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ABSTRACT

New therapeutic compounds go through a preclinical drug cardiotoxicity screening process that
is overly conservative and provides limited mechanistic insight, leading to the misclassification
of potentially beneficial drugs as proarrhythmic. There is a need to develop a screening
paradigm that maintains this high sensitivity, while ensuring non-cardiotoxic compounds pass
this phase of the drug approval process. In this study, we develop an in vitro-in silico pipeline
using human induced stem-cell derived cardiomyocytes (iPSC-CMs) to address this problem.
The pipeline includes a model-guided optimization that produces a voltage-clamp (VC) protocol
to determine drug block of seven cardiac ion channels. Such VC data, along with action
potential (AP) recordings, were acquired from iPSC-CMs before and after treatment with a
control solution or a low-, intermediate-, or high-risk drug. We identified significant AP
prolongation (a proarrhythmia indicator) in two high-risk drugs and, from the VC data,
determined strong ion channel blocks that led to the AP changes. The VC data also uncovered
an undocumented funny current (lf) block by quinine, which we confirmed with experiments
using a HEK-293 expression line. We present a new approach to cardiotoxicity screening that
simultaneously evaluates proarrhythmia risk (e.g. AP prolongation) and mechanism (e.g.

channel block) from iPSC-CMs.
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INTRODUCTION

In the 1990s, cardiotoxicity was the number one cause for the US Food and Drug
Administration to withdraw or restrict the use of a drug on the market (Lasser et al., 2002).
Such drugs were identified because they increased the prevalence of lethal heart arrhythmias
(Lasser et al., 2002; Roden, 2005). It was found that many of these drugs block the human
ether-a-go-go related gene (hERG) channel, which is responsible for conducting repolarizing
potassium current (lx) and is known to be protective against the development of arrhythmias.

These findings inspired the development of hERG-based screening approaches (EMA,
2005; Windley et al., 2018; Yang et al., 2020) that have essentially eliminated the risk of lethal
proarrhythmic drugs making it to market (Sager et al., 2014). The high sensitivity of these
approaches comes at the cost of low specificity (De Bruin et al., 2005; Gintant, 2011; Hancox et
al., 2008), leading to false positive classification for some safe and effective therapies, like
verapamil and ranolazine (Crumb et al., 2016; Johannesen et al., 2014). Such misclassified drugs
counteract the proarrhythmic effects on hERG by blocking ion channels that conduct current in
the opposing direction (e.g. depolarizing calcium and sodium channels), emphasizing the need
for multi-channel screening.

To address the specificity shortcomings of hERG-based approaches, the Comprehensive
in Vitro Proarrhythmia Assay (CiPA) initiative was started in 2013 to guide the development of
more accurate preclinical tests (Sager et al., 2014). The group established a three-step drug
screening pipeline that includes: 1) quantifying drug effects on multiple ionic currents using

expression line cells, 2) integrating these effects into in silico models and using them to
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evaluate a drug’s proarrhythmic potential, and 3) validating simulations with human-derived
induced pluripotent stem cell cardiomyocytes (iPSC-CMs) and human ECG studies.

The CiPA initiative identified 28 drugs with known clinical characteristics for testing and
validating new screening methods. These drugs were categorized into low-, intermediate-, and
high-risk groups based on their risk of causing lethal arrhythmias. In 2016, the dose-response
behavior for these drugs was determined on seven cardiac ion currents (Crumb et al., 2016). By
applying this multi-channel drug block data to in silico models, drug cardiotoxicity risk has been
accurately predicted at the single-cell, tissue, and whole heart levels (Costabal et al., 2019;
Gong and Sobie, 2018; Passini et al., 2017; Sahli-Costabal et al., 2020; Tomek et al., 2019; Zhou
et al., 2020). These approaches were also used to evaluate the proarrhythmic potential of
COVID-19 therapies, such as azithromycin and hydroxychloroquine (Sutanto and Heijman, 2020;
Varshneya et al., 2021; Whittaker et al., 2021).

In parallel to these in silico studies, human-derived iPSC-CMs have become a standard in
vitro tool to measure surrogate markers of proarrhythmic risk, such as AP prolongation and
changes in calcium transients (Bedut et al., 2016; Charrez et al., 2021; Klimas et al., 2016;
Kopljar et al., 2018; Mathur et al., 2015). While approaches that use these markers are efficient
for predicting proarrhythmic risk, they do not provide insight into the mechanism of action of a
drug. Recently, steps have been taken to address this shortcoming by fitting in silico models to
iPSC-CM AP and calcium data to predict drug block of Ica, Ik, and Ina (Jeeger et al., 2021a,
2021b).

For all the value that iPSC-CMs have provided to the drug screening process over the

last decade, they are still an imperfect model of adult physiology, with an immature phenotype,
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high degree of heterogeneity, and depolarized maximum diastolic potential, leading to
spontaneous APs (Goversen et al., 2018b). These features make it difficult to record consistent
and reliable measures of adult proarrhythmic risk. Dynamic clamp has been used to address
some of these shortcomings by injecting a synthetic hyperpolarizing Iki-like current to stop the
spontaneous beating and establish a stable maximum diastolic potential below -70mV (Fabbri
et al., 2019; Quach et al., 2018). When paced from this hyperpolarized resting membrane
potential, cells have a more consistent, and adult-like AP phenotype, making drug-induced AP
changes easier to interpret (Goversen et al., 2018a; Li et al., 2019).

In this study, we aim to build on the approaches outlined above to develop a novel
pipeline that determines both drug-induced cardiotoxicity risk and mechanism from iPSC-CMs.
Specifically, we use automated experiment design to develop an iPSC-CM voltage clamp (VC)
protocol. The optimized 9-second protocol was used to identify which of seven ionic currents
(Ikr, lcat, Ina, lto, Ik1, lf, and Ixs) were strongly blocked by drugs selected from each of the three
CiPA risk groups: low (verapamil), intermediate (cisapride), and high risk (quinidine, quinine).
These drugs were selected to determine whether the protocol could identify ion channel block
for single-channel (e.g. cisapride block of Ixr at >15x EFPC) and multi-channel drugs (e.g.
verapamil, quinine, and quinidine all at 3x EFPC). In contrast to previous approaches with iPSC-
CMs, this short-duration protocol enabled us to investigate drug block of seven channels within
a single cell. We show that these drug targets (e.g. quinine block of Ix;) can explain the AP
morphology changes (e.g. AP prolongation) seen after treatment with a drug. With the VC

protocol, we also identified a previously unreported block of funny current (I) by quinine at 3x
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100 the effective free therapeutic plasma concentration (EFPC), which was confirmed with a dose-
101  response study on a HEK-293 cell line stably expressing HCN1.

102 To the best of our knowledge, we have developed the first VC protocol optimization
103  algorithm that is specifically designed for the purpose of identifying multi-channel drug block in
104  an electrically excitable cell. We believe that the pipeline outlined in this paper has the

105 potential to improve cardiotoxicity risk assessment and, ultimately, increase the number of safe
106  and effective drugs available to patients.

107

108  RESULTS

109  Aninsilico-in vitro pipeline to determine cardiotoxicity risk and mechanism (Figure 1)

110 The first step in the pipeline is to use an in silico iPSC-CM model-guided genetic

111  algorithm to design a voltage-clamp protocol that isolates individual currents (Step 1). While
112  the voltage-clamp protocol could in principle be designed to isolate any of the ionic currents
113  present in the in silico model, in this study we focused on seven currents that are most

114  associated with AP morphology (lkr, lcaL, Ina, ko, Ik1, If, Iks). Optimized voltage-clamp, as well as
115  spontaneous and k1 dynamic clamp and paced AP data, is acquired from a patient-derived iPSC-
116  CM before and after drug application (Step 2). The Ik1 dynamic clamp data is used to measure
117  surrogate markers of cardiotoxicity (Step 3), while the optimized voltage-clamp data is used to
118 identify ion channel targets (Step 4). Dose-response data is then acquired for the identified

119  targets using expression line cells (Step 5). For example, in this study we acquired the dose-
120 response data for quinine block of HCN1, which further validated our findings on the

121  unreported block of It by quinine.
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123 Figure 1: An in silico-in-vitro pipeline to determine drug cardiotoxicity risk and mechanism. Step 1, The Kernik-
124 Clancy model with experimental artifacts is used to develop a voltage clamp protocol that is specifically designed
125 to isolate currents. Step 2, Spontaneous, Ix; dynamic clamp and paced AP, and optimized voltage-clamp data is
126 acquired from a patient-derived iPSC-CM before and after drug application. Step 3, The change in lx; dynamic

127 clamp and paced AP data from pre- to post-drug application is used to identify AP prolongation, a surrogate
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marker of cardiotoxicity. Step 4, Changes in voltage-clamp data is used to determine the ion channels targeted by
the drug. Step 5, After identifying the ion channel targeted by the drug, a dose-response curve is developed for

each of these ion channels using expression line cells.

Optimizing a VC protocol to isolate individual currents for drug cardiotoxicity screening

We used a model-guided experimental design approach to optimize a VC protocol that
isolates the contribution of individual currents at different timepoints. Our rationale for
isolating current contributions, similar to our previous work (Groenendaal et al., 2015), is that
this enables tracking changes in individual currents during iPSC-CM drug studies and using these
changes to identify ion channel targets.

We used the recent Kernik-Clancy iPSC-CM model (Kernik et al., 2019) in the optimization
algorithm to simulate a cell’s response to VC protocols. Because we expected the protocol to
isolate currents during segments that are most sensitive (e.g., <10ms after a voltage step) to
experimental artifacts (see Materials and Methods), we added equations that incorporate these
effects (e.g. voltage offset, leak current, and series resistance), as was recently shown to be
critical (Lei et al., 2020).

We used the genetic algorithm to optimize VC protocols that maximize the current
contribution for one of seven ionic currents: Ik, lcal, Ina, lto, Ik1, Iks, and ls (Figure 2A, Appendix —
Figures 2-8). The durations of the seven protocols ranged from ~1400 ms for l;, to ~3800 ms for
Ixs. The VC protocols for each current were systematically shortened (see Materials and
Methods) and then combined into a single protocol with the segments that maximized the

isolation of each ionic current (Figure 2B). The resulting optimized protocol was just over 9
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seconds, i.e., short enough to be run multiple times in each cell both under control conditions

and with drug application.
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Figure 2: A genetic algorithm optimized a voltage clamp protocol to isolate individual current contributions in an

in silico iPSC-CM model. A, The genetic algorithm was used to develop individual voltage clamp protocols for seven

of the most predominant ionic currents in cardiac cells. B, These seven protocols were systematically shortened

and joined together by a -80mV holding step to produce an optimized voltage clamp protocol that isolates each of

the seven currents.
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We validated the VC protocol by applying it to a different iPSC-CM model (Paci et al.,
2018) and comparing the windows of maximum current. This step provided us with confidence
that the VC protocol could isolate currents during the same time windows from a cell with
different conductances and kinetics (Appendix — Figure 9).

Synthetic maturation of iPSC-CMs by Ix: dynamic clamp improves interpretability of iPSC-CM
AP data

We conducted in vitro experiments using isolated iPSC-CMs. The dynamically clamped
and paced APs were acquired by injecting a synthetic Ