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ABSTRACT: The flow of ions across cell membranes facilitated by ion 60 Kz MAS
channels is an important function for all living cells. Despite the huge ssNMR
amount of structural data provided by crystallography, elucidating the

exact interactions between the selectivity filter atoms and bound ions is

challenging. Here, we detect bound I5N-labeled ammonium ions as a

mimic for potassium ions in ion channels using solid-state NMR under
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near-native conditions. The non-selective ion channel NaK showed two o

ammonium peaks corresponding to its two ion binding sites, while its @ 251 251
potassium-selective mutant NaK2K that has a signature potassium- N NH, —
selective selectivity filter with four ion binding sites gave rise to four 7 8'H(ppm) 6 7 &'H(ppm) 6

ammonium peaks. Ions bound in specific ion binding sites were

identified based on magnetization transfer between the ions and carbon atoms in the selectivity filters. Magnetization transfer
between bound ions and water molecules revealed that only one out of four ions in the selectivity filter of NaK2K is in close contact
with water, which is in agreement with the direct knock-on ion conduction mechanism where ions are conducted through the
channel by means of direct interactions without water molecules in between. Interestingly, the potassium-selective ion channels
investigated here (NaK2K and, additionally, KcsA-Kv1.3) showed remarkably different chemical shifts for their bound ions, despite
having identical amino acid sequences and crystal structures of their selectivity filters. Molecular dynamics simulations show similar
ion binding and conduction behavior between ammonium and potassium ions and identify the origin of the differences between the
investigated potassium channels.

Bl INTRODUCTION narrow pore with four ion binding sites (called S1 to S4) made
up of the backbone carbonyls of five amino acids (TVGYG)
and the side chain of the threonine.

Although many studies using a range of structural methods
have focused on investigating ion conduction in K'-selective
ion channels, the exact mechanism is still debated.”®
Originally, it was proposed that water molecules and K" ions
permeate together in an alternating arrangement (water, ion,
water, ion) through the SF.” This was the accepted model in
the field until 2014 when molecular dynamics (MD)
simulations and reanalysis of the crystal structures led to a
new model suggesting that ions are in direct contact with each
other and no water molecules are co-transported during the
conduction process.'’ Since then, several techniques including
2D infrared spectroscopy'' and anomalous X-ray diffraction'”
have been interpreted in favor of each of the suggested models.

Ion channels are essential for living cells due to their role in
electric signaling, which is important for many biological
functions. Since ions cannot permeate lipophilic cell
membranes, they must enter and leave cells through protein
channels that are embedded into the membrane. Dysfunctional
ion channels in humans are known to be involved in various
neurological diseases such as epilepsy or autism. Because of
their involvement in a wide variety of physiological processes,
ion channels are well known to be important drug targets.'
NaK is a bacterial non-selective ion channel that conducts both
sodium (Na*) and potassium (K') ions.” Because of its
similarity to human cyclic nucleotide-gated ion channels, NaK
has become an important model system for non-selective ion
channels. NaK is a tetrameric protein in which each monomer
consists of two transmembrane helices connected by an
intramembrane pore helix and a six-amino-acid-long selectivity
filter (SE), TVGDGN. NaK2K, a double mutant (D66Y, Received: December 20, 2021
N68D) of NaK, is K™-selective and has become an established Published: February 24, 2022

model system for K*-selective ion channels.*~> NaK2K is very

similar to KcsA, the most studied K*-selective ion channel, for

which the crystal structure marked an important breakthrough

in ion channel research.’ The SF of KcsA was revealed as a
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In a recent solid-state NMR study, we showed, by investigating
H/D exchange and water-to-amide spin diffusion (SD)
experiments, that no water could be detected in the SF of
NaK2K when K* ions were present.'” It is therefore interesting
to now investigate ion conduction from the perspective of the
ions. K" ions can in principle be detected in NMR experiments
using the NMR active nucleus PR, Unfortunately, ¥K has a
rather low gyromagnetic ratio and it is a quadrupolar nucleus,
making it very challenging for protein NMR. An attractive
mimic for K* ions is "N-labeled ammonium ions (**NH,")
that contain two NMR active nuclei ('H and '*N) and allow
for detection of the very sensitive 'H nucleus. "NH,* ions
have been used as a mimic for K* ions in solution NMR studies
of several different biological systems.'”'> Recently, a solution
NMR study of KscA with "NH," ions showed five different
resonances originating from SNH," ions.'® The peaks were
attributed to bound ions in sites S1 to S4 and the presence of
an ion in the SO site above the SF. However, this assumption
was not confirmed by transfers between ions and atoms in the
protein.

Here, we used 'H-detected solid-state NMR on ion channel
proteins embedded in a lipid bilayer. This enables the detailed
analysis of the structure and dynamics of membrane proteins
under near-to-physiological conditions.'”~>* We were able to
detect '>NH," ions bound in the SF of the non-selective ion
channel NakK, its K'-selective mutant NaK2K, and KcsA-
Kv1.3,>* a mutant of KcsA resembling the human voltage-gated
channel Kvl1.3. Importantly, by transferring magnetization
between “NH,* ions and backbone atoms of the SF residues,
we could assign ions bound in specific ion binding sites.
Additionally, we investigated interactions between bound
SNH," ions and water molecules and studied the effect
SNH," ions have on the investigated proteins compared to K*
ions. Finally, we performed MD simulations to investigate the
behavior of NH,* ions compared to K* ions during conduction
events.

B EXPERIMENTAL SECTION

Sample Preparation. NaK and NaK2K were expressed and
purified as previously described.'**® Briefly, both the NaK and
NaK2K constructs are missing the first 19 amino acids and have a C-
terminal hexahistidine tag. The NaKA19 construct in a pQE60 vector
was expressed in Escherichia coli NEB Express 14 The NaK2KA19
construct (in a pET28a vector) was expressed in E. coli OverExpress
C43(DE3). Both were expressed in deuterated minimal media
supplemented with '3Cgp-glucose and NH,Cl, and cells were
adapted to D,0O conditions. The fully protonated NaK2KA19 was
expressed in minimal media supplemented with '*C,p-glucose and
SNH,Cl. The deuterated samples were solubilized with 80 mM DM
(n-decyl-f-maltoside, Glycon Biochemicals) and the protonated
samples with 40 mM DM in the solubilization buffer. The deuterated
samples were dialyzed against the sample buffer [100% H,O with 20
mM tris (pH 8) and 50 mM ""NH,CI] for 8 days at a 100X dilution
factor. The fully protonated sample was dialyzed initially against 20
mM tris (pH 8) for 2 days with a 100X dilution factor, after which it
was dialyzed against 20 mM tris (pH 8) with S0 mM “NH,CI for the
remaining 6 days. During dialysis, the protein was reconstituted into
an E. coli total lipid extract (100500, Avanti Polar Lipids) in a
protein/lipid ratio of 2:1 (w/w).

The deuterated samples were washed under different ionic
conditions. Two batches of deuterated NaK2K were prepared. One
batch was washed from 50 mM '*NH,ClI to a buffer without cations
and back to 50 mM "NH,Cl. The second batch was washed from 50
mM "*NH,CI to a buffer without cations and finally to 50 mM KCL
For NaK, one batch was sufficient for all washes. The sample was
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washed from 50 mM NH,CI to a buffer without cations, back to 50
mM NH,C], and finally to 50 mM KCL The washing procedure
consisted of ultracentrifugation of the sample at 100,000 relative
centrifugal force for 1 h, removal of the original sample buffer, and
addition of the new sample buffer. This procedure was repeated 2 to 3
times during each wash, with the sample rotating at 4 °C between the
buffer exchange steps. The total washing time was 7—14 days for each
buffer exchange. A short total washing time was used when cations
were introduced, and a long washing time was used when the samples
were washed to a buffer without cations.

KcsA-Kvl.3 was expressed and purified as previously described.”*
Briefly, plasmid pQE32-Kc1.3 ChilV L90C coding for KcsA-Kv1.3
was transformed into E. coli strain M15 (Prep4) (Qiagen). To obtain
uniformly "*N'*C-labeled protein, cells were grown at 37 °C in an 8 L
minimal media-shaking culture until an ODyg, of 0.75 was achieved.
The cells were pelleted, washed with 2 L of 5X M9 salts, and dissolved
in 2 L of minimal media with 1 g of *'NH,CI per liter as a nitrogen
source and 4 g of *C¢-D-glucose per liter as a carbon source. After 1 h
of shaking at 25 °C, protein expression was induced by adding 0.8
mM IPTG. The cells were harvested 3.5 h after induction. The cells
were dissolved in 250 mL of lysis buffer (50 mM MOPS, pH 7.2, 150
mM KCl, complete EDTA-free, 200 mM PMSF) and lysed by three
passages through a French press. From the pellet, the protein was
solubilized in 100 mL of 100 mM Na-phosphate, pH 7.0, 150 mM
KCl, and 40 mM DM (Anatrace) by overnight incubation at 4 °C.
From the supernatant, the protein was purified by Ni-NTA
chromatography26 using 2 mL of Ni-NTA agarose (Qiagen). The
protein was eluted from the Ni-NTA agarose with 100 mM Na-
phosphate, pH 7.8, 150 mM KCl, 400 mM imidazole, and 4 mM DM.
The elution fractions were combined, and the buffer was exchanged
against 50 mM Na-phosphate, pH 7.4, 50 mM NaCl, and 4 mM DM
using a HiPrep 26/10 desalting column (Amersham). The final
protein concentration was determined with the Bio-Rad DC protein
assay. The protein was reconstituted into asolectin from soybean
(Sigma) at a 100/1 asolectin/KcsA-Kv1.3 molar ratio, removing the
detergent with Bio-Beads (Bio-Rad). The liposomes with the
reconstituted protein were washed several times in 50 mM Na-
phosphate, pH 7.4, and 50 mM NaCl.

