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Figure 3.2 Nav B3 subunit affects Nav1.5 inactivation by modifying both DIII and DIV-VSD activation.
Nav1.5 ionic currents and site-specific fluorescence changes are measured as described in Figure 1. Groups of 3-10
cells are reported as mean + SEM.

a) Topology of Nav1.5 and NaV B3 subunits on plasma membrane. The NaV B3 subunit structure is homologous to
the B1 subunit, and it also has been shown to express in the myocardium (Hu et al., 2012). b) Voltage-dependence of
activation (G-V), and steady-state inactivation (SSI) for WT Nav1.5 with B3 (a+f3, squares), or without B3 (a,
circles). ¢) Representative current traces of WT channel with B3 (black), or without B3 (grey) in response to
depolarizing pulse to OmV from -120mV. Channels with 3 show slower activation and deactivation Kinetics,
compared to o alone. d) Time dependence of fraction of current recovered for channels with B3 (a+p3, black
square), or without B3 (a, grey circle). The same protocol was used as described in Fig.1. e) Gating charge-voltage
curve (Q-V) for WT-LFS Navl1.5 with B3 (a+B3, squares), or without B3 (a, circles). (f-i) Left panel, Voltage-
dependence of Fluorescence (F-V curve) from four VCF constructs f) DI-VV215C, g) DII-S805C, h) DI11-M1296C,
and i) DIV-S1618C co-expressed with (a+B3, square), or without B3 subunit (a, circle). F-V curves are constructed
and recorded as in Fig. 1. B3 co-expression causes depolarizing shifts in DIl and DIV F-V, without significantly
affecting the other two domains. Right panel, Representative fluorescence signals representing the kinetics of each
VSD activation.
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DI DI+B1 DI+B3 DII DII+B1 DII+B3
G-V Vi -42.3+1.7 -50.2+1.0 -37.1x1.8 -33.9+2.2 -38.9+3.0 -435+2.2
K [n] 8.16£0.7 [5] 8.3+0.6 [4] 9.7+0.5 [4] 9.5+0.2 [4] 8.5+1.2 [9] -7.0£0.5 [4]
ssl Vi -96.3+4.55 -78.622.1 -79.6+2.4 -88.8+1.3 -79.2+45 -86.420.7
K [n] -11.0+1.1 [4] -6.4+0.2 [8] -7.0+0.4 [4] -8.2+0.4 [4] -6.5+0.9 [7] -6.1+0.1 [4]
F-v Vi -1115+1.0 -92.1+11.4 -75.7+4.6 -48.4%2.7 -51.1#3.5 -45.5+5.0
K [n] 21.3+2.4 [4] 18.6+2.3 [4] 15.3+2.5 [4] 19.4+0.7 [4] 23.1+2.2 [6] 19.3+0.8 [4]
DIII DIII+B1 DIII+B3 DIV DIV+p1 DIV+p3
GV Vi -43.7+1.9 -40.0+4.4 -39.2+1.4 -36.821.6 -34.623.4 -38.2+1.3
k[n] 7.8+0.6 [5] 9.4+0.7 [13] 7.420.5 [6] 8.9+0.9 [4] 9.2+0.6 [19] 7.240.5 [5]
ssl Vi -94.7+1.9 -76.242.5 -86.0+1.6 -91.7+3.4 742431 -78.01.6
k[n] -9.8+0.7 [4] -6.7£0.4 [7] -7.6+0.4 [4] -12.620.9 [5] -10.30.9 [13] -9.2+0.5 [5]
F-v Vi -120.7+4.8 -122.1+1.4 -98.0+2.6 -88.245.3 -56.8+6.6 -63.2+4
k [n] 25.640.7 [4] 24.3+1.3 [5] 26.4+2.0 [5] 23.643.1 [4] 14.5+2.5 [6] 14.4+0.3 [4]
DIII+B1+p3 DIV+ B1+p3
G-V Vi 36.5£0.8
kIn] 7903 3] Table 2.1 Parameters of Boltzmann fit to G-V,
ssl Vi -80.421.1 SSI and F-V curves for WT Navl.5 or VCF
constructs expressed with or without WT f1 or
K [n] -6.6+0.1 [3] B3.
F-v Vi -79.843.2 -59.2+0.8
K [n] 29.7+1.8 [5] 13.2+1.1 [3]

