0):f3
d10*0.5
2u do:f2

;
;
;
;
;

; BSH for COCA transfer
(p18 pl1 ph18):f1

; flip CO

;

1H decoupling pulse
incrementation
15N 180 refocusing pulse
incrementation
decouplers off

1u fq=cnst25:f1

; 13C offset to CA

(p17:sp17 ph17):f1 (p17 pl14 ph0):f2
(p19 pl19 ph19):f1

; BSH CP with cw proton decoupling
; CA lock on X, CO flip to XY, no
need for 3D

; DREAM for CACB transfer
;
1u fq=cnst26:f1
(p21:sp21 ph21):f1 (p21 pl15 ph0):f2
; Acquisition with H decoupling
1u pl12:f2 pl13:f3
1u cpds2:f2
go=2 ph31
10u do:f2

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data & 3D increments
10m wr #0 if #0 zd
1m
id10
1m
ip17
lo to 2 times td2
1m
rd10
1m
rp17
1m
id0
1m
ip2
lo to 2 times td1
HaltAcqu, 1m
exit
ph0= 0
ph1= 1
ph2= 0
ph3= 0
ph4= 0
ph17=0
ph18=1
ph19=2
ph21=0
ph31=0

2
1 1 1
0 2 2

3 3 3 3

0
1
2
0
2

0
1
2
0
2

0
1
2
0
2

0
1
2
0
0

0
1
2
0
0

0
1
2
0
0

0
1
2
0
2

;
;
;
;
2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

1H CP
1H p90 excite
15N in 1H to 15N CP
15N in NCA decoupling

; CO along Y
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;p3
: H 90 pulse length
;pl2
: H 90 pulse power level
;sp0
: HN CP power level on N
;sp1
: HN CP power level on H
;p15
: HN CP contact time
;p1
: C 90 pulse length
;pl1
: C 90 pulse power level
;p18
: CO flip pulse ca. 60 grad
;sp17 : 13C BSH-CP pulse
;p17
: 13C BSH-CP time
;p19
: CO flip to Y
;pl19 : CO flip to Y
;cnst10: 13C offset to CO
;cnst25: 13C offset to CA
;cnst26: DREAM frequency offset to CA
;p21
: DREAM contact time
;sp21 : 13C DREAM pulse power
;p6
: N 180 pulse length
;pl3
: N 90 pulse power level
;pl12 : H spinal 64 decoupling power
;cpds2 : H spinal 64 decoupling scheme
;pl14 : 1H cw for BSH-CP
;pl11 : 1H cw for NCA decoupling
;pl15 : 1H cw for CACB DREAM
;p25: NC CP contact time
;p31
: H decoupling pulse length

X. (H)N(CO)CACB pulse sequence
The authors are not responsible for any damage caused by the use of this pulse program or parts thereof.
;NcoCACB
"p4
"d0
"d10

= 2*p1"
= 2u"
= 2u"

"in0
"in10

= inf1/2"
= inf2/2"

;cnst11 : to adjust t=0 for acquisition, if digmod = baseopt
"acqt0=1u*cnst11"
1
2

ze
d1 do:f2
2u pl1:f1

pl2:f2

; 90 on H
(p3 pl2 ph1):f2
; HN CP
(p15:sp1 ph0):f2

(p15:sp0 ph2):f3

; t1(N) evolution
1u pl12:f2
1u cpds2:f2
d0*0.5
(p4 pl1 ph0):f1
d0*0.5
1u do:f2

;
;
;
;
;

; NC CP
1u fq=cnst10:f1
(p25:sp2 ph4):f1 (p25 pl11 ph0):f2 (p25:sp3 ph3):f3
; BSH for COCA transfer
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1H decoupling pulse
incrementation
13C 180 refocusing pulse
incrementation
decouplers off

; 13C offset to CO

(p18 pl1 ph18):f1
; flip CO
1u fq=cnst25:f1
;

; 13C offset to CA
; BSH CP with cw proton decoupling
; CA lock on X, CO flip to XY, no
need for 3D

(p17:sp17 ph17):f1 (p17 pl14 ph0):f2
(p19 pl19 ph19):f1

; t2(CA) evolution
1u pl12:f2 pl3:f3
1u cpds2:f2
d10*0.5
(p6 pl3 ph0):f3
d10*0.5
2u do:f2

;
;
;
;
;

1H decoupling pulse
incrementation
15N 180 refocusing pulse
incrementation
decouplers off

; DREAM for CACB transfer
;
1u fq=cnst26:f1
(p21:sp21 ph21):f1 (p21 pl15 ph0):f2
; Acquisition with H decoupling
1u pl12:f2
1u cpds2:f2
go=2 ph31
10u do:f2

; 1H decoupling pulse
; Acquisition
; decouplers off

; Write data & 3D increments
10m wr #0 if #0 zd
1m
id10
1m
ip17
lo to 2 times td2
1m
rd10
1m
rp17
1m
id0
1m
ip2
lo to 2 times td1
HaltAcqu, 1m
exit
ph0= 0
ph1= 1
ph2= 0
ph3= 0
ph4= 0
ph17=0
ph18=1
ph19=2
ph21=0
ph31=0

2
1 1 1
0 2 2

3 3 3 3

0
1
2
0
2

0
1
2
0
2

;p3
:
;pl2
:
;sp0
:
;sp1
:
;p15
:
;p1
:
;pl1
:
;p18
:
;sp17 :
;p17
:
;p19
:
;pl19 :
;cnst10:
;cnst25:
;cnst26:
;p21
:
;sp21 :
;p6
:
;pl3
:
;pl12 :

0
1
2
0
2

0
1
2
0
0

0
1
2
0
0

0
1
2
0
0

0
1
2
0
2

;
;
;
;
2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

2
3
0
2

1H CP
1H p90 excite
15N in 1H to 15N CP
15N in NCA decoupling

; CO along Y

H 90 pulse length
H 90 pulse power level
HN CP power level on N
HN CP power level on H
HN CP contact time
C 90 pulse length
C 90 pulse power level
CO flip pulse
13C BSH CP power level
13C BSH CP contact time
CO flip to Y
CO flip to Y
13C offset to CO
13C offset to CA
DREAM frequency offset to CB
DREAM contact time
13C DREAM pulse
N 180 pulse length
N 90 pulse power level
H spinal 64 decoupling power
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;cpds2 : H spinal 64 decoupling scheme
;pl14 : 1H cw for BSH
;pl11 : 1H cw for NCA decoupling
;pl15 : 1H cw for CACB DREAM
;p25: NC CP contact time
;p31
: H decoupling pulse length
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