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Abstract: The voltage-dependence of different voltage-gated potassium channels, described by the
voltage at which half of the channels are open (Vi2), varies over a range of 80 mV and is influenced by
factors such as the number of positive gating charges and the identity of the hydrophobic amino acids in
the channel’s voltage-sensor (S4). Here we explore by experimental manipulations and molecular dynamic
simulation the contributions of two derived features of an electric fish potassium channel (Kv1.7a) that is
among the most voltage-sensitive shaker family potassium channels known. These are a patch of four
contiguous negatively charged glutamates in the S3-S4 extracellular loop and a glutamate in the S3b helix.
We find that these negative charges affect Vi, by separate, complementary mechanisms. In the closed
state, the S3-54 linker negative patch reduces the membrane surface charge biasing the channel to enter
the open state while, upon opening, the negative amino acid in the S3b helix faces the second (R2) gating
charge of the voltage sensor electrostatically biasing the channel to remain in the open state. This work
highlights two evolutionary novelties that illustrate the potential influence of negatively charged amino
acids in extracellular loops and adjacent helices to voltage dependence.

Statement of Significance:

The voltage dependence of voltage-gated potassium channels varies considerably. Investigating how
potassium channels have evolved such variation in voltage-dependence is important to understanding
their function. We studied an electric organ-expressing potassium channel from African weakly electric
fish that facilitates the generation of brief action potentials to make a brief electric communication signal.
This channel has evolved two mechanisms to enhance its voltage dependence. One is the addition of four
consecutive negatively charged amino acids in an extracellular loop that adds to surface charge thereby
allowing the channel to open with less depolarization. The other is the addition of a negative charged
amino acid near the voltage sensor that holds the channel’s voltage sensor in the open position.



INTRODUCTION

The conductance-voltage relationship of voltage-gated channels is typically graphed as a
Boltzmann function. The voltage-dependence of a channel is described by the placement of its
conductance-voltage (G-V) curve along the voltage axis and the voltage at which half of a population of
single channels are open (Vi,2). Its voltage sensitivity is indicated by the slope of the G-V curve. Voltage-
gated potassium (Kv) channels in the shaker family (Kv1-4) show a wide range of voltage-dependences
from those that activate at highly depolarized membrane potentials (Vi = +33 mV: jshakl, a jellyfish
channel), (1) to those that activate close to resting potential (V12 = -50 mV: Kv4.1; jShall = -39mV) (2,3).
These differences in voltage dependence are critical for the roles specific Kv channels play in shaping
neuronal activity, but also offer an entrée into the structure-function relationship of Kv channels.

Among the Kv channels that activate at the most hyperpolarized potentials are Kvl.7a of
mormyrid electric fish from Africa (V12 = -44 mV: Kv1.7a Brienomyrus brachyistius; 1,2 = -52 mV: Kv1.7a,
Campylomormyrus compressirostris) (4). Kv1.7 is expressed in muscle in vertebrates (5,6). As a result of a
whole genome duplication at the origin of teleosts, the gene encoding Kv1.7 duplicated into two paralogs
in fish (the gene kcna7a encodes the Kv1.7a channel and the kcna7b gene encodes the Kv1.7b channel).
In a relative of the mormyrids, Gymnarchus niloticus, the kcna7a gene still expresses in muscle whereas
during the evolution of the electric organ, mormyrids lost kcna7a expression in muscle and gained it in
the electric organ where it underwent a burst of positive selection (4). Many mormyrids make extremely
brief electric organ discharges (7,8) based on brief (~200 psec) action potentials from their electric organ
cells (9,10). The enhanced voltage-sensitivity of the mormyrid Kv1.7a helps shorten the electric organ
action potential duration (4).

A channel’s voltage-dependence and voltage-sensitivity are influenced by the number of positive
charges in its voltage sensor (S4 helix) (11) and the identity of the hydrophobic amino acids between them
as pioneered by the Aldrich lab (12,13) and others (14,15). Less well studied is the role of charged amino
acids in some of the extracellular loops that influence a channel’s voltage-dependence by altering
membrane surface charge (16-19). A small region of an extracellular loop--the S3-54 linker-- is critical for
the difference in V1,2 between Kv1.7a of Brienomyrus and Gymnarchus in which kcna7a is still expressed
in the muscle (V12 =-13 mV). This region of the $3-54 linker is composed of neutral amino acids in most
Kv channels, as it is in Gymnarchus. However, in the homologous region the Kvl.7a of mormyrids
possesses an evolutionarily derived feature, a cluster of three or four negatively charged glutamates (E)
(Fig. 1). Transfer of the four glutamates in the “negative patch” from Brienomyrus to Gymnarchus largely
confers the Vi, of Brienomyrus onto the Gymnarchus channel, and vice versa. It is likely that the negative
patch influences channel properties by its effect on the membrane surface charge (4). Additionally,
mormryid Kv1.7a channels have another derived amino acid substitution: a negatively charged amino acid
in the S3b helix (Fig. 1). Charge substitution at this site (E>K) right-shifts Vi, by +25 mV suggesting that
this site also plays a role in channel voltage-dependence (4).