Reconstituted KcsA-Kv1.3 was pelleted and resuspended in 50 mM
phosphate buffer solution at pH 7, containing 50 mM NaCl and S0
mM KCL KCl exchange against 150 mM "*NH,Cl was performed
directly by incubating the 0.7 mm rotor with an excess of S0 mM
phosphate, 50 mM NaCl, and 150 mM "“NH,Cl at pH 7. Briefly, the
drive cap was removed from the 0.7 mm rotor, and the rotor was
incubated at room temperature with 200 L of S0 mM phosphate, S0
mM NaCl, and 150 mM "“NH,CI at pH 7. The buffer was renewed
every 24 h for 4 days. To ensure buffer exchange in such a small rotor
diameter, the 0.7 mm rotor was transferred into a 1.3 mm rotor and
centrifuged using a benchtop centrifuge at every buffer renewal.

Solid-State NMR. The fully protonated '*C'*N-labeled NaK2K
was initially packed into a 3.2 mm rotor. '*C-detected NCO and NCa
spectra were recorded on a spectrometer with an external magnetic
field strength corresponding to a 'H Larmor frequency of 800 MHz
(Bruker), equipped with a 3.2 mm E-free probe (Bruker BioSpin)
operating at 11 kHz MAS and at a sample temperature of 10 °C. The
sample was then transferred to a 0.7 mm rotor using a micro spatula.
"H-detected solid-state NMR experiments of the fully protonated
BBC5N-labeled NaK2K sample with 50 mM "*NH,Cl were performed
on a spectrometer with an external magnetic field strength
corresponding to a 'H Larmor frequency of 900 MHz (Bruker)
using a 0.7 mm probe (Bruker BioSpin) operating at 100 kHz MAS
and at a sample temperature of 25 °C. To compensate for the drift of
the magnetic field, an external lock was used. Five 3D experiments
were recorded for assignments: CP-based (H)CaNH, (H)Ca(CO)-
NH, (H)CONH, (H)COCaHa, and a (H)CCH TOCSY with 15 ms
BC-3C DIPSI-3 mixing at a nutation frequency of 10 kHz. All
deuterated '*C'*N-labeled samples were packed into 1.3 mm rotors. A
silicone-based glue was used to seal the rotors to prevent leakage and
drying out of the samples. Experiments were recorded at 60 kHz MAS
and at a sample temperature of 25 °C using 1.3 mm probes (Bruker

https://doi.org/10.1021/jacs.1c13247
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Figure 1. Comparison of K* and ""NH,"-bound NaK. (A) Overlay of 2D NCO (left) and NCa (right) projections from 3D (H)CONH and
(H)CaNH spectra of NaK with 50 mM KCI (purple) or 50 mM *NH,CI (orange). *Note that in the NCa projection, the peak corresponding to
D66 is too weak to be visible; it could however be identified in the 3D hCaNH. (B) Assigned residues plotted onto the crystal structure of NaK
(PDB ID 3E8H). Residues for which the amide protons are visible in H,O back-exchanged *H'*C'*N-labeled NaK (in both K*-bound and '*NH,*-
bound samples) are shown in purple. D66, which is only visible in NH,*-bound NaK, is colored orange. Residues that could not be assigned (as
previously)*® are shown in dark grey, and residues that are protected from H/D exchange are shown in white.

BioSpin) on spectrometers operating at external magnetic field
strengths corresponding to 'H Larmor frequencies of 600 and 900
MHz (Bruker). The drift of the 600 MHz spectrometer is negligible,
and therefore, no lock was needed. For experiments recorded on the
900 MHz spectrometer, an external lock was used. CP-based 2D
(H)NH and 3D (H)CaNH experiments and 1D and/or 2D NH,*-
selective INEPT-based experiments were recorded for all deuterated
samples (see Supporting Information Figure S1).

Additional CP-based 2D (H)CH, 3D (H)CONH, (H)CO(Ca)-
NH, and (H)Ca(CO)NH experiments were recorded for the samples
where assignments were required for a complete analysis. A "NH,*-
selective 3D H(H)NH experiment, with 25 ms '"H—'"H SD mixing,
was recorded for deuterated NaK2K with 50 mM “NH,CIL.
Assignment experiments [3D (H)CaNH, (H)CONH, (H)CO(Ca)-
NH, and (H)Ca(CO)NH] for the deuterated samples were recorded
using 35% non-uniform sampling, with a sampling scheme %enerated
from http://gwagner.med.harvard.edu/intranet/hmsIST/,*”*® recon-
structed with the gMDD software using compressed sensing with the
iterative re-weighted least squares algorithmz(_31 (20 iterations) and
processed using NMRPipe.”> Uniformly recorded spectra were
processed using TopSpin 4 (Bruker). Spectral analysis was performed
using CcpNmr Analysis.>

The fully protonated '*C,""N-KscA-Kv1.3 sample in 50 mM KCI
buffer was pre-packed in a 1.3 mm rotor and then transferred to a 0.7
mm rotor. Backbone assignment experiments, (H)CaNH, (H)(CO)-
Ca(CO)NH, (H)CO(Ca)NH, and (H)CONH, were measured on a
950 MHz Bruker spectrometer equipped with a 0.7 mm HCND probe
with 105 kHz MAS with cooling gas set to 265 K. For the sample in
150 mM '’NH,Cl-containing buffer, (H)NH, (H)CaNH and
(H)CONH spectra were measured using 100 kHz MAS on a 950
MHz Bruker spectrometer equipped with a 0.7 mm HCND probe
with cooling gas set to 260 K. An (H)NH spectrum using a refocused
INEPT transfer scheme to detect '>NH," was measured on a 1.2 GHz
Bruker spectrometer using 100 kHz MAS at a 260 K set temperature.

