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Molecular dynamics simulations revealed that the carbonyls of the Val residue in the conserved selectivity filter
sequence TVGTG of potassium ion channels can flip away from the pore to form hydrogen bonds with the
network of water molecules residing behind the selectivity filter. Such a configuration has been proposed to be
relevant for C-type inactivation. Experimentally, X-ray crystallography of the KcsA channel admits the possibility
that the Val carbonyls can flip, but it cannot decisively confirm the existence of such a configuration. In this

study, we combined molecular dynamics simulations and line shape theory to design two-dimensional infrared
spectroscopy experiments that can corroborate the existence of the selectivity filter configuration with flipped
Val carbonyls. This ability to distinguish between flipped and unflipped carbonyls is based on the varying
strength of the electric field inside and outside the pore, which is directly linked to carbonyl stretching fre-
quencies that can be resolved using infrared spectroscopy.

Introduction

Potassium (K1) ion channels are transmembrane proteins that are
present in all cell types including neurons, muscle cells, and other tis-
sues. KesA, a prokaryotic pH-activated K' channel from Streptomyces
lividans, was the first K channel whose high-resolution crystal structure
was determined (Doyle et al., 1998). The structure of the KcsA channel is
formed from four identical subunits, each containing three a-helices
located symmetrically around the central pore through which K* ions
and water molecules pass (Alcayaga et al., 1989). K ion flux in the KcsA
channel is characterized by high transport rates (1 ion per 10 ns) and
superb selectivity (Na™:K"=1:1000) (Littleton and Ganetzky, 2000;
LeMasurier et al., 2001). KcsA serves as an important prototypical model
to study K channels because of its structural and functional similarity to
eukaryotic K™ channels (LeMasurier et al., 2001; MacKinnon et al.,
1998; Cordero-Morales et al., 2006). Thus, elucidating the structure and
function of the KcsA channel is pivotal for understanding a large class of
biologically important ion channels.

The selectivity filter of the KcsA channel is the narrowest part of the
pore and is the most rigid part of the protein (Fig. 1A) (Berneche and
Roux, 2000). It is a key determinant of the ion permeation, selectivity,
and gating (Cordero-Morales et al., 2006; Demo and Yellen, 1992;
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Swenson and Armstrong, 1981). The selectivity filter is only 12 A long,
and it is located near the extracellular side of the channel. Backbone
carbonyl groups of the conserved sequence T75-V76-G77-Y78-G79 form
the selectivity filter. The carbonyl groups of this sequence point toward
the center of the pore forming a set of octahedral cages of oxygens called
binding sites. There are four binding sites denoted as S1, S2, S3, and S4,
from extracellular to intracellular. S1, S2, and S3 sites are formed by the
eight backbone carbonyls of the selectivity filter sequence. S4 site is
composed by the four carbonyls and four hydroxyl groups of the T75
residue.

X-ray crystallography has provided the essential structural infor-
mation about the KcsA channel, K' ions, and the structural water near
the protein (Doyle et al., 1998; Cordero-Morales et al., 2006; Cuello
et al., 2010; Zhou et al., 2001; Cuello et al., 2017; Valiyaveetil et al.,
2006). However, X-ray experiments are inherently limited to static
structures and cannot provide transient structures arising during the
gating processes: activation, C-type inactivation, deactivation, and re-
covery from C-type inactivation. Additionally, only crystal structures of
presumed open inactivated and closed conductive configurations of the
KcsA channel have been determined so far. Despite improvements in the
resolution of the X-ray technique, some details of the static KcsA
structure remain uncertain.
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One such structural detail that has not been experimentally tested is
the conformational state of the selectivity filter, in which the V76
backbone carbonyl of one of the four subunits flips away from the pore
instead of pointing toward the pore (Berneche and Roux, 2000; Cuello
et al., 2017). We will refer to this conformational state of the selectivity
filter as “V76-flip” configuration. Experimentally, crystallographic B-
factors of V76 carbonyls and the neighboring atoms in the KcsA struc-
ture are similar (Doyle et al., 1998; Cordero-Morales et al., 2006; Cuello
et al., 2017).

Berneche and Roux first observed a V76-flip configuration in mo-
lecular dynamics simulations of the KcsA channel (Berneche and Roux,
2000; Berneche and Roux, 2005). In this conformation, the NH group of
the G77 residue forms a hydrogen bond with the water molecule located
at the S2 site when V76 carbonyl rotates away from the pore. The life-
time of the V76-flip configuration was estimated to be on the order of
milliseconds before V76 carbonyl flips back into the pore (Berneche and
Roux, 2005). Since the original observation, subsequent molecular dy-
namics simulations of the KesA and other Kt channels have also re-
ported the V76-flipped configuration (Berneche and Roux, 2005; Fowler
et al., 2013; Domene and Sansom, 2003; Capener et al., 2003; Furini and
Domene, 2020; Brennecke and De Groot, 2018; Fowler et al., 2008;
Mendez-Otalvaro et al., 2004). According to molecular dynamics sim-
ulations, the V76-flip configuration has a pronounced impact on ion
function. Flipping of V76 carbonyls bears an unconquerable energetic
barrier for the ion movement along the selectivity filter (Cuello et al.,
2010). This flip configuration was found to play an important role in the
stability and ion selectivity under low-potassium conditions (Domene
and Furini, 2009). V76 carbonyl flipping was proposed to be a key step
in C-type inactivation, a slow process by which the channel enters a
nonconductive conformation (Cuello et al., 2010; Berneche and Roux,
2005; Furini and Domene, 2020; Li et al., 2018; Gibor et al., 2007). The
flipped V76 carbonyl is hydrogen-bonded to a water molecule partici-
pating in the network of crystallographic water molecules located
behind the selectivity filter in the so-called “inactivation cavity” (Cuello
et al., 2010; Cuello et al., 2017).

Interestingly, the V76-flip configuration has been observed only for
certain ion and water configurations in the selectivity filter, those in
which K ions alternate with water. The two relevant configurations are
shown in Fig. 1C and will be denoted as [W,S2,W,S4] and [S1,W,S3,W].
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These configurations are descriptive of the commonly accepted ion
transport mechanism called “soft” knock-on (or simply soft-knock)
(Zhou et al., 2001; Fowler et al., 2013; Morais-Cabral et al., 2001;
Hodgkin and Keynes, 1955; Zhou and MacKinnon, 2003; Tilegenova
et al., 2019; Iwamoto and Oiki, 2011; Rauh et al., 2018; Berneche and
Roux, 2001; Berneche and Roux, 2003; Aqvist and Luzhkov, 2000;
Berneche and Roux, 2000; Shrivastava and Sansom, 2000; Guidoni et al.,
2000; Khalili-Araghi et al., 2006; Jensen et al., 2013; Allen et al., 1999;
Furini and Domene, 2009; Heer et al., 2017). According to molecular
dynamics simulations, the fraction of V76-flip carbonyls among the soft-
knock configurations in the KesA channel could reach ca. 30 % (Fowler
et al., 2013). In contrast, the V76-flip configuration was not observed in
the simulations with two K* ions simultaneously occupying the adjacent
sites S2 and S3 in the selectivity filter or any other configuration
representative of the “hard” knock-on (hard-knock) model (Berneche
and Roux, 2000; Furini and Domene, 2020; Jensen et al., 2013; Furini
and Domene, 2009; Kopfer et al., 2014; Langan et al., 2018; Boiteux
etal., 2020; Oster et al., 2019; Borcik et al., 2020; Eichmann et al., 2019;
Kopec et al., 2018; Kopec et al., 2019; Schewe et al., 2016; Domene
et al., 2021; Lam and de Groot, 2023).