Here we use site-directed mutagenesis and molecular dynamic (MD) simulations to assess the
roles of negative charges at these two sites in influencing Vi/.. We found that these two sites influence
voltage-dependence by different but complementary mechanisms: the negative patch in the S3-54 linker
contributes to surface charge allowing the channel to open at more hyperpolarized membrane potentials,
and the negative amino acid in the S3b acts as a novel countercharge to the second (R2) gating charge in
the S4 voltage sensor holding the channel in the open state.
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Brienomyrus_Kvl.7a ILPFFIEQFSDIS PPDMEEEESTLALFKIVRLVRVFRIFK
Gnathonemus_Kvl.7a ILPFFIEQFSDIS AAEGENEESTLALFKIVRLVRVFRIFK

Campylomormyrus_Kvl.7a ILPFFIEQFSDIS AAEGEDEESTLALFKIVRLVRVFRIFK
Paramormyrops Kvl.7a ILPFFIEQFSDIS ADGGEQEESTLALFKIVRLVRVFRIFK
Brevimyrus_Kvl.7a ILPFFVEQFSDVT TGDGEEGESTLALFKIVRLVRVFRIFK
Petrocephalus Kvl.7a ILPFFIEQFSAMS VAEGEEESSTLALFKIVRLVRVFRIFK

Rl R2 R3 R4 K5

Gymnarchus_Kvl.7a ILPYFVTLGTELA TNGGSPT-MSLAIIRVIRLVRVFRIFK
Scleropages Kvl.7a ILPYFITLGTELA SKGGTPA-MSLAIVRVIRLVRVFRIFK
Brienomyrus Kvl.7b IIPYFVTLGTELA TKGGSPT-ATLAVIRVIRLVRVFRIFK
Homo Kv1.7 ILPYFVALGTELA QRGVGQQAMSLAILRVIRLVRVFRIFK
Latimeria Kvl.7 IIPYFVTLGTEFA QRGVGQPAMSLAILRVIRLVRVFRIFK
Lepisosteus Kvl.7 IIPYFVTLGTELA RAPGGTPAMSLAIIRVIRLVRVFRIFK
Callorhinchus Kvl.7  IIPYFVALGTEFA QRGVAQPAMSLAILRVIRLVRVFRIFK
Drosophila_shaker IIPYFITLATVVA QDKSSNQAMSLAILRVIRLVRVFRIFK
Aplyvsia shaker IIPYFITLGTVVA QSKSNNQAMSLAILRVIRLVRVFRIFK

Figure 1—Amino acid (AA) sequence of shaker family channels illustrating the position of the negatively
charged glutamate in the S3b helix (E299) and the “negative patch” in the S3-54 loop (numbered 1-4
corresponding to E311-E314) of mormyrid electric fish (red = negative AAs; blue = positive gating charges
in S4 labeled R1-K5; purple = mormyrid-specific lysine at position R1; green, orange = neutral AAs).
Brienomyrus brachyistius, Gnathonemus petersii, Campylomormyrus compressirostris, Paramormyrops
kingsleyae, Brevimyrus niger, and Petrocephalus soudanensis are all mormyrids in which Kv1.7a is
expressed in the electric organ and which have these two derived features. Gymnarchus niloticus is an
electric fish related to mormyrids; its Kv1.7a is expressed in muscle with an S3b with T298 (orthologous
position to E299) and S3-S4 composed of neutral AAs as in the other Kv channels illustrated here. The
three AAs from Gymnotus Kvl.7a that were experimentally swapped for the negative patch in chimeric
channels are bolded and underlined. Scleropages formosus (Asian arowana), is a non-electric relative of
mormyrids. Also shown is the Kv1.7b of Brienomyrus, the paralog of Kv1l.7b expressed in muscle. Shown
for comparison are the Kv1.7 of Homo sapiens (humans), Latimeria chalumnae (Coelacanth), a close
tetrapod relative, Lepisosteus oculatus (spotted garfish), a close teleost relative, Callorhinchus milli
(elephant shark), an elasmobranch, and the shaker channels of Drosophila melanogaster (fruit fly), and
Aplysia Californica (California sea hare).

MATERIALS AND METHODS

Xenopus laevis oocyte isolation

Frogs were purchased from Nasco, (Fort Atkinson, WI, USA), and housed at the animal resource
center at the University of Texas, Austin. When needed, oocytes were surgically removed in accordance
with the National Institutes of Health guidelines for the care and use of laboratory animals. The Xenopus
laevis surgery was performed using tricaine anesthesia, described in the protocol that was reviewed and
approved by IACUC of the University of Texas at Austin. After removal, oocytes were kept in isolation
media (in mM: 108 NaCl, 10 HEPES, 2 KCl and 1 EDTA), which causes a slight dehydration of the oocyte,
allowing for easier manual removal of the thecal and epithelial membrane layers. This was then followed
with a removal of the follicular layers using collagenase solution (mM: 83 NaCl, 5 HEPES and 2 MgCI2 with
5 mg/10ml collagenase D enzyme). To accomplish this step, oocytes were left in the collagenase solution
for 10 min, washed with clean modified Barth’s solution, and then transferred into clean, sterile MBS until
ready to be injected with mRNA, using the micro injector from Drummond Scientific Co. (Broomall, PA,
USA). After injections were completed, oocytes were divided and kept individually in sterile 96 well plates



(Corning Costar flat bottom, or similar) in incubation media (MBS enriched with 2mM Na pyruvate, 0.5
mM theophylline, 10 U/ml penicillin, 10 mg/| streptomycin and 30 mg gentamycin, with the entire solution
sterilized by filtration using 0.22 mm filter). Plates were then kept in dark, at 16°C until ready for
experiments.

Site-directed mutagenesis, mRNA synthesis and kcna7a protein expression

Brienomyrus brachystius (MH137731.1) and Gymnarchus niloticus (MH137725) kcna7a coding
sequences were synthesized by GenScript (Piscataway, NJ, USA). They were cloned into the pGEMHE
vector, with the Kozak sequence (GCCACC) added to the 5’ end, ahead of the start codon to increase
translation. Mutations were then introduced using the QuickChange Il XL site directed mutagenesis kit
from Agilent (Santa Clara, USA) which was followed by sequencing to check for accuracy of the cDNA
construct. Once the cDNA sequences were confirmed, in vitro transcription was performed using
MMESSAGE mMACHINE T7 Transcription Kit (Thermo Fisher Scientific, USA), following the
manufacturers protocol. After getting the mRNA concentrations using the ND-1000 spectrophotometer
from NanoDrop Technologies, (Wilmington, DE, USA), Xenopus laevis oocytes were isolated and
prepared, as described above, and injected with 50 nl of 0.01-0.1 pg/ul mRNA (suspended in nuclease
free water). Plates were kept in the dark, at 16°C until ready for experiments (usually between 1-4 days).

Electrophysiology and analysis

Currents were recorded at room temperature (21-23°C), using the two-electrode voltage clamp
(OocyteClamp OC 725C amplifier from Warner Instruments Corp, Hamden, CT, USA). During most of the
recordings the main bath solution contained, in mM: 115 NaCl, 1.5 KCI, 10 HEPES and 1 MgCl2, pH adjusted
to 7.4 with NaOH, and the pipette solution consisted of 3 M KOAc and 15 mM KCI. The bath solution
deviated from this recipe only during the strontium and urea experiments. Current activation was
measured using a series of 10 mV steps of 100 ms duration each. These steps were taken from a potential
of -90 mV to 40 mV, followed by a 100 ms pulse of -50 mV. For currents from Brienomyrus brachystius
mutants that were opening at a more depolarized potentials the voltage steps were adjusted to -70 to 60
or 80 mV in 10 mV increments. The K* reversal potential was calculated by a pulse protocol of 100 ms
depolarization steps to 40 or 60 mV followed by a 200 ms test pulse of -120 mV to 0 mV in 10 mV
increments. In all experiments, the holding potential was -90 mV. Recordings were made for each
experimental condition from at least three independently collected batches of oocytes to minimize any
potential batch effects.

pCLAMP 11 software from Axon instruments Inc. (Foster City, CA, USA) was used for preliminary
analysis and acquisition of raw |-V data. The rest of the analysis was done using the GraphPad Prism 9.
(Boston, USA). The ionic current () recorded during the voltage steps was converted to conductance (G)
by dividing with the driving force (V-Er). The half-activation potential (Vi2) and slope factor of the
activation curve were obtained by fitting the G-V curves with a simple Boltzmann function. Unless
otherwise specified, comparisons of experimental groups were made with a one-way ANOVA, with post
hoc Dunnett’s test. Measures of variation are given as standard error of the mean (SEM).

Molecular Dynamics Simulation

We generated the initial structural models using an homology modelling protocol based on the
NavAb structures obtained via Cryo-EM described in refs. (20,21). The sequence alighment between the
templates and the Brienomyrus Kvl.7a and Gymnarchus Kv1.7a genes is taken from ref. (22).

Threading of sequences into the template structures was carried out using the SWISS-MODEL
webserver (23). To refine loops and unstructured regions, we used Rosetta Kinematic closure (24) and an
ab initio loop structure prediction protocol based on the Rosetta membrane score function (25). For each
linker, we generated about 5000 models, and clustered them based on their root mean square deviations,



using the Jarvis-Patrick methods implemented on the software GROMACS
[https://doi.org/10.1016/j.s0ftx.2015.06.001]. For clustering, we used a cutoff of 0.8nm, and a minimum
number of neighbors equal to 4. We then selected the most representative model of the largest cluster.

Molecular systems were initialized using the CHARMM-GUI webserver (26) . We embedded the
membrane proteins in a lipid bilayer of POPC and solvated the system in a KCl solution with a
concentration of 0.15 M (potassium ions were the only cations present in solution).

Each system consists of about 200000 atoms in total. Calculations are performed using the
NAMD2 computational code (27), using the all-atom potential energy function CHARMM36 for protein
and phospholipids, and the TIP3P potential for water molecules (28)].

Periodic boundaries conditions are applied, and long-range electrostatic interactions are treated
by the particle mesh Ewald algorithm (29). Molecular systems are equilibrated for about 3 ns with
decreasing harmonic restraints applied to the protein atoms, the pore ions, and the water molecules
localized in the filter. All trajectories are generated with a time step of 2 fs at constant normal pressure (1
atm) controlled by a Langevin piston and constant temperature (300 K) using a Nosé-Hoover thermostat.
The simulations were run for about 200ns for each model.

RESULTS

Strontium shifts Vi,

One way to assess the role of negatively-charged amino acids in extracellular loops on a channel’s
voltage-dependence is to temporarily remove their electrical influence by screening them with divalent
cations--historically Ca?* (30,31) but nowadays usually Mg? , Sr**,or Ln*--in the extracellular bathing
solution (16,32,33). While this method does not target specific amino acids, it can be used to great effect
in combination with amino acid substitutions or swapping small regions across different channels (18).

We compared the properties of expressed wild type Kvl.7a channels from Brienomyrus and
Gymnarchus and chimeric channels with reciprocal swaps of a portion of the $3-54 linker (EEEE from
Brienomyrus and SPT from Gymnarchus) region when perfused with saline, urea (120 mM: as a control for
osmolarity following (18) and due to its low membrane permeability in Xenopus oocytes (34)), or SrCl; (50
mM) (Fig. 2). Urea had little or no effect on channel properties indicating that none of the effects described
below are due to changes in osmolarity of the extracellular solution.

Perfusion of Gymnarchus Kv1.7a with SrCl; shifted the G-V curve only slightly rightward (p<0.05).
The SPT>EEEE chimeric channel had a significantly left-shifted G-V curve (p< 0.001) and application of SrCl,
to this chimeric channel shifted the G-V curve rightward virtually superimposing it on the other two G-V
curves (WT Gn vs. GnSPT>EEEE, p= N.S.; WT Gn/SrCl, vs. Gn SPT>EEEE/SrCly, p = 0.05) (Fig. 2A). These
results imply that the Gymnarchus Kvl.7a has few electrostatically important negative charges in its
extracellular loops. They also demonstrate that SrCl, can almost completely screen the introduced
negative charge in the SPT>EEEE chimeric channel.