MD Simulations. Molecular systems used for MD simulations of
NaK2K F92A and KcsA were taken from our previous investigation.**
For NaK2K F924A, a high-resolution crystal structure (PDB ID
30UF) was used. For KcsA, the crystal structure (PDB ID 3FSW)
was used, with the SF taken from another structure (PDB ID 1K4C).
In NaK2K, the F92A mutation was introduced to increase ionic
fluxes.” Both channels were embedded in a patch of POPC lipids and
surrounded by K¥, Na*, and CI” ions. For simulations with
ammonium ions, all K* ions were replaced by NH," ions. The final
salt concentration was ca. 0.9 M. The titratable groups of channels
were protonated according to their standard protonation states at pH
7 (in KcsA, E71 was protonated®®). The systems were simulated with
GROMACS 5.1 or 2016*°* under an electric field acting along the
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z-axis (perpendicular to the membrane), resulting in a membrane
voltagew’41 of 200 mV (for NaK2K F92A) or 300 mV (for KcsA) to
drive outward ion permeation. 10 individual simulations were run for
each channel/force field/ion combination (6 separate systems), each
for 100—500 ns.

For NaK2K F92A simulations, two different force fields were used:
Amber99sb** and CHARMM36m.* For KcsA simulations, only
Amber99sb was used, as the SF of KcsA shows instabilities in
simulations with CHARMM36m.***> For Amber99sb simulations,
Berger lipids,46 the TIP3P water model,*” and Joung and Cheatham
K* and CI” ion parameters were used.** For NH," ions, default
Amber99sb parameters were used. Aliphatic hydrogen atoms were
treated with the virtual site technique, allowing for a 4 fs timestep.*’
van der Waals interactions were cut off at 1.0 nm, and the dispersion
correction for energy and pressure was applied. The particle mesh
Ewald (PME)*° method was used for electrostatic interactions, with a
1.0 nm real-space cutoff. The v-rescale thermostat’ and semi-
isotropic Berendsen barostat™ were used to keep the systems at 323
K and 1 bar, respectively. For CHARMM36m simulations, we used
CHARMM36 lipids,53 CHARMM TIP3P water model,** and default
CHARMM ion parameters.55 The integration time step was 2 fs. van
der Waals interactions were force-switched off from 0.8 to 1.2 nm.
The PME method was used with the 1.2 nm real-space cutoff. The
Nosé—Hoover thermostat®®” and Parrinello—Rahman barostat®®
were used to keep the systems at 320 K and 1 bar, respectively. For
each system and force field, 10 individual simulations were run, each
between 100—500 ns long. The analysis was done using a custom tool
for K* channel simulations reported before.”” A root-mean-square-
deviation (RMSD) was calculated for SF mainchain atoms after fitting
it to the high-resolution crystal structure (PDB ID 6UFE for NaK2K
and PDB ID SVK6 for KcsA) using the gmx rms tool.

B RESULTS AND DISCUSSION

5NH,* lons are Suitable as a Mimic for K* lons in the
Non-Selective lon Channel NaK. A previous solid-state
NMR study revealed that the SF of NaK can adopt two
different conformations depending on the presence of K* or
Na" ions in the sample. The K'-bound state corresponds to the
conformation observed in the crystal structure (PDB ID
3E8H), while the Na* bound state is represented by a mixture
between the crystal structure conformation and a conformation
with a carbonyl flip of residue T62 just below the SF.** NaK is
therefore an excellent system to evaluate whether ''NH," ions
can be used as a K mimic in solid-state NMR studies. The
spectra can directly show clear differences depending on which

https://doi.org/10.1021/jacs.1c13247
J. Am. Chem. Soc. 2022, 144, 41474157


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c13247/suppl_file/ja1c13247_si_001.pdf
http://gwagner.med.harvard.edu/intranet/hmsIST/
https://pubs.acs.org/doi/10.1021/jacs.1c13247?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c13247?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c13247?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c13247?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c13247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

ions are bound. To address this, we recorded a set of 'H-
detected 3D spectra® on 100% H,O back-exchanged
deuterated '*C'°N-labeled NaK samples with SO mM
NH,CI or 50 mM KCIL.

The only significant difference between the samples is that
D66 can be detected in the "NH,*-bound sample but not in
the K'-bound sample (see Figure 1 and Supporting
Information Figure S2). This would suggest that '"NH," ions
stabilize the upper part of the SF more than K' ions.
Additionally, a small difference in the nitrogen chemical shift of
G6S (0.8 ppm) can be observed, which could be related to the
stabilization of the upper part of the SF caused by *NH," ions
and/or different chemical shielding between K* and “NH,"
ions. However, since the CO atoms of the SF residues are
closest to the ions and their chemical shifts are unaffected by
the ion type present, it seems unlikely that different ions cause
different chemical shielding. Finally, the nitrogen chemical shift
of T63 appears to be slightly different between the two
samples; however, this peak is rather weak and broad in both
samples. The almost identical spectra for the two samples
indicate that there are no significant structural differences
between *NH,"-bound and K'-bound NaK, confirming that
NH," is a good mimic for K*.