Despite being highly homologous to B1, B3 is unique in altering the VSD transitions of both DIII

and DIV. The DIV-VSD effects induced by B3 are similar to B1, causing a depolarizing steady-

state inactivation shift. The 3 effect on the DIII-VSD, which shifts DIlI-VSD’s activation to

higher potentials, slows ionic current activation and inactivation kinetics. Two a-p3 interaction

mechanisms could explain the changes in the VSD movements that we observed. One possibility

is that B3 can interact with both DIII and DIV. A second plausible mechanism is that 3 mainly

interacts with the DI11-VSD, which can allosterically modify the adjacent DIV-VSD activation.
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Below, results from 1/B3 chimera and a-3 quencher fluorophore pair experiments support the

latter mechanism.
High expression of B3 separates DIII-VVSD activation into two steps

To ensure that the VSD alterations we observed were truly caused by expression of B subunits,
and the amount of B subunits expressed on membrane saturated their modulation effects of
Nav1.5 channels, we tested different expression levels of  subunits. We altered § subunit
expression levels by injecting mRNAs encoding a and 3 subunits at different molar ratios,

observing their effects on ionic current and VSD activation.

For the B1 subunit, as we increased the mRNA molar ratio from 1:1 to 1:2, the DIV F-V shifted
to more depolarized potentials (1:1 a:p1: Vi =-70.1£ 5.2mV, 1:2 a:fl: Vi =-56.8+ 5.0mV).
Further, when the a:f1 mRNA molar ratio was increased to 1:4, the DIV F-V curve overlaps
with F-V of a 1:2 a:1 mRNA molar ratio (Fig 2.3a), suggesting that f1 modulation of DIV-
VSD saturated at 1:2 a:f1 ratio. Consistently, the B1 alteration of channel SSI followed a similar
saturation pattern (Fig 2.3b). This result further supports the idea that B1 regulates channel

inactivation by altering DIV-VSD activation, an effect that saturates at a 1:2 ratio.
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Figure 2.4 High expression of 3 subunits separate DIII-VSD movements into two components. a-b) DIV VCF
construct (o) was co-injected with f1 mRNA at molar ratios of 1:1, 1:2, 1:4, or without . c-d) DIl VCF construct
(a) was co-injected with B3 mRNA at molar ratios of 1:1, 1:2, 1:4, 1:6, or without . e) Comparison between
channel recovery from inactivation curves for a: B3 at 1:2 and 1:6. f) Representative channel recovery from
inactivation current traces at 1:6 a: 3 molar ratio. Dotted line represents the first pulse peak amplitude. g) DIII
fluorescence trace at 1:6 o: B3 molar ratio, in response to OmV depolarizing potential. In parallel to DIII
fluorescence voltage dependence, the DIII fluorescence activation kinetics also display two components F1 and F2.
h) Schematic model of DIII-VSD movements when channels are co-assembled with high expression level of 3. i)
Comparison of the current activation kinetics show that with high expression of the B3 subunit, the second current

pulse after short recovery time has faster activation ki
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For 33, the saturation behavior was more complex. When we increased the mRNA molar ratio
from 1:1 to 1:2, the DIII F-V curve shifted to depolarized potentials (1:1 a:f3: Vi, =-108.6+
5.6mV, 1:2 a:f3: Vi =--97.9+ 2.6mV) (Fig 2.3c). Intriguingly, when the molar ratio of a.:p3 is
increased to 1:4 or higher, the DIl F-V curve started to exhibit two components, which could no
longer be fit with a single Boltzmann function (Fig 2.3c). The curve was well-fit with two
Boltzmann curves, one at very negative potentials (-180mV to -80mV), and the other within the
channel activation voltage range (-80mV to 20mV). Correspondingly, the DIl fluorescence
kinetics also followed two steps, which were also not well-fit with a single exponential. The first
rapid transition occurred within 2ms after depolarization, denoted by F1, followed by a very slow

component, denoted by F2 over 60ms time course (Fig 2.39).

The separation of two components in DI1I-VSD activation caused unusual recovery from
inactivation, where the peak current magnitude during the test pulse was larger than the control
pulse following recovery times of 10 to 300 ms (Fig 2.3e, f). After 500-1000ms recovery at -
120mV, the peak current during the test pulse returned to the magnitude of the control pulse.

Typically, Na* currents exhibit monotonic behavior during this protocol.

We assessed the relationship between the two DII11-VSD activation components and channel
recovery from inactivation by aligning current during the first control pulse with that of the
second test pulse after 10 ms or 1000 ms recovery (Fig 2.3i bottom left, top right). For channels
expressed without the B subunit, current during the test pulse after 10ms recovery activated at the
same rate as the control pulse (Fig 2.3i top left). For channels co-expressed with f3 subunit at
1:4 molar ratio, current during the test pulse after 10 ms recovery activated more quickly in
comparison to the control pulse (Fig 2.3i bottom left). In contrast, the current during the test

pulse after 1000 ms recovery rose at the same rate as that of the control pulse (Fig 2.3i top
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right). Faster channel activation kinetics can significantly increase peak current. High 3
expression causes faster activation kinetics during a test pulse that follows a short recovery

interval (10-300ms), resulting in peak current that exceeds the control pulse current.

To account for this behavior, we first suppose that the DI11-VSD activates in two steps from
resting (R) to intermediate activated (A1), and activated states (A2) (Fig 2.3h). We then assume
that the transition between R to Al is fast, and is described by F1 component, while Al to A2 is
slow, as shown by F2 component. In this model, pore opening is facilitated by the transition of
the DIII-VSD to the Al state and further encouraged by entry into the A2 state. During the first
200 ms pulse, most DIII-VSDs are brought to A2. Since the transition from A2 to Al state is
slow, when channels were given 10-300ms to recover at -120mV, the time was too short for
DII1-VSD to recover to Al, resulting most of the DIII-VSDs being trapped in the A2 state. As
most of DII1-VSDs were still in A2 state and it greatly facilitates pore opening, channel
activation was faster for the second pulse. If this scheme is correct, we would predict that if we
only allow the DIII-VSD to enter Al by applying a short 2ms depolarizing pulse as the control
pulse, the second pulse will not have faster rising kinetics compared to the control pulse. Indeed,
comparison of the control and test pulses show that both pulses completely overlap (Fig 2.3i

bottom right).

It is unlikely that the physiological assembly of a-B3 will reach such high ratio to separate DIII-
VSD movement into two components (Yuan et al., 2014). It is possible that overexpression of B3
forces some of the B3 subunits in a secondary low-affinity binding site. Consequently, if B3 is
locally expressed at very high levels, this group of cells will have a relatively short refractory

period and become particularly excitable, because of the unique channel recovery behavior.

p1 and B3 do not regulate VSD activation from the Nav1.5 pore via the S4-S5 linkers
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By probing the VSD dynamics, we discovered that 1 and 3 modulate channel current by
altering DIII and DIV VSD activation. However, the mechanism by which the f1 and B3
subunits interact with the Nav channel to alter VSD activation remains unclear. The recent Cryo-
EM structure of eukaryotic Nav channel shows that the pore loops of Nav channel have bulky
extracellular structures, making them good candidates for B subunit binding (Shen et al., 2017).
To test if B1 and B3 subunits allosterically modulate the VSDs by interacting with the DIII and
DIV pore domains, we assessed B1 and 3’s effects on mutant channels where DIII or DIV-VSD
is decoupled from the pore. The interaction between the S4-S5 linker and the S6 is known to be
essential for canonical coupling between the VSD to the pore of each domain. We utilized
mutations that were previously found to disrupt this type of coupling.
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Residue N1765, which is on the S6 of DIV, was previously shown to be essential for coupling
the DIV-VSD to the pore (Sheets et al., 2015). Mutating N1765 to Alanine (A) abolishes most of
the ionic current (Fig 2.4a) without affecting DIV-VSD movement and gating currents,
suggesting that the DIV-VSD is decoupled from the pore. Co-expressing 1 with the N1765A
channel still depolarized the Q-V curve and the DIV F-V (Fig 2.4a), similar to the B1 effect on
WT channels. If B1 interacts with the DIV-pore domain to allosterically modulate the DIV-VSD
through the S4-S5 linker, decoupling of the DIV-VSD from the DIV-pore domain should abolish
most of the B1 effect on the DIV-VSD. Instead, we found that the DIV-VSD of the N1765A is
still modulated by B1, suggesting that 1 does not regulate the DIV-VSD via pore coupling
through the DIV S4-S5 linker, but instead interacts with the DIV-VSD directly or via an

alternative pore-VSD coupling mechanism.

Since B3 was shown to alter DIV-VSD activation (Fig 2.2), we also tested the B3 effect on the
N1765A channel. Like B1, B3 still causes depolarizing shifts in the DIV F-V curve (Fig 2.4c) and
voltage dependence of gating charges (Q-V) of the N1765A channel, suggesting that B3 does not
interact with the DIV pore domain to regulate DIV-VSD activation via the S4-S5 linker. In
addition to the DIV effect, we also showed that DI1I-VSD is significantly affected by 3. We
assessed the B3 effects on channels that contain a mutation that decouples the DIII-pore from its
VSD. A1149, located on the DIl S4-S5 linker of Nav1.4, is one of the key residues on the gating
interface (Muroi et al., 2010). Mutating A1149 to W in the Nay1.4 stabilizes the activated DIII-
VSD, but not the pore, suggesting that the coupling between the DI11-VSD to the DIlI-pore is
reduced (Muroi et al., 2010). The homologous residue in the Nay1.5 isoform is A1330.
Consistent with previous studies, A1330W greatly hyperpolarized the DIII F-V curve, compared

to WT. However, ionic current activation (G-V) was not significantly affected. When co-
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expressed with B3, the DIII F-V was still significantly depolarized (AV1,2,=22.6£6.7, p=0.03),
compared to A1130W alone (Fig 2.4b). This result suggests that 3 does not regulate DIII-VSD
activation via S4-S5 linker coupling to the DIll-pore domain. However, there are alternate
means to compule the pore to the VSD, including the DIII-DIV linker, and these alternative

mechanisms could possibly be in play.
Assessing B subunit localization

Since we observed that f1 and 3 modulate channel gating by affecting the DIII and DIV VSDs,
we hypothesized that B1 and 3 are proximally located to these VSDs. To test this hypothesis,
we introduced a fluorophore or a quenching tryptophan into the § subunit. This method was
previously applied to other proteins, such as T4 lysozyme (Mansoor et al., 2010; Mansoor,
Mchaourab, & Farrens, 2002) and the BK channel (A. Pantazis & Olcese, 2012) to map distances
within proteins. We reasoned that if f1 or B3 resides near one of the channel’s VSDs,

introducing a tryptophan residue to the top of the transmembrane segment of B1 or 3 would

quench the fluorophore attached to the S3-S4 linker of that VSD.

We first introduced a tryptophan mutation to the extracellular region of the B1 transmembrane
segment, S156W. Compared to WT B1, S156W B1 only slightly depolarizes the DI and DIV F-V
curves, but none of the domains’ fluorescence signal was significantly quenched. This result
suggests that the f1 transmembrane segment is not within detectable quenching distance to the

S4s of any domain.