As we previously demonstrated, removal of the negative patch in the Brienomyrus chimeric
channel [EEEE>SPT] altered voltage-dependence significantly shifting the G-V curve rightward. Perfusion
of wild type Brienomyrus Kv1.7a with SrCl, shifted the G-V curve rightward the same amount as removal
of the negative patch in the EEEE>SPT chimeric channel (WT Bb/SrCl, vs. Bb EEE>SPT, p = N.S.) (Fig. 2B). In
fact, there was no significant difference between WT Bb/SrCl, and WT Gn, or GnSPT>EEEE/SrCl,. This,
again, suggests that the negative patch supplies most of the accessible negative charges (Fig. 2C).
Application of SrCl, to the EEEE>SPT chimeric channel moved Vi, even further rightward (WT Bb vs. Bb
EEEE>SPT/SrCly, p =0.001), which was unexpected considering the other results so far from both channels.
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Figure 2—Strontium right-shifts G-V curves. (A) Relationship between the shift of V12 in SrCl, versus
baseline V12 in wild type channels [WT] Gymnarchus Kv1.7a channels or those in which the negative patch
in the $3-54 linker from Brienomyrus replaced the homologous region from Gymnarchus [SPT>EEEE] (B)
Same experimental conditions using Kv1.7a from Brienomyrus with the S3-54 linker substituted with that
of Gymnarchus [EEEE>SPT]. The extent of shift is related to the presence of the negative patch. (C)
Correlation between shift of V1, after SrCl, treatment vs. baseline V1. R = 0.81. Error bars = S.E.M.

Number and Location of Negative Charges in $3-S4 Linker Influence Vy/,

In our previous study (4), we manipulated all four glutamates together. We wondered if all or only
some of the glutamates (numbered according to their position in the linker as: 1 = E311, 2 = E312, 3 =
E313, 4 = E314; Fig. 1) —for example, only those closest to S4—affect V1/2. We assessed the impact of the
number and locations of the glutamates in the S3-54 linker on Vi, by substituting glycines or serines in
their place following Sand et al. (2013). In our previous study we removed all four glutamates, and
replaced them with three different amino acids from Gymnarchus (SPT). Here, for consistency, we used
only a single species of amino acid at a time for replacement and replaced with the same number that we
removed.

First, we substituted pairs of either glycine or serine for the odd or even numbered glutamates
(even: EGEG, ESES; odd: GEGE, SESE). We noted that glutamates in the second and fourth positions in a
background of glycines are more effective in moving V12 toward negative potentials than glutamates in
the first and third position (p< 0.007) (Fig. 3). There was a slight, but non-significant, position effect in the
same direction in a background of serines. There was no significant difference between replacing the
background amino acids with glycine or serine in similar placements (EGEG = ESES or GEGE = SESE).

Next, we tested the location of a single glutamate in each of the four positions and since there
was little difference in serine or glycine as replacements in the previous experiment we only replaced with
glycine (EGGG, GEGG, GGEG, GGGE). There was no significant difference among these values indicating
that a glutamate at any location within the negative patch can affect Vi, (p = 0.14) (Fig. 3). We tested
these data against a control condition of four glycines (GGGG). This was significantly different from the
previous dataset (p<0.0001) demonstrating that the presence of even a single glutamate significantly
shifts Vi/,. Finally, the V1, for the GGGG (-7.4 £ 2.0 mV) is not statistically different (p= 0.4) from the Vi,
for Brienomyrus with the Gymnarchus S3-54 linker (SPT) substituted for the four glutamates (-9.4 + 1.4
mV) proving that glycine is a suitable amino acid for replacing the glutamates in the background of the
Brienomyrus channel and that the difference in the number of replaced amino acids (three vs. four) does
not matter. Taking the difference between the Vi, of the GGGG construct and the average of the Vi, of
the four constructs with a single glutamate (EGGG, GEGG, etc.) shows that, on average, a single glutamate
contributes ~-13.5 mV to the Vi, of the Brienomyrus Kvl.7a channel. If the effect of the glutamates on
V12 added linearly, they should contribute -54 mV to Vi, whereas they contribute only -35 mV (difference



in Vi, between WT and EEEE>SPT) suggesting that they add sub-linearly. This shows that while the
contribution of each glutamate to Vi, is substantial, they add with diminishing returns.

We explored possible reasons for the negative charges to add sub-linearly. The presence of
multiple neighboring titratable groups affects their dissociation equilibrium, raising the possibility that
only a fraction of them are protonated at each moment in time. To explore this possibility, we used PropKa
(35) to predict the pKa of E311, E312, E313, and E314. Results indicate that all the side chain carboxylic
acids are dissociated (and thus negatively charged) in both the resting and activated state. Indeed, all the
pKa values are significantly lower that the neutral pH value of 7: they are 4.4, 4.5, 3.6, and 4.1 in the
activated state and 4, 4.5, 4.3, and 4.9 in the resting state for E311, E312, E313, and E314, respectively.

The slopes of the G-V curves did not differ across groups (p< 0.11) supporting the idea that the
“negative patch” only affects surface charge but does not interact with the voltage sensor (Fig. 4).

These results in combination with MD simulations (below) reinforce our conclusion (4) that
specific glutamates in the S3-54 linker do not interact with other amino acids in the channel via salt bridges
but, rather, in the aggregate, add to surface charge.
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Figure 3—Substitution of neutral amino acids glycine (G) or serine (S) into the negative patch of
Brienomyrus Kv1.7a (WT: EEEE) shift V1/2to more positive values. The position and number of substitutions
is given on the x axis. Black horizontal line = mean. Filled circles = WT (wild type) and open diamonds =
glutamate substitutions. All groups are significantly different (p< 0.001) from WT.
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Amino Acid Substitutions in S3b of Brienomyrus Kv1.7a Alter V1>

The presence of E299 in the Kv1.7a channel from six species spanning mormyrid phylogeny (Fig.
1) suggests that a glutamate substitution occurred in a mormyrid ancestor. Alignments of shaker subfamily
channels from a broad sampling of animals show that a threonine at this site is highly conserved. The only
exception in vertebrates is the independent substitution of an alanine in Kv1.7 of tetrapods and shark (Fig.
1).