Molecular dynamics simulations provide the detailed microscopic
insight into the structure and dynamics of ion channels. However, care
must be taken to ensure that the results are interpreted meaningfully.
Molecular dynamics simulations of ion channels with different force
fields have been shown to give rather divergent results (Furini and
Domene, 2020; Fowler et al., 2008). Due to their relatively low
computational cost, simulations of ion channels often employ classical
nonpolarizable force fields that do not describe polarization and charge-
transfer effects in protein-K' interactions inside the selectivity filter.
These effects, however, could be significant and may even play a role in
high ion selectivity of the KcsA channel (Furini and Domene, 2020;
Guidoni and Carloni, 2002; Klesse et al., 2020; Kraszewski et al., 2009;
Compoint et al., 2004; Bucher et al., 2006; Huetz et al., 2006; Noskov
and Roux, 2006). One can approximately account for these effects by
using the partial charges of K* ions instead of “+1” (a.u.) charge usually
taken in molecular dynamics simulations. The partial charges could, e.
g., be derived from the electrostatic potential (Kraszewski et al., 2009;
Huetz et al., 2006; Chirlian and Francl, 1987; Ritchie and Bachrach,
1987; Breneman and Wiberg, 1990).
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Fig. 1. A. Schematic illustration of the pore domain of the KcsA channel with closed intracellular gate and a conductive selectivity filter. Only two out of four protein
chains are shown for clarity. Selectivity filter residues are colored yellow, with the carbonyls forming binding sites shown as yellow spheres. B. Selectivity filter
residues and binding sites. The carbonyls shown as red spheres. C. Two configurations of the selectivity filter shown with V76 carbonyl flipped and unflipped.
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Mixed quantum-—classical vibrational line shape theory connects
structures from molecular dynamics simulations to experimental ob-
servables and can be used to validate molecular dynamics force fields
and simulation protocols. Two-dimensional infrared spectroscopy (2D
IR) is a structure-sensitive technique that measures molecular vibrations
(Hamm and Zanni, 2011; Petti et al., 2018; Ghosh et al., 2017). Spe-
cifically, amide I vibrations (predominantly the carbonyl stretch) are
very sensitive reporters of the local chemical environment of the peptide
group (Baiz et al., 2020; Reppert and Tokmakoff, 2016). Kratochvil et al.
(Kratochvil et al., 2016) measured 2D IR spectrum of the KcsA channel
in the amide I region. Their goal was not to study the elusive V76-flip
state, but to elucidate K ions and water configurations inside the
selectivity filter. They isotope-labeled V76, G77, and G79 carbonyls with
13¢180. Such isotope-labeling redshifts the amide I frequency by 66
cm ™}, spectroscopically isolating it from the other amide I vibrations in
the protein enabling selective probing of specific binding sites in the
selectivity filter. With the help of molecular dynamics simulations and
line shape modeling, they concluded that the 2D IR spectrum of the three
configurations [W,S2,W,S4]1, [S1,W,S3,W], and V76-flip[S1,W,S3,W]
taken at 3:3:4 ratio best fits the experimental 2D IR spectrum for the
triple isotope-labeled selectivity filter (Fig. 2). Recently, some of the
present authors measured 2D IR spectra of the KcsA channel with V76
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and G77 residues '3C'80 isotope-labeled in two separate experiments
(Ryan et al., 2023). They too used simulations to interpret the spectra
and reported that the best agreement between experiment and simula-
tions was achieved for [W,S2,W,S4]:[S1,W,S3,W] = 3:2 mixture. The
absence of clear experimental evidence for the V76-flipped configura-
tion precluded us from interpreting the spectra in terms of this config-
uration. However, while analyzing the simulated 2D IR spectra we made
two important observations. First, we noted that flipping one V76
carbonyl group in a small fraction of [W,S2,W,S4] configurations still
yields a 2D IR spectrum that is in a similarly good agreement with
experiment as long as K charges are taken to be “+1” (a.u.). This low-
V76-flip mixture [W,S2,W,S4]:[S1,W,S3,W]:Val76-flip[W,S2,W,S4] =
5:4:1 will be referred to as “setl”. Secondly, we observed that the
experimental V76 and G77-labeled spectra can also be well reproduced
in a simulation of [S1,W,S3,W]:V76-flip[W,S2,W,S4]:V76-flip[S1,W,S3,
W] = 4:3:3 mixture (“set2”) with a set of scaled K" charges determined
from ab initio calculations (Kraszewski et al., 2009). To summarize, the
two sets of alternating ion-water configurations in the selectivity filter
denoted as setl and set2 containing 10 % and 60 % of V76-flipped
configuration and calculated with +1 (a.u.) and scaled K' charges,
respectively, could not be distinguished by single isotope labeled V76
and G77 and triple isotope labeled V76-G77-G79 2D IR experiments. We
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Fig. 2. Experimental (Kratochvil et al., 2016, Ryan et al., 2023) and simulated 2D IR spectra for V76, G77, and V76-G77-G79 isotope labeled selectivity filter of the
KcsA channel. Simulated spectra are for the following configurations [W,S2,W,S41:[S1,W,S3,W]:V76-flip[W,S2,W,S4] = 5:4:1 (setl) calculated with +1 (a.u.)
charges for K* ions and [S1,W,S3,W]:V76-flip[W,S2,W,S4]:V76-flip[S1,W,S3,W] = 4:3:3 (set2) calculated with the scaled K™ charges. See main text for details.
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emphasize that 2D IR experiments described above were designed to
decrypt ion/water configurations in the selectivity filter of the KcsA
channel and not to test the existence of V76-flip configuration. Here, we
computationally design a 2D IR experiment that shows the spectroscopic
signatures of the V76-flip state and discriminates between setl and set2
configurations.