We then introduced a tryptophan mutation into the extracellular region of the B3 transmembrane
segment, S1S5W. S155W B3 did not affect DI, DII or DIV F-V curves or fluorescence compared

to WT B3, but the fluorescence of the DIII-VSD was completely reversed (Fig 2.5a). In the DIII-
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LFS construct, the DIII-VSD fluorescence signal moves downward upon membrane
depolarization (Fig 2.2h). This reduction in fluorescence is consistent with local environment
quenching of the fluorophore attached to the S3-S4 linker of DIII upon activation. In contrast,
when S155W B3 is present, its tryptophan strongly quenches the fluorophore on the DIII S3-S4
linker when S4 is at resting position. When S4 activates, the fluorophore moves away from the
tryptophan, resulting in an increase in fluorescence. This result shows that the 3 subunit resides
very near to the DIII-VSD at a distance that is within the van der Waals contact distance (5-15
A) (Mansoor et al., 2002). Notably, the DIII fluorescence kinetics with S155W B3 are greatly
slowed, and the F-V curve has similar voltage dependence (V12=-67.2+3.5mV) as the second
component of DIl F-V with high B3 expression (Fig 2.3c). Thus, the DIII fluorescence with
S155W B3 tracks a slower component of the DIII-VSD that occurs at higher potentials, a

component which is observed but not prominent with the LFS construct.
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Figure 2.5 tryptophan-induced quenching of the fluorophore method reveals p3 proximity to the DIII-VSD

a) Side view and top view showing the proposed location of the 3 subunit with respect to the channel. A tryptophan
mutation is made on of the extracellular B3 domain. Fluorescence-voltage (F-V) curve of DIII-LFS co-expressed
with S155W B3(triangles), in comparison to F-V curve of DIII-LFS co-expressed with WT B3 (dotted line). b) Side
and top view showing WT a subunit co-expressed with S155C B3 that is labeled with MTS-TAMRA. F-V curve of
WT a co-expressed with the labeled S155C B3 (diamond), compared to the DIII-LFS co-expressed with WT 33
(dotted line).
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If B3 and the DIII-VSD are close in proximity, we would also expect to track DII1-VSD
conformational changes by labeling the B3 subunit. To test this hypothesis, we introduced a
cysteine into the extracellular 3 segment, S155C. We co-expressed S155C B3 with the WT
Nav1.5 a subunit in Xenopus oocytes. We then labeled the S155C 3 with a fluorophore (MTS-
TAMRA). A voltage-dependent fluorescence signal was detected (Fig 2.5b). Changes the local
environment of the fluorophore attached to B3 when DIII-VSD changed conformation likely
produced this signal. The F-V curve of WT a subunit with labeled S155C 33 is comparable to
the F-V curve of labeled DIII-LFS o subunit with WT 3 subunit (Fig 2.5b). This result suggests
that the fluorescence signal generated by the labeled B3 represents the conformational changes of

DII-VSD.

Using the tryptophan-induced fluorophore quenching method (Mansoor et al., 2010, 2002; A.
Pantazis & Olcese, 2012), we demonstrated 33’s proximity to the DIII-VSD. Given that 3 still
affects the DIII-VSD that is decoupled from the pore by the A1330W mutation, and the location
of the B3, we conclude that B3 modulates DIII-VSD by direct interaction. Taking advantage of
B3 proximity to the DIII-VSD, we are now able to track the DI1I-VSD conformation without

directing labeling the o subunit.

B1 and B3 chimeras show that both the extracellular and transmembrane domains of 3 are

essential for its interaction with the DII1-VSD

We observed that B1 and B3 have distinct interactions with channel VSDs, especially the DIII-
VSD. In response, we sought to further understand which part of the § subunit is essential for
these interactions. We created 3 chimera 31 and B3 subunits (Fig 2.6a), one with the 3

extracellular domain and B1 transmembrane and intracellular domain ($3-N B1-TMC), one with
33
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Figure 2.6 B1/B3 chimeras reveal that both extracellular and transmembrane domains of B3 are essential for
its modulation of DIII-VSD a) Three B1/83 chimeras were created, f3-N B1-TMC, B1-N B3-TMC, B3-NTM B1-C,
based on predicted extracellular, transmembrane, and intracellular sequences from Uniprot. mRNA encoding B1/B3
chimeras and DIl or DIV VCF constructs were co-injected at a molar ratio of 3:1. b-d) DIl F-V curve with 1
(yellow line), B3 (blue line), B1/B3 chimera (black diamond), or without B (grey line). e-g) DIV F-V curve with B1
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