At the codon level, a threonine-to-glutamate substitution calls for a dinucleotide change. The
most parsimonious series of substitutions is from threonine (ACA or ACG), to alanine (GCA or GCG), to
glutamate (GAA or GAG). We investigated the consequences of alanine and glutamate substitutions in
Gymnarchus Kv1.7a as a proxy to estimate how channel properties might have been affected during the
evolutionary transitions at this site in mormyrids. Alanine and glutamate substitutions in Gymnarchus had
little to no effect on Vi, (Fig 5A). We then tested the sensitivity of this site to a range of AAs. Substitution
of the polar AAs glutamine and asparagine had no effect on Vi/,. Negatively charged aspartate slightly but
significantly shifted the Vi, in @ more depolarized direction (~+5 mV). The polar, hydrophilic, and
positively charged AAs lysine and arginine significantly elevated Vi, by ~+15 mV. Conversely, the
substitution of hydrophobic AAs (leucine and isoleucine) strongly moved Vi, to more negative values (~-
25mV). Thus, despite strong conservation of threonine at this site in animal shaker subfamily channels,
negatively charged or polar AAs had little effect on Vy2.

Brienomyrus Kv1.7a was more sensitive to AA substitutions at this site (Fig 5B). The glutamate-to-
alanine or threonine substitutions in Brienomyrus raised V1, by ~+10 mV suggesting that in the context of
the complete set of evolutionary changes in the ancestral mormyrid channel, a glutamate at this site is
important to confer enhanced voltage-sensitivity. Substitution of other polar AAs, even the negatively
charged aspartate, similarly reduced voltage dependence. In agreement with Gymnarchus Kv1.73,
substitution of positively charged AAs raised Vi, ~+20 mV and substitution of hydrophobic leucine
lowered it by ~-20mV. None of the substitutions in Kvl.7a of either species affected the slope factor
except for the strongly hydrophobic ones (Isoleucine and leucine) (Figs. S1-S3).
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Figure 5—Amino acid substitutions at the orthologous site in Gymnarchus (T298) (A) and Brienomyrus
(E299) (B) alter Vi12. Arrows along x axis indicate the likely evolutionary transition T>A>E for site 299 in
Brienomyrus S3b. Arrows along x axis for Gymnarchus show how a similar transition would have little
impact on Vi, in a Gymnarchus background. All comparisons are made between WT and experimental
groups.

Because the Vi, of Drosophila Shaker is strongly influenced by the aggregate hydrophobicity of
S3b, (36) we assessed the effect of hydropathy at this site and observed that Vi, is significantly related to
hydropathy in Gymnarchus when all amino acids (r =-0.79; N = 12; p = 0.0018) or even only uncharged
amino acids (r = -0.73; N = 8; p = .038) are tested (Fig. 6A,B). There is no significant correlation in
Brienomyrus whether all (r =-0.49; N = 12; p = NS) or only uncharged amino acids are tested (r =-0.43; N
=8; p = NS) (Fig. 6C,D). Thus, while this relationship in Gymnarchus is predicted by results from Drosophila
(36), additional factors are involved in setting the Vi, of the Brienomyrus channel.

In sum, Gymnarchus Kv1.7a is robust to substitutions of biochemically similar AAs whereas
substitutions in Brienomyrus, even of a highly similar AA (glutamate>aspartate) generally reduce voltage
dependence demonstrating that a glutamate at this site is functionally critical for Brienomyrus Kv1.7a.
However, both channels become less voltage-dependent with positive residues at this site, and more
voltage-dependent with some hydrophobic residues.
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Figure 6—Relationship between Vi, and hydropathy at orthologous site E299/T298. (A) All substitutions
at T298 in Gymnarchus; (B) same data as in A but with charged amino acids removed. (C) All substitutions
at E299 in Brienomyrus; (D) same data as in C but with charged amino acids removed.

Molecular Dynamics Simulations Support “negative patch” Surface Charges and Identify E299 as a Novel
Countercharge.

We performed all atom simulations of Brienomyrus Kvl.7a and Gymnarcus Kv1.7a, both in the
resting and activated state (see methods for setup details). Figure 7 shows the equilibrated conformations
after about 200 ns of MD simulations.
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Figure 7--Equilibrated structures of Brienomyrus Kvl.7a and Gymnarchus Kvl1.7a in the resting and
activated states. The dashed lines indicate the position of the lipid bilayer headgroups, while the arrows
indicate the downward and upward movements that the S3 and S4 helices undergo on passing from the
resting to the activated state. In the top-left panel, we highlighted the S3b charge (E399) and the linker
surface charges (E311-E314). The coloring scheme of the proteins is the following: S1-orange, S2-yellow,
S3-green, S3-54 linker-light blue, S4-blue. PDB files are in the supplement.
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A key observation is that, in the resting state of Brienomyrus Kv1.7a, a continuous helix (in cyan
in Fig. 7) is observed from E311 to F320 encompassing both the negative patch from the S3-5S4 linker and
S4. This secondary structure element shows persistent conformational stability over 200 ns. As a result,
the negatively charged amino acids E311--E314 rather than being solvent exposed are located well within
the low dielectric region of the lipid bilayer. By contrast, the S3-S4 linker of Gymnarchus Kv1.7a does not
show any secondary structure content.

An interesting and unique feature of the resting state of Brienomyrus Kv1.7a is the interaction of
the E311-E314 negative charge cluster with cations from the extracellular medium or positively charge
moieties from the lipid head groups (Fig. 8). Importantly, cations might be chelated by more than one
carboxylate and thus establish “salt-bridges” between different parts of the channel as, for instance, in
the case of E311 and D379. Surprisingly, these glutamates do not make actual salt bridges with any
positively charged amino acid. In the activated state, the negative cluster is surrounded only by mobile
cations and lipid head groups and does not coordinate cations together with other negative amino acids

(Fig. 8).

Resting Activated

Figure 8--Top view of Brienomyrus Kv1.7a in the resting and activated states. Highlighted are E311, E312,
E313, E314, the potassium ions from solution (blue) that are within 10 A from any of these negatively
charged amino acids, and the positive moieties from the lipid (carbon backbones are white) head groups
that interact with the negative cluster. In the resting state, residue D379 is highlighted, as it coordinates
two cations together with E311. The coloring scheme for the proteins is in Fig. 7.

For both Brienomyrus Kvl.7a and Gymnarchus Kv1.7a an accumulation of cations is observed on
the extracellular side of the lipid membrane. However, the excess of positive charge with respect to the
bulk is much more pronounced in Brienomyrus Kv1.7a (Fig. 9). Importantly, this peak in the density of
cations occurs in the interfacial region of the membrane where the lipid head groups are located (Fig. 10).
In the activated state, the ion density is still peaked around the position of the negative cluster
Brienomyrus Kv1.7a, while it is completely flat in Gymnarchus Kv1.7a (Fig. 9). Thus, the modeling confirms
the role of the negative patch in neutralizing positive charges that reside in or near the membrane.
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Figure 9--Number density of potassium ions (black), lipid head-groups (blue), waters (red) and negative
patch (orange). The number density of potassium ions Ak is rescaled by its bulk value (y-values on the
right), while the other three densities are rescaled by their peak values Amax (y-values on the left).

On passing from the resting to the activated state, S4 moves upward with respect to the
membrane plane as described in many other studies (37,38). The S3 helix movement is accompanied by a
rotation of a key residue, E299, in Brienomyrus Kv1.7a. While in the resting state E299 faces the lipid
membrane, and interacts with it, in the activated state it rotates by ~75° and faces the lumen of the
voltage sensor domain where it interacts with R324 (Fig. 10), as highlighted by an average distance of
about 1.5 A. Importantly, bidentate binding with two simultaneous hydrogen bonds is possible, given the
orientation of the R324 guanidinium group. Moreover, in the activated state we do see additional binding
interactions with D238, and less probably with D303, E311 and E216. Overall, they all contribute to
stabilizing this state. For this reason, even though the E299D mutation produces a leftward shift in the G-
V curve of about 10 mV, we did not observe major structural differences or changes in the interaction
geometry upon mutation, likely because all these additional charged amino acids contribute to stabilize
the structure.
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Figure 10--A. Top view of Brienomyrus Kv1.7a and Gymnarchus Kv1.7a in the resting and activated states.
(A) In Brienomyrus Kv1.7a, E299 faces the lipid membrane in the resting state, while it interacts with R324
in the activated state (see panel C). B. Left panel: the distribution of the minimum distance between all
charged amino acids found to have a distance of less than 2A from the second gating charge R324 in the
activated state. The first and second most frequently bound amino acids are E299 and D238, see also 2D
histogram in panel D. Right panel: same distribution as in left panel calculated for Gymnarchus Kv1.7a.
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Only E210 is found to bind to the second gating charge R322, but not as frequently or tightly as E299. Also
plotted is the distribution distance between T298 (corresponding to E299 of Brienomyrus) and R322. The
latter amino acid undergoes a similar rotation, however no interaction is observed between T298 and
R322. The coloring scheme for the proteins is in Fig. 7. Panel C: zoom in on the E299-R324 interaction in
the activation. Panel D: two dimensional histogram of D238-R324 vs E299-R324 distances.

For Gymnarchus Kv1.7a, the amino acid corresponding to E299, namely T298, undergoes a similar
rotation between the membrane-facing conformation in the resting state, and the lumen-facing one in
the activated state (Fig. 10). However, T298 is not sufficiently extended or charged to interact with the
gating charge R322 (corresponding to R324 in Brienomyrus Kv1.7a). In this case, the average distance is
about 6 A. Moreover, in this case we found that only E210 can interact with R322, although with much
lower frequency.

Deactivation of Kv1.7a Supports Interaction of Brienomyrus E299 with R324

Voltage clamped Kv1.7a currents from Brienomyrus (and another mormyrid, Campylomormyrus,
fig. 1) deactivate significantly more slowly than those of Gymnarchus (4). We reasoned that this species
difference could be due to the proposed transiently forming salt bridge between E299 and R324 in
Brienomyrus. Based on this, we predicted that reverting E299 to the ancestral amino acid at that site
(E299T) should produce a faster deactivation time constant (taugeact) than the WT. When comparing
taugeact across channels it is important to adjust for differences in Vi/2. The V12 of WT Brienomyrus Kvl1.7a
is 10 mV more negative than the E299T mutant channel so that a proper comparison would “slide” the
deactivation curve for the WT +10 mV along the x axis. As predicted, E299T taugeact (-50 mV) is significantly
faster than WT (-40 mV) (p<0.038 one way t-test). Also consistent with our MD simulations, altering this
site in Gymnarchus did not affect taugeact (Fig. 11).
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Figure 11—Neutralization of Brienomyrus E299 decreases deactivation time constant. Time constant (tau)
of deactivation following different voltage clamp steps for Gymnarchus (Gn) and Brienomyrus (Bb) Kv1.7a
wild type (WT) channels and with position 299 neutralized (E299T) in Brienomyrus or with a negatively
charged glutamate (T298E) substituted in Gymnarchus.

DISCUSSION

The S3-54 Linker Negative Patch adds to Surface Charge

African mormyrid fish evolved a patch of negatively charged amino acids in the S3-54 linker in the
Kv1.7a channel that is expressed in their electric organs; this patch enhances the voltage-dependence of
the channel, shortening the electric organ action potential and resulting in a brief EOD. We hypothesized
that this patch adds negative surface charge to the extracellular side of the channel (4). In the current
paper, we tested this hypothesis further. First, we used Sr?* to screen the negative charges. That the G-V
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curve and Vi, of Kvl.7a from Gymnarchus were largely unaffected by the addition of 50 mM SrCl; was
expected as its $S3-S4 linker is composed of neutral amino acids. Our previous work showed that placing
the Brienomyrus negative patch into the Gymnarchus S3-S4 linker shifted the G-V curve leftward and
moved Vi, to more hyperpolarized values. We found that Sr>* moved these parameters back to baseline
values as if all the negative charge was neutralized. The Kvl.7a of Brienomyrus behaved in a
complementary manner. Addition of SrCl; shifted the G-V curve rightward and moved V1, to more positive
values where these overlapped with the values of Kvl.7a with the negative patch replaced with
Gymnarchus’ neutral amino acids. However, the addition of SrCl, to the chimeric channel moved the G-V
curve further rightward and Vi, to even more depolarized values. Future studies are needed to explain
the “excess” effect of Sr** on the Brienomyrus EEEE>SPT chimera.

The S3-54 linker has other charged amino acids beside the negative patch (Fig. 1). However,
alteration of these to opposite charges in a previous study had little to no effect on the G-V curve
suggesting that they are electrically distant from the voltage sensor (4). In agreement with (17) we
observed that charge switching of AAs at other sites in the channel (e.g.—S1-S2 extracellular loop) shifted
the G-V curve rightward. However, the results of the Sr** experiments suggest that these other regions
minimally contribute to surface charge compared to the negative patch.

Second, to give more insight into the role of each glutamate, we replaced three of the glutamates
with glycine and left a single glutamate in positions 1-4. This analysis suggested that each glutamate
equally influences Vi, and that none of the AAs in the negative patch are too far to exert an electrical
impact. The observation that each of the glutamates carries equal weight does not reconcile with the
differences we found in the effects of paired glutamates in which the pairs of glutamates at positions 2
and 4 were consistently more effective in shifting Vi, than those in positions 1 and 3. The most likely
reason is that the S3-S4 linker with paired glutamates is structurally more like the native S3-S4 helix.
However, these differences, while significant, are not major.

Third, the G-V curves of currents from channels with different numbers of glutamates have similar
slopes suggesting that the glutamates in the $3-54 linker do not directly interact with the voltage sensor
but, rather, simply add surface charge.

Fourth, our MD simulations showed that the negative patch lies at the membrane-fluid interface
and interacts with cations and positive head groups of membrane lipids and not amino acids in the channel
protein.

Our results are consistent with (19) who experimentally varied the length and AA composition of
the S3-5S4 loop and found that glutamates were more effective than glycines or serines in shifting V1, to
hyperpolarized potentials. Similarly, (39) found that the substitution of glutamates into the S3-54 linker
of Shaker left-shifted the G-V curve. Other studies have shown that evolutionary changes in AA sequence
may influence extracellular or intracellular surface charge and shift membrane potential depending on
the polarity of charge and its position in an extra- or intracellular loop (e.g.--Kv channel of squid axon:
(40); Cav1.3 of skate: (41)).

Further Insights from MD Simulations

MD simulations of the Brienomyrus Kv1.7a show that in the resting state, the $S3-S4 loop is helical
and a continuation of the S4 helix, but that this helix unfolds in the active state. Interestingly, It has been
suggested that this loop may be helical in some Kv channels (42). A possible, though speculative,
mechanistic role for this helix might be related to its stiffness: in the resting state upwards motion of S4
may be partially hindered by this structural element; unfolding of the helix would then result in an
increased mobility of S4 and thus a prompt response to depolarization. One advantage of the helical
structure is that it results in a remarkable spatial proximity of the glutamates, which form a compact
cluster at the top of S4. It is important to emphasize that, among all amino acids, glutamates have a
reasonably high propensity to form helices (43).
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Brienomyrus E299 Interacts with a Gating Charge

Common to site 299/298 in the S3b of both species is that hydrophobic AAs make the channel
more voltage-dependent while positively charged AA at this site decrease voltage-dependency. These
observations are in keeping with the Drosophila shaker channel in which insertions of a string of identical
hydrophobic AAs in S3b lowered voltage-dependency whereas hydrophilic AAs raised it (36). The second
observation is also consistent with this site being exposed to the extracellular fluid and therefore
additionally contributing to surface charge.

In the Gymnarchus Kv1.7a S3b, polar AAs substitute for threonine at site 298 with minimal effects
on V1. On the other hand, the Brienomyrus channel is sensitive to substitutions even of polar hydrophilic
AAs, including negatively charged aspartate. The species difference is probably because T298 of
Gymnarchus is not positioned to interact with the gating charges in S4 whereas E299 of Brienomyrus faces
the membrane at rest (where it adds to surface charge along with the negative patch in the S3-54 linker)
but pivots to face the second gating charge (R234) in the open state where they are predicted to be close
enough (1.5 A) to form a salt bridge (44) and stabilize the open state. It may be that even aspartate cannot
substitute for glutamate in the Brienomyrus S3b if aspartate is not close enough to R234 to form a salt
bridge. This hypothesis can be tested further in the future by neutralizing R2 which we predict would
decrease the time in the open state.

It is likely that the species-specific difference in positioning of site 299/298 derives from other
amino acid substitutions in the Brienomyrus S3b. The S3b of the Gymnarchus Kv1.7a differs from human
Kv1.7 in only 1/11 positions and from Drosophila shaker in only 4/11 positions. Remarkably, despite the
relative phylogenetic closeness of these two species, the S3b of Brienomyrus and Gymnarchus differ in
8/11 positions. Further, the S3b of Brienomyrus differs from that of human in 9/11 positions and
Drosophila in 8/11 positions). We propose that these other amino acid substitutions in the S3b are
responsible for helping to position E299 toward the S4. Alternatively, the formation of the salt bridge
alone might be sufficient to stabilize the interaction between S4 and S3b. In that case, it is not clear what
function the other amino acid substitutions in the S3b might serve.

From an evolutionary point of view, given the conservation of a threonine at site 299 (with
occasional independent substitutions to alanine) among animal shaker subfamily channels, it would seem
unlikely that selection would favor altering this site from T>A>E when this does so little to alter V1. The
answer is probably that other amino acid substitutions in S3b preceded the final substitution to glutamate
in an ancestral mormyrid or the T>A was a neutral substitution (which is not deleterious because it is
observed in shark and mammals, Fig. 1) followed by the A>E which was then selected.

Historically, three amino acid sites have been designated as negative countercharges that interact
with the gating charges of the S4 voltage sensor (45,46) although the role of two of these (shaker
numbering = E293, D316) as salt-bridge forming countercharges has been questioned (47). We propose
that a novel negative countercharge evolved in a mormyrid ancestor between E299—uniquely found in
mormyrids--and R324 (or R2, the second gating charge). The evidence for this is that these two amino
acids are poised a few Angstroms of each other in open state simulations and that the rate of deactivation
is sped up with a neutral polar substitution (threonine) at E299. Even a negatively charged aspartate at
that site does not substitute for a glutamate.

Since a channel’s voltage-sensitivity is influenced by the number of positive charges in the
S4 and their interactions with negative countercharges, we wondered if the evolution of a novel
countercharge affected the voltage-sensitivity of mormyrid Kv1.7a. We noted that reverting the

mormyrid E299 to its ancestral T299 or other amino acids--excepting hydrophobic ones--did not
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alter slope factor. Because E299 is at the uppermost end of S3b and our modeling predicts that
S4 and S3b rotate toward each other during activation, E299 and R2 may only be close enough
to interact once the voltage sensor is fully raised. Thus, their interaction impacts deactivation
rather than activation as some AA substitutions are known to do (47,48).

Is the Novel S3b Countercharge Generalizable to Other Species or Channels?

Is the evolution of a negative amino acid in S3b and a gating charge that enhances voltage-
dependency unique to the mormyrid Kvl.7a channel? While a negatively charged amino acid at the
homologous position to E299 is not observed in bilateria, it occurs in a cnidarian Kv channel, shak5.
Intriguingly, of the six shak channels in the sea anemone (Nematostella vectensis) shak5 is the most
voltage-dependent (V12 =-30 mV) (Jegla et al., 2012). A broader assessment of animal Kv channels (Kv2,
Kv3, Kv4) shows that a negatively charged AA (glutamate in vertebrate Kv3, aspartate in the related
invertebrate shaw channels), or uncharged polar AA occurs at this site in Kv2 (threonine in vertebrates or
serine in invertebrate shab homologs) and Kv4 (glycine). Thus, while the identity of the AA at this site is
not as universally conserved across all voltage-gated channels as are other key residues (e.g.--arginines in
the S4 or negatively charged AAs in S2 and S3) (22), in the Kv family, we note primarily neutral or, less
frequently negatively charged, AAs at this site. The occasional appearance of a negatively charged AA at
this site in other shaker family channels raises the question as to whether they might also function as a
negative countercharge.

Coevolution of T299E and S4 Voltage Sensor in Mormyrids

A striking feature of the S4 voltage sensor of Kv1.7a in mormyrids is that its first three amino acids
(KIV) differ from those of the S4s of other shaker channels (RVI) (Fig. 1). We previously observed that
reverting the mormyrid gating charge (K>R), the adjacent two hydrophobic amino acids (IV>VI), or all three
(KIV>RVI), had no effect on Vi, or activation time constants, but profoundly sped up the taugeact (WT =20
ms; K>R =10 ms; IV>VI = 12 ms; KIV>RVI = 7 ms). It is a particular mystery why the highly conserved first
gating charge is a lysine in mormyrid Kv1.7a. Lysine and arginine have equivalent charge, but arginine can
form more salt bridges or hydrogen bonds with nearby amino acids than lysine (49,50). During
deactivation the S4 transitions from a position of maximum height--the up state--via intermediate
positions to its lowest position--the down state (51). If the usual first gating charge (R1) formed a salt
bridge with the evolutionarily novel E299, S4 would be held in an intermediate state whereas if the salt
bridge is with the second gating charge (R2) the S4 is held in the up state. The higher the S4 resides in the
membrane, the more states it must pass through, and presumably the more time it would take, for it to
return to the down state. Perhaps a lysine in the position of the first gating charge is less “competitive”
with the R2 in binding with E299 thereby allowing the S4 to be held at its highest extent in the up state.

But why is a slow taugeact important for mormyrid electrocytes, the single cells of the electric
organ? The EO can be schematized as a battery with an internal resistance that passes current across an
external load (the resistance of the water). That is, a voltage divider. For maximum voltage drop across
the external load, the internal resistance of the EO should be small. We hypothesize that the slow
deactivation of Kv1.7a channels aids in minimizing internal resistance by maintaining the Kv1.7a channels
open during much of the discharge. Recordings from the mormyrid EO show that the internal resistance
of the EO is low during the EOD (10,52,53). Additionally, maintaining a strongly hyperpolarized V., may
efficiently remove inactivation from the electrocyte’s Nav channels thereby allowing maximum Na*
currents.

Conclusion
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The potassium channel Kv1.7a, which is expressed in the electric organ of African weakly electric
fish (mormyrids), activates at more hyperpolarized voltages than most Kv channels. Its enhanced voltage
dependence and rapid activation help to generate a brief action potential (~0.2 ms) that shapes a brief
electric organ discharge. Kv1.7a of mormyrids has several amino acid substitutions compared to the same
channel in other species that do not express this channel in their electric organs. In this study, we
examined the role of the “negative patch”—four consecutive negatively charged glutamates—in the S3-
S4 linker and determined that it adds to the membrane surface charge. This facilitates channel activation
at more hyperpolarized potentials than Kv1.7a in non-mormyrid species. Another unique feature of the
mormyrid Kv1.7a is a glutamate at a site in the S3b helix that is occupied by neutral amino acids, usually
threonine, in the Kv1.7 of most animals. We determined that a glutamate at this site acts as a negative
countercharge to one of the positive gating charges in the S4 (R2) which biases the channel in the open
state causing a prolonged deactivation. The enhanced voltage-dependence of this channel is imparted by
these two complementary mechanisms.
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