The interior of the pore with K" ions and slow but dynamic water at
S2 and S3 sites constitutes a noticeably different chemical environment
for V76 carbonyls than the protein and structural waters residing behind
the selectivity filter (Ryan et al., 2024). K ions in the selectivity filter
shift amide I frequencies by as much as 100 cm ™! compared to gas phase,
while protein and water cause smaller frequency shifts (Ryan et al.,
2024). Therefore, one might expect that amide I vibrational frequencies
for the V76 residue pointing toward and away the pore can be different
enough to be resolved in a purposefully designed 2D IR experiment. One
triple-labeled and two single-labeled experiments performed thus far
have explored only three out of fifteen possibilities for isotope-labeling
of the five selectivity filter residues. In this study we exhaustively
simulated all possible single, double, and triple isotope-labeled 2D IR
spectra of the KcsA channel and propose an experiment that can deci-
sively prove or invalidate the V76-flip state. Performing all 15 isotope-
label experiments including synthesis, assembly of the KcsA, and 2D
IR measurements is a daunting task. In contrast, 2D IR spectra can now
be straightforwardly simulated with sufficient accuracy. Taking previ-
ous 2D IR experiments into account effectively reduces the task to
finding the set of isotope labels whose 2D IR spectrum for setl would be
sufficiently different from that of set2.

Methods
Molecular dynamics simulations

Molecular dynamics trajectories used in this study were taken from
Kratochvil et al (Kratochvil et al., 2016). The crystallographic structure
of the KcsA channel (pdb:1K4C; 2.0 A resolution (Zhou et al., 2001))
using residues Ser22 to His124 was embedded in a 71 A x 71 A bilayer
consisting of 117 dipalmitoyl-phosphatidylcholine (DPPC) lipid mole-
cules. The system was solvated with water molecules. K" and Cl” ions
were added to the bulk solution to neutralize the charge of the system
and establish a KCI concentration of 500 mM. K* ions and water mol-
ecules were placed at the designated binding sites to create [W,S2,W,S4]
and [S1,W,S3,W] configurations. A polarizable force field based on
classical Drude polarizable models was used for the KcsA and DPPC
(Lopes et al., 2013; Chowdhary et al., 2013). This force field explicitly
accounts for electronic polarizability by including the flexible point
charge particles from heavy atoms (Lopes et al., 2013; Chowdhary et al.,
2013). Polarizable force fields were used because they provide a better
description of ion-protein interactions (Klesse et al., 2020; Li et al.,
2015; Jing et al., 2019). K* and Cl parameters that represent improved
ion-protein interactions were taken from Li et al. (Li et al., 2015). SWM4
water model was used (Lamoureux et al., 2006). For each ion configu-
ration the simulation system was first equilibrated at constant pressure
of 1 atm and temperature 298.15 K (NPT). This was followed by a
production simulation at constant volume and temperature 298.15 K
(NVT). The temperature of the system was maintained by coupling to a
Langevin thermostat, with temperatures of the Drude particles main-
tained at 1 K. Electrostatic interactions were treated using the Particle
Mesh Ewald (PME) method (Petersen, 1995). Electrostatic and van der
Waals forces were smoothly truncated with the cut-off of 12 A. A5keal/
mol harmonic restraints were applied to the protein C, atoms, excluding
those of the selectivity filter. The selectivity filter residues (74 to 79)
were constrained using a spring constant of 2000 kJ/mol/nm?. The
coordinates of the K ions in each binding site of the selectivity filter
were constrained with flat bottom potentials. Water molecules were not
constrained. Approximately 100 configurations were generated for each
simulation system at intervals of at least 50 ps. NAMD2.10 package was
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employed in simulations using Drude polarizable force field (Phillips
et al., 2005). Each configuration is then employed as the starting
structure for further MD simulations for 2D IR spectroscopy calculations.
In these simulations GROMOS96 53a6 force field and SPC water model
were used (Scott et al., 1999; Oostenbrink et al., 2004). This combina-
tion of force fields was used because it was previously used to develop
electrostatic maps for calculating 2D IR spectra. Systems were first
minimized using the steepest descent algorithm. Then a 20-ps long
trajectory was generated by performing MD simulations at NVT
ensemble with a 2 fs integration time step. The coordinates of all atoms
were saved every 20 fs and used in spectroscopy calculations as
described below. GROMACS 5.0.4 package was used in GROMOS96
simulations (Van Der Spoel et al., 2005).

Calculation of 2D IR spectra

2D IR spectra were calculated using a mixed quantum-—classical
approach based on vibrational frequency and coupling maps (Baiz et al.,
2020; Wang et al., 2011; Wang et al., 2011; Liang and Jansen, 2012).
The amide I frequencies were calculated using electrostatic frequency
maps, developed by Wang et al, (Wang et al., 2011) and nearest-
neighbor (NN) frequency maps (la Cour Jansen et al., 2006). The
former relate the frequency of the i th amide I chromophore w; (in cm™?)
to local electric fields: w; = 1684 + 7729E¢, —3576Ey,, where Eg, and
Ey; are the electric fields (in atomic units) in the C = O bond direction on
the amide C and N atoms. These fields are due to peptide atoms that are
more than 3 covalent bonds away from the peptide group and all other
atoms including water, K ions, and lipids within a cut-off of 20 A.
Electric fields were calculated from the point charges from GROMOS96
53a6 and SPC force fields. This combination of force fields was chosen
because it was used to parametrize the electrostatic frequency map of
Wang et al. (Wang et al., 2011). NN frequency maps account for the
frequency shifts due to covalent through-bond effects from the nearest-
neighbor amide groups. These frequency shifts depend on Ramachan-
dran angles as explained in la Cour Jansen et al., 2006. The remaining
contribution to amide I frequency is the frequency shift due to 3C'®0
isotope label which was set to —66 cm ™!, The vibrational anharmonicity
was set to 14 cm ™! as determined experimentally in Mukherjee et al.,
2006. The lifetime of the first excited state of an amide I chromophore
was assumed to be independent of the residue and was set to 600 fs
(Mukherjee et al., 2004). In 2D IR calculations vibrational couplings
between nearest-neighbor amide I chromophores were treated using
nearest-neighbor coupling maps (la Cour Jansen et al., 2006). Longer-
range couplings were treated using the transition dipole coupling
scheme (Wang et al., 2011; Torii and Tasumi, 1998). Amide I transition
dipoles were calculated using the model of Torii and Tasumi. Fre-
quencies, couplings, and transition dipole moments were calculated
using MultiSpec program (https://github.com/kananenka-group/
MultiSpec). 2D IR spectra in ZZZZ polarization were calculated using
NISE program (Liang and Jansen, 2012). 2D IR spectra were calculated
for two sets of K™ charges: +1 (a.u.) and partial charges from Kraszewski
et al., 2009. discussed below.

The accuracy of this approach was assessed by Carr et al. (Carr et al.,
2014) and later by Cunha et al. (Cunha et al., 2016). The former used
experimental gas-phase IR spectra of Phe-(Ala)s-Lys-H' peptide as a
reference. The average unsigned error for the vibrational frequencies
was less than 4 cm ™), and the largest error was 11 cm ™. The assessment
of Cunha et al. (Cunha et al., 2016) was based on 2D IR spectra of
lysozyme, ribonuclease A, and concanavalin A in water. For the Gro-
mos96 54a7 (Oostenbrink et al., 2004) and SPC (Berendsen et al., 1981)
force fields and spectroscopic maps used here (Wang et al., 2011) the
average frequency error was 4.8 em ™! and the maximum error was 10.3
cmfl, in agreement with earlier results of Carr et al. (Carr et al., 2014).

Scaling of ion charges is often used to approximately account for
polarization and charge-transfer effects between the ions and backbone
carbonyls which influence the binding and, in turn, affect the
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conductance and selectivity of a channel (Kraszewski et al., 2009;
Compoint et al., 2004; Bucher et al., 2006; Huetz et al., 2006). Different
methods can be used for evaluating partial K™ charges (Breneman and
Wiberg, 1990; Chirlian and Francl, 1987; Compoint et al., 2004; Huetz
et al., 2006; Kraszewski et al., 2009; Ritchie and Bachrach, 1987). For
example, Huetz et al. (Compoint et al., 2004; Huetz et al., 2006) calcu-
lated Merz-Kollman (MK) (Besler et al., 1990; Singh and Kollman, 1984)
and Hinsen-Roux (HR) (Hinsen and Roux, 1997) charges for [W,S2,W,
S4] configuration using Hartree-Fock (HF) method. In both methods the
charges were fitted to best reproduce HF ESP. The resulting K* charges
range from 0.76 to 0.88 (a.u.) for K* in S2 to 0.68-0.88 for K" in S4
(Compoint et al., 2004; Huetz et al., 2006) Later Kraszewski et al.
(Kraszewski et al., 2009) determined the partial charges for all four S1-
S4 sites by using the MK scheme, again, based on HF ESP. The final K*
charges are: +1.0 for S1, +0.83 (S2), +0.91 (S3), and + 0.85 (S4) (all in
a.u.). The partial charges are sensitive to the method used to obtain
them. Likewise, they will be sensitive to the geometry and the local
environment of the selectivity filter. In this study, we use the charges
from Kraszewski et al., 2009 because they provide a complete set of S1-
S4 charges and they have been used in previous 2D IR simulations
(Kratochvil et al., 2016; Ryan et al., 2023; Strong et al., 2020). Inves-
tigating the effect of the partial K and protein charges on 2D IR spectra
is outside of the scope of the present study. A potentially better and more
accurate approach would entail using polarizable force fields (Klesse
et al., 2020; Li et al., 2015; Warshel et al., 2007) which we plan to
address in future publications.