Bound ’NH," lons Detected in the S3 and S4 lon
Binding Sites in NaK. To detect 'NH,* ions, we used ‘H-
detected (H)NH refocused INEPT experiments with INEPT
delays specific to '*NH,", assuming a J-coupling strength of
73.5 Hz®' (Supporting Information Figure S1). Bandwidth-
selective pulses on the nitrogen channel can be used to filter
out signals coming from the backbone and side-chain NH
groups. This works well since the nitrogen chemical shifts of
NH," ions are around 20—25 ppm, which is far away from
any nitrogen chemical shifts originating from backbone or side-
chain atoms (see Supporting Information Figure S3). It should
be mentioned that at pH 8, which we have in our samples, free
SNH," ions in solution cannot be detected due to chemical
exchange with bulk water. This is also obvious from the
spectra, which otherwise would have contained an intense peak
from free ""'NH," ions. We are therefore able to specifically
detect bound NH," ions within the SF of the non-selective ion
channel.

The SF of NaK consists of two ion binding sites, S3 and S4
(see Figure 2A), and the 'NH,"-selective 'H-detected
'"H-"N 2D spectrum (Figure 2B) shows two peaks with
different nitrogen chemical shifts (20.9 and 22.9 ppm). The
NH," peak at 22.9 ppm appears to be split or broadened in
the 'H dimension. We used 'H-detected 'H-'*C CP
experiments with long mixing times (7—8 ms) to transfer
magnetization between the protons of '*NH," ions and carbon
atoms of NaK (Figure 2C right, orange spectrum). An ion
bound in the S3 ion binding site should show transfer to T63
CO, V64 Ca, V64 CO, and G65 Ca. An ion bound in the S4
ion binding site should show transfer to T63 Ca, T63 CS, T63
Cy, T63 CO, and V64 CO. As a control, we performed the
same experiments on NaK with K* ions (Figure 2C left, purple
spectrum). Since the carbon chemical shifts are identical in K*-
and *NH,"-bound NaK, we can easily identify cross-peaks
between 'SNH," ions and nearby carbon atoms of NaK. These
cross-peaks will only be visible in the spectrum of “NH,*-
bound NaK at the proton chemical shifts of the '*NH," ions
(see Figure 2). All the cross-peaks corresponding to ions being
bound in the S3 and S4 ion binding sites could be observed
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Figure 2. Detection of bound NH," ions in NaK. (A) SF structure
of NaK, with the ion binding sites S3 and S4 indicated. (B) INEPT-
based band-selective 2D 'H—'N correlation spectrum of bound
SNH," ions. (C) 'H-detected "H—"3C correlation spectra (NaK with
K* ions in purple and with '"'NH," ions in orange) with 7—8 ms CP
transfer times. The chemical shifts of carbon atoms in the SF residues
T63, V64, and G65 are indicated with dashed lines, and the proton
chemical shifts of the '*'NH," ions are indicated with a gray shade.
The spectra at the top were recorded with the carbon carrier
frequency in the middle of the aliphatic region and the spectra at the
bottom in the middle of the carbonyl region.

(Figure 2C). Unfortunately, the proton chemical shifts are not
distinguishable between the two '“NH," peaks, and we
therefore cannot unambiguously assign which peak belongs
to which ion binding site. However, there appears to be a tail in
the 'H dimension on the "'NH,*-T63Ca and *NH,*-T63Cp
cross-peaks. This implies that the "NH,* peak with a nitrogen
chemical shift of 22.9 ppm and a split in the 'H dimension
could represent a slightly heterogeneous S4 ion binding site.
The behavior of T63 N that appears as a broadened peak in
our assignment experiments (Figure 1) also fits with a more
dynamic S4 ion binding site. Overall, the experiments on NaK
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show that "NH," ions are a promising tool for solid-state
NMR investigations of ion binding. We therefore applied these
methods to the K*-selective mutant NaK2K (NaK D66Y and
N68D) for which we previously used 'H-detected solid-state
NMR experiments to investigate the ion conduction
mechanism by studying the behavior of water molecules."?
Bound >NH,* lons in NaK2K Are Consistent with the
Direct Knock-On lon Conduction Mechanism. The K'-
selective mutant NaK2K has the signature SF sequence
TVGYG, which forms four ion binding sites (S1 to S4, see
Figure 3A).” In the same way as for NaK, we recorded 'H—""N
correlation spectra of “NH," ions in 100% H,O back-
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Figure 3. Detection of bound '*NH,* ions in NaK2K. (A) SF
structure of NaK2K, with the ion binding sites S1 to S4 indicated. (B)
INEPT-based band-selective 2D 'H—"N correlation spectrum of
bound *NH," ions (blue) overlaid with a 2D plane of a 3D H(H)NH
with a 25 ms "H—"H spin-diffusion mixing time taken at the chemical
shift of bound water (red). (C) 'H-detected 'H—'3C correlation
spectra (NaK2K with K* in purple and with *NH," in blue) with 8
ms CP transfer times. The identified cross-peaks between bound
NH," ions and backbone atoms of NaK2K are labeled in the spectra
of ’NH,*-bound NaK2K. *Note that the cross-peak between S3 and
V64Ca could not be unambiguously assigned due to potential
overlaps with DS2H-PSOCa and/or T80Hyl-Ca (labeled in the
spectrum of K*-bound NaK2K). The spectra at the top were recorded
with the carbon carrier frequency in the middle of the aliphatic region
and the spectra at the bottom in the middle of the carbonyl region.

4151

exchanged deuterated *C'*N-labeled protein using INEPT-
based transfers. In contrast to NaK, for which two 'NH,*
peaks were detected (Figure 2B), four “NH," peaks were
detected in NaK2K (Figure 3B). The four ions detected in the
SF of NaK2K provide an excellent opportunity to investigate
the ion conduction mechanism. In the water-mediated ion
conduction mechanism, alternating ions and water molecules
should be present in the SF, whereas in the direct knock-on
mechanism, predominantly ions should be present in the SF.
To investigate whether any of the ions are in close proximity
to bound water molecules, we recorded a *NH,*-selective 3D
H(H)NH experiment, with 25 ms 'H—'"H SD mixing. Any
SN'H," ions that are in close proximity to bound water should
give a peak in the SD spectrum. The fact that only one out of
the four peaks gives a cross-peak with water is in strong
agreement with the direct knock-on ion conduction mecha-
nism and our previous results on K*-bound NaK2K.'""?
Assignments of the NH," peaks were achieved using
"H-"3C CP experiments with long transfer times (8 ms, see
Figure 3C) in the same way as described above for NaK. Since
only one of the 'SNH," peaks is in close proximity to water, it
must come from a *NH," ion bound in the S1 or S4 ion
binding site. The ""'NH," peak with a "N chemical shift of 19.7
ppm and a 'H chemical shift of 6.35 ppm could be assigned to
an ion bound in S4 based on transfers to T63 Ca, Cf, Cy, and
CO, meaning that the peak that is in close proximity to bound
water must come from an ion bound in S1. This is also in
agreement with a recent study where it was shown by
crystallography and MD simulations that NaK2K has a
hydrophobic gate below the SF that drastically limits the
availability of water below the SF (near the S4 ion binding
site).” We could assign the peak with a >N chemical shift of
23.2 ppm (which has the same 'H chemical shift as S1) to an
ion bound in S3 based on transfers to T63 CO, T64 CO, and
V64 Ca. Note that the $3-V64Ca cross-peak (labeled with * in
Figure 2C) could not be unambiguously assigned since it
overlaps with cross-peaks that are also present in the K*-bound
sample. The additional cross-peaks in this region correspond to
DS2H-PSOCa and T80Hy1 (the proton in the side-chain OH
group of threonine)-Ca (see Figure 3C, left spectrum). The
last *NH," peak was tentatively assigned to the remaining S2
ion binding site. Unfortunately, the SF residues G65 and Y66
do not show up in spectra of NaK2K with *NH,*, and we
could therefore not confirm the assignments of S1 and S2
using '"H—"C correlation experiments. Consequently, it
cannot be excluded that the peak tentatively assigned to S2
is a second conformation of one of the other ion binding sites.
Effects of ">’NH," lons Compared to K* lons on the K*-
Selective Mutant NaK2K. While NaK remained mostly
unaffected by the binding of "NH," ions compared to the
binding of K" ions (Figure 1), spectra of NaK2K exhibited
several differences (see Supporting Information Figure S4).
Not only did we observe two conformations for several
residues but also noted a different H/D exchange pattern when
we exchanged the ions in the sample depending on which ions
(*NH," or K*) were initially present in the sample (see
Supporting Information Figure SS). So far, all experiments
presented in this article have been performed on 100% H,O
back-exchanged deuterated '*C'*N-labeled protein, meaning
that only back-exchanged protons are visible in the spectra.
For a more detailed analysis of the effects of ""NH," binding
in NaK2K, we prepared a fully protonated '*C'*N-labeled
sample (see Supporting Information Figure S6 for *C detected
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Kv1.3 compared to KcsA, with mutations indicated in red. (C) 2D (H)NH spectrum of bound *NH," ions.

spectra). In order to achieve high-quality "H-detected spectra,
we performed the experiments at 100 kHz MAS (Figure 4).
The presence of two peaks for several residues in “NH,*-
bound NaK2K complicated the assignment process, and the
lower part of the pore helix (V58—L61) could not be
unambiguously assigned. The SF residues G6S5 and Y66 were
not visible in the spectra.

The residues that show two distinct peaks are located in the
lower part of the SF (T63 and V64), in the upper part of the
pore helix (R49, IS1, DS2, AS3, and LS54), and on the
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interacting parts of TM1 (S37 and F41) and TM2 (G76, T80,
L82, and 184). First, it should be mentioned that one of the
two assignments for any residue that has two conformations
always fits with the single conformation observed for that
residue in the K*-bound sample. The only exception is the CO
resonance of V64, where only one conformation is visible in
the "'NH,"-bound sample, and this differs from the K*-bound
sample by 1.1 ppm. Second, the chemical shift differences
between the two observed conformations are almost
exclusively noticeable for 'H and "N chemical shifts (see
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Figure 4B—D). This indicates that *'NH," binding does not
cause any significant effect on the overall structure of NaK2K,
but the effect seems to be a change in the interactions between
residues. The only *C resonances that show chemical shift
differences above 1 ppm between the two conformations are
D52 CO, T63 CO, and T63 Ca. The two conformations of
IS1 CO have a chemical shift difference of 0.4 ppm. All others
are around 0.2 ppm or smaller, which is around the expected
error in the assignments of '*C chemical shifts in these samples
(see Supporting Information Tables S1 and S2). We previously
described that in the absence of K* ions and in the presence of
Na* ions, the SF of NaK2K is not stabilized.®” The residues
affected by '*'NH," ions are in the same region of the protein as
the residues affected by Na® ions. Interestingly, the second
conformation of the peaks that show two conformations in the
presence of NH," matches with the peaks that are shifted,
compared to a K*-bound sample, in the presence of Na* (see
Supporting Information Figure S6 and Tables S1 and S2). This
would suggest that the 'NH,"-bound sample is in a state of
mixed conformations between the K'-stabilized conformation
and the conformation with an unstable SF that we previously
observed in the presence of Na* ions.

>NH,* lons Work Well as a Mimic for K* lons in KcsA-
Kv1.3. Based on the NaK2K data, we cannot determine
whether *NH," ions should be considered as a good mimic for
K" in K*-selective ion channels. Therefore, we chose to also
investigate the K'-selective ion channel KcsA-Kv1.3 (see
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Supporting Information Figure S7 for SF assignments), which
is a mutant of KcsA that is used as a model system for the pore
domain of the human voltage-gated ion channel Kv1.3**%
(Figure SB shows which residues are mutated). KscA-Kvl.3
can, in the same way as KcsA, adopt a conductive or non-
conductive SF state depending on the pH and K*
concentration.””®® This provides a good opportunity to test
whether “NH,* ions interact in the same way as K* ions.
Interestingly, KscA-Kv1.3 does not behave as NaK2K when K*
ions are replaced by NH," ions, but instead, we see a similar
behavior as in NaK. The chemical shifts are almost identical
between "NH,*- and K*-bound KcsA-Kv1.3 samples (Figure
SA). A few small chemical shift differences can be observed for
some of the SF residues, the largest being the nitrogen
chemical shifts of Y78 and G79 (0.6 ppm). There are no
significant chemical shift differences for *C atoms, the largest
being 0.4 ppm for the *CO of Y78, and there is no peak
splitting (see also Supporting Information Figure S8 and Table
S3). The 2D (H)NH refocused INEPT spectrum (with
SNH,* optimized delays) shows two peaks with different SN
chemical shifts in the '"NH,' region, with one of them
showing a split in the '"H dimension (Figure SC). This could
represent two or three ions bound in the SF of KcsA-Kv1.3
under equilibrium conditions (ie, without voltage). The
chemical shifts of the '"NH,* peaks are remarkably different
from what we observed in NaK and NaK2K, indicating that ion
binding can be significantly different between different ion
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channels even if the SF sequences are identical. It should be
mentioned that these experiments were performed on a sample
that was previously in the presence of 50 mM KCI and later
washed to 150 mM *NH,CL

Molecular Dynamics Simulations Show High Sim-
ilarities between NH," and K* lons. To further evaluate
our approach, we conducted MD simulations under an applied
electric field on NaK2K F92A and KcsA. Conduction of ions
could be observed both with K* and NH," ions for both
proteins (see Figure 6A,B and Movie S1).

The structures of the ion channels were generally stable
during the simulations (see Supporting Information Figure S9
for RMSD plots of the SF mainchain atoms). However, in one
simulation of NaK2K F92A and in two simulations of KcsA (all
with NH,* ions and the AMBER force field), we observed a
rearrangement of the interactions between the SF and the pore
helix. leading to unstable and more dynamic SF conformations.
The most pronounced conformational changes in the deviating
simulations are the loss of hydrogen bonds between the SF and
the pore helix (D68—YSS in NaK2K F92A, D80—W67 and
E71 in KcsA). These unstable simulations were excluded from
the analysis in Figure 6 (see Supporting Information Figures
S10 and S11 and Tables S4 and SS$ for a comparison between
stable and unstable simulations).

Overall, the behavior of K* and NH," ions is very similar in
the stable MD simulations. For NaK2K F92A, in the Amber
force field, the conductance appears to be slightly lower with
NH," compared to K ions, but for KcsA, the conductance is
very similar with the different ions (Figure 6B). The
simulations of NaK2K F92A with NH," ions using the
Charmm force field resulted in very low conductance, which
can be explained by ions being stuck oscillating between two
states (Supporting Information Figure S12). Therefore, an ion
leaving the SF is a rare event. There is generally a slightly lower
number of ion—ion contacts (Figure 6C) and a larger number
of water molecules in the SF (Figure 6D) in the simulations
with NH," ions, whereas the number of ions in the SF (Figure
6E) is not affected, showing that water molecules do not take
part in ion conduction. The preference for the different ion
binding sites is slightly different between K" and NH," ions,
though. The most pronounced differences are observed in
simulations of NaK2K F92A using the Charmm force field
where S2 and S3 are equally occupied when NH," ions are
used, but S2 has a much higher occupancy than S3 when K*
ions are used (Figure 6F). The most interesting observation
regarding occupancy is however the differences between
NaK2K F92A and KcsA. NaK2K F92A shows a relatively
small variation in occupancy between the ion binding sites
(with the exception of S3 in the simulations with K* and the
Charmm force field) with a slight preference for the S1 and S4
ion binding sites, while in KcsA, the S2 and S3 ion binding
sites are almost always occupied, but the S1 and S4 ion binding
sites show low occupancy. This agrees well with the different
SNH," solid-state NMR spectra for NaK2K (Figure 3B) and
KcsA-Kvl1.3 (Figure SC).

During the simulations of NH," conduction, the ions appear
to rotate quickly so that the protons sample all different
orientations compared to the nitrogen atom (Movie S1). Such
a rotation leads to efficient averaging of 'H—"N dipolar
couplings in solid-state NMR experiments and can explain why
dipolar-based magnetization transfer between the 'H and "*N
atoms in the "NH," ions was not possible.
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Apart from the observed agreement, two setup differences
between MD and solid-state NMR are expected to result in
qualitative differences, in particular regarding water molecules
in the channel. First, the MD simulations of NaK2K were
based on the F92A mutant, whereas the solid-state NMR
experiments did not include this mutation. Second, an external
electric field was applied in the simulations but was absent in
the experiments. The F92A mutant ensures conductance and
therefore convergence of the filter occupancies on the short
MD timescales. Such free access, especially for water, might be
restricted in the solid-state NMR experiments based on wild-
type NaK2K.” Consequently, even though water molecules do
not permeate the channels, they transiently occupy S4 ion
binding sites during conduction in MD simulations (Movie
S1), which is not observed in solid-state NMR. Likewise, the
applied electric field in the MD simulations leads to a further
enhancement of water occupancy in the filter due to
stabilization of the water dipoles by aligning with the applied
field. We assume that these two effects result in higher water
occupancy in the SF in the MD simulations as compared to the
solid-state NMR experiments.

B CONCLUSIONS

We have shown, for the first time, direct detection of ions
bound in the SF of ion channels under native-like conditions,
i.e. embedded in liposomes at room temperature using
physiological buffer conditions. Magnetization transfer be-
tween ""NH," ions and water in NaK2K showed that only one
of the four ions (the one in binding site S1) is in close
proximity to bound water, adding to the experimental evidence
for the direct knock-on ion conduction mechanism'® for K*-
selective ion channels.

While *NH," ions worked perfectly as a mimic for K* ions
in the non-selective ion channel NaK, there were some spectral
differences between “NH,*- and K*-bound NaK2K. In the
presence of "NH," ions, NaK2K adopts a mixed conformation
between a K'-stabilized and a destabilized state. The chemical
shifts of the destabilized state fit remarkably well with the
chemical shifts of NaK2K in the presence of Na* ions.”> In
contrast, experiments on KcsA-Kv1.3 showed that 'SNH,* ions
did not have any destabilizing effects on this channel and that
the behavior we observed in NaK2K is not general for K'-
selective ion channels. The destabilized state in NaK2K might
be related to a loss of the stabilizing hydrogen bond between
D68 above the SF and Y55 in the pore helix. In MD
simulations of both NaK2K F92A and KcsA, a loss of
stabilizing hydrogen bonds between the SF and the pore helix
resulted in a destabilized SF. In this state, we observed an
increase in water in the ion binding sites and no or very low
conduction (Supporting Information Figures S10 and S11,
Tables S4 and SS). In KcsA, the stabilizing hydrogen bond
contains residue E71 in the pore helix. Mutations of E71 have
previously been shown to affect the conformational dynamics
of the SF in KcsA.'”% The different patterns of 'SNH,* peaks
in different ion channels suggest that ion binding is not
identical in all K*-selective ion channels even though the
sequences and crystal structures of the SFs may be highly
similar. Interestingly, the MD simulations also showed a
distinctly different behavior between NaK2K F92A and KcsA
in regards to which ion binding sites are most occupied during
ion conduction. While in NaK2K F92A the occupancy of the
different ion binding sites appears to be more evenly
distributed, there is a strong preference for the S2 and S3
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ion binding sites in KcsA. This agrees well with the solid-state
NMR experiments of bound ammonium ions (4 peaks in
NaK2K, 2—3 peaks in KcsA-Kvl.3).

Solid-state NMR experiments using *“NH," ions as a mimic
of K* ions can be a useful tool for future characterization of ion
binding in SFs and aid in the understanding of ion conduction
and gating mechanisms in ion channels.
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