Calculation of center line slope

Center line slope (CLS) was used as one of the criteria for dis-
tinguishing 2D IR spectra. CLS was introduced by Kwak et al. (Kwak
etal., 2007, 2008) as a measure of the tilt of the diagonally elongated 2D
IR lineshape. Mathematically, the CLS can be expressed as CLS =
dwprobe max/AWpump- It can be computed by taking slices through the 2D
spectrum parallel to the detection frequency axis (@probe). Each slice is a
one-dimensional spectrum. The slope of the line ®probemax (a)pump) con-
necting the frequencies of the maxima of the sliced spectra is the CLS.
@probemax Can be taken directly from the data as the frequency with the
maximum calculated signal as it is done here. Alternatively, each pump
slice can be fitted to a simple function, such as Gaussian, and then
®probe,max €an be determined from the fit’s maximum. CLS is a useful
measure of 2D IR line shape inhomogeneity. A perfectly homogeneous
lineshape is characterized by the round 2D line shape with the slope
being 0. A perfectly inhomogeneous lineshape is completely extended
along the diagonal and has a slope of 1.

Results and discussion

We consider two 2D IR spectra to be sufficiently different if they
satisfy one or more of the following criteria: a) different number of
distinct peaks, b) peak frequency difference is larger than the uncer-
tainty due to spectroscopic maps which, as discussed above, is ca. 10
em™), ¢) the CLS of the two peaks must be sufficiently different. For
example, when one spectrum is close to the homogeneous limit (CLS <
0.5) while the other spectrum is close to the inhomogeneous limit (CLS
> 0.5). Simultaneous fulfillment of all three criteria is not required, and
as will be demonstrated below, is not possible for the problem under
study.

Table 1 summarizes the results for all fifteen possible 2D IR spectra.
According to Table 1 the four most distinctive experiments are all with
triple labeled residues: i) T75-V76-Y78, ii) T75-G77-Y78, iii) T75-G77-
G79, and iv) T75-V76-G77. The two important observations are: all
four experiments involve isotope labeling of the T75 residue and may
not involve labeling the V76 residue even though it is the flip of the V76
carbonyl that is being probed.
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Table 1

Peak frequencies, frequency differences, and center line slopes of simulated 2D
IR spectra for the two sets of configurations: [W,S2,W,S4]:[S1,W,S3,W]:V76-flip
[W,S2,W,S4] = 5:4:1 (setl) calculated with 41 (a.u.) charges of K™ ions and [S1,
W,S3,W]:V76-flip[W,S2,W,S4]1:V76-flip[S1,W,S3,W] = 4:3:3 (set2) calculated
with the scaled K" charges.

Isotope-labeled Peak(s) Difference Center Line
residues frequency (em™1) Slope(s)
(em™)
Set 1 Set 2 Set1 Set 2
T75 1596 1606 10 0.50 0.67
1587 0.41
V76 1589 1587 2 0.76 0.72
G77 1577 1584 7 0.87 0.84
Y78 1577 1577 O 0.54 0.73
G79 1576 1573 3 0.50 0.44
T75-V76 1601 1609 8 0.68 0.55
1587 0.41
T75-G77 1596 1605 9 0.54 0.74
1586 0.68
T75-Y78 1596 1606 10 0.54 0.67
1577 1575 2 0.41 0.52
T75-G79 1596 1606 10 0.48 0.71
1575 1573 2 0.32 0.62
V76-G77 1595 1600 4 0.62 0.53
V76-Y78 1585 1587 2 0.84 0.72
V76-G79 1587 1587 0 0.95 0.80
G77-Y78 1583 1584 1 0.89 0.76
G77-G79 1578 1581 3 0.83 0.87
Y78-G79 1578 1578 0 0.74 0.61
G77-Y78-G79 1582 1581 1 0.78 0.94
V76-Y78-G79 1584 1585 1 0.94 0.85
V76-G77-G79 1595 1600 5 0.60 0.58
1573 0.36
V76-G77-Y78 1596 1600 4 0.62 0.53
1570 0.32
T75-Y78-G79 1600 1606 6 0.55 0.63
1577 1574 3 0.60 0.72
T75-G77-G79 1594 1607 13 0.48 0.77
1580 0.95 0.65
T75-G77-Y78 1595 1607 12 0.59 0.77
1590 0.70
T75-V76-G79 1601 1609 8 0.65 0.55
1590 0.60
T75-V76-Y78 1601 1609 8 0.73 0.60
1585 0.53
T75-V76-G77 1602 1611 9 0.51 0.52
1590 0.47

Simulated 2D IR spectra for i)-iv) experiments and both sets of con-
figurations are shown in Fig. 3. All 2D IR spectra, except for T75-V76-
G77 setl spectrum, have two peaks with varying intensity ratios. The
two largest peak frequency differences for the higher-frequency peak
were observed for T75-G77-G79 (13 em ™) and T75-G77-Y78 (12 cm ™).
Both can be resolved confidently with the presently used simulation
methods. T75-V76-G77 and T75-V76-Y78 2D IR spectra have smaller
difference between the high-frequency peaks of the two sets: 9 cm ™! and
8 cm™}, respectively. However, the intensity ratio between the higher-
and lower-frequency peaks in the T75-V76-Y78 spectrum is larger than
in the T75-G77-G79 and T75-G77-Y78 spectra. Importantly, the T75-
V76-G77 spectrum has only one clear peak. The CLS of the high-
frequency peaks of T75-G77-G79 and T75-G77-Y78 2D IR spectra for
the setl indicate that these peaks are more inhomogeneously broadened
than the high-frequency peaks of the set2 spectra. The CLS of the higher
frequency peaks of T75-V76-G77 and T75-V76-Y78 are essentially the
same for setl and set2 spectra and are more homogeneous. We conclude
that T75-G77-G79 and T75-G77-Y78 spectra satisfy the criteria b) and c)
but not a). The T75-V76-Y78 spectra fulfill only criterion b). The T75-
V76-G77 spectrum satisfy criterion a) and come only a few wave-
numbers short to satisfying the criterion b). Because the latter is based
on the worst-case scenario of the largest frequency error these peaks are
likely resolvable, especially given a very good agreement between our
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Fig. 3. 2D IR spectra of isotope labeled selectivity filter of the KcsA channel for the two sets of configurations [W,S2,W,S4]:[S1,W,S3,W]:V76-flip[W,S2,W,S4] =
5:4:1 (setl) calculated with +1 (a.u.) charges of K ions and [S1,W,S3,W]:V76-flip[W,S2,W,S4]:V76-flip[S1,W,S3,W] = 4:3:3 (set2) calculated with the scaled

K* charges.

previous simulations and experiments for the single-labeled KcsA
selectivity filter (Ryan et al., 2023). Most importantly, 2D IR spectra of
T75-V76-G77 labeling scheme of setl has one peak, while in the case of
set2 there are two peaks. Therefore, we conclude that the T75-V76-G77
experiment should distinguish between setl and set2. T75-G77-Y78
experiment is a close second; both setl and set2 2D IR spectra have
two peaks with easily distinguishable intensity differences of the lower-
and higher- frequency peaks separated by 8 cm ™.

We now focus on 2D IR spectra of T75-V76-G77 isotope-labeled KcsA
channel and analyze the contribution of each configuration. The corre-
sponding spectra are shown in Fig. 4. Setl comprises [W,S2,W,S4] and
[S1,W,S3,W] configurations with the peaks at 1600 cm ! and 1605
em™}, respectively. These two peaks add up with a 5:4 ratio to create the
high-frequency peak at 1602 cm™*. The V76-flip[W,S2,W,S4] spectrum
has a single peak at 1595 cm ™. Because this frequency is close to those
of the other two configurations and the weight of this configuration is

Set 1,

[S1,W,S3,W], 40%

only 10 %, this peak does not distinctively appear in the 2D IR spectrum
of setl. Set2 comprises [S1,W,S3,W], V76-flip[W,S2,W,S4], and V76-flip
[S1,W,S3,W] configurations and requires using scaled K™ charges to
achieve a good agreement with the existing 2D IR experiments. The
corresponding 2D IR spectra are shown in the lower panel of Fig. 4. [S1,
W,S3,W] and V76-flip[W,S2,W,S4] give peaks at 1611 cm~ . The V76-
flip[W,S2,W,S4] spectrum has another peak at 1590 cm 1. 2D IR spec-
trum of V76-flip[S1,W,S3,W] configuration has only one inhomoge-
neously broadened peak centered at 1590 cm ! as well. These two peaks
add up with approximately the same weights to create a lower-
frequency peak in the set2 spectrum centered at 1590 cm ™.
Comparing the highest-frequency peaks in 2D IR spectra calculated
with the scaled and unscaled K* charges, we note a frequency shift with
the magnitude depending on the configuration: 15 cm ™! for [W,S2,W,
S4] and V76-flip[W,S2,W,S4], 3 cm™! for [S1,W,S3,W] and 5 cm ™! for
V76-flip[S1,W,S3,W]. The shift is due to the reduction of the electric
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Fig. 4. 2D IR spectra of T75-V76-G77 isotope labeled selectivity filter of the KcsA channel for the four ion configurations that comprise the two sets of configurations
considered in this work. The top panel shows the 2D IR spectra calculated by using +1 (a.u.) K" charges, the bottom panel shows the spectra calculated with the

scaled K charges.
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field at the C and O atoms of the carbonyl group due to reduced K"
charges. The frequency shift for (V76-flip)[S1,W,S3,W] compared to
(V76-flip)[W,S2,W,S4] configurations is smaller because the charge
reduction at the S3 site is smaller compared to that of S2 site and the
electric field felt by the V76 carbonyls of the [S1,W,S3,W] configuration
is weaker. The latter is because, as we showed previously (Ryan et al.,
2024), the water molecule occupying the S2 binding site of the [S1,W,
S3,W] configuration can reside near V76 carbonyls longer than the
characteristic timescale of 2D IR experiments, making intermittent
hydrogen bonds with them, and effectively screening the carbonyls from
the field due to K ions.

We now explain why T75-V76-G77 spectra are sensitive to the V76-
flip configuration. In our V76-flip[W,S2,W,S4] and V76-flip[S1,W,S3,
W] configurations, one V76 carbonyl is flipped away from the pore at
all times while three others still point to the pore, in agreement with
other molecular dynamics simulations (e.g., Furini and Domene, 2020).
Because of different environments, flipped and unflipped V76 carbonyls
are likely to have distinct spectral features. For +1 (a.u.) K™ charges, the
average vibrational frequencies of T75 and unflipped V76 carbonyls are
1593 cm ™! and 1587 cm™}, respectively (Fig. 4). These vibrations are
coupled, yielding the main peak that is inhomogeneously broadened and
centered at 1595 cm™". Flipped V76 carbonyls and G77 carbonyls have
the average frequencies of 1569 cm™' and 1567 cm™!, respectively.
They are nearly 30 cm ™! red-shifted from the main peak. The coupling
between them would create a doublet of peaks slightly below and above
the two respective frequencies. Indeed, a weak feature near 1560-1575
em ™! is present in the simulated spectrum but its intensity is tiny. Only
10 % of this, already weak, intensity contributes to the total T75-V76-
G77 2D IR spectrum. This would make the V76-flip peak extremely
hard to decisively discern experimentally.

In contrast, the 2D IR spectrum of the V76-flip[W,S2,W,S4] config-
uration with the scaled K charges has two peaks. T75 carbonyls and
unflipped V76 carbonyls have the average frequencies of 1608 cm™* and
1607 cm™ !, respectively. Both contribute to the main peak at 1611
em ™. G77 carbonyl frequencies shift to 1582 cm ™ when K* charges are
reduced. Flipped V76 carbonyls shift to 1580 cm ™. Both contribute to
the lower frequency peak at 1590 cm™!. This peak, however, is only 20
cm™! lower than the high-frequency peak and it is much more intense
than the spectral feature due to G77 and V76-flipped carbonyls in the
case of + 1 (a.u.) K" charge. The larger intensity of the lower-frequency
peak in this case is likely due to the larger extent of the vibrational
exciton delocalization due to a stronger mixing between (T75,V76) and
(V76-flip,G77) pairs of carbonyl frequencies which, in turn, is caused by
the smaller frequency difference between them. Of course all four car-
bonyls are coupled, but the coupling within (T75,V76) and (V76-flip,
G77) pairs is stronger than between the two pairs. When the scaled K™
charges are used, the coupling between the pairs is stronger compared to
the + 1le Kt charges. Therefore, the basis for distinguishability between
V76 flipped and unflipped configurations is twofold: i) a small fraction
of V76-flip configuration in the case of setl and ii) reduced K" charge
leads to a smaller frequency difference between (T75,V76) and (V76-
flip,G77) peaks and the larger intensity of the lower-frequency peak.

Conclusions

Selectivity filter carbonyls flipped away from the pore in K™ channels
were observed in molecular dynamics simulations, but conclusive
experimental validation of such a configuration remains elusive. In this
study, we used simulations to propose a 2D IR experiment that would
shed light on this intriguing structural feature of K™ channels. The
proposed experiment would use triple isotope-labeled 3C'80 carbonyls
of T75, V76, and G77 selectivity filter residues. 2D IR spectra of the two
mixtures of configurations containing high (60 %) and low (10 %)
fractions of the V76 flipped carbonyls, which were indistinguishable in
previous 2D IR experiments, can be resolved with the presented isotope-
labeling scheme. The key to distinguishing the two configurations is the
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vibrational frequency difference between flipped and unflipped car-
bonyls tuned by the charge of K* ions. This Article illustrates the power
of 2D IR spectroscopy for providing structural details that are difficult to
obtain with established biophysical structural techniques. A salient
feature of 2D IR spectroscopy, illustrated here, is that amide I 2D IR
spectra of proteins can now be routinely and accurately simulated using
molecular dynamics and mixed quantum-classical line shape theory.
This approach is an efficient means of testing hypothetical structures
that can be used to interpret existing and design future experiments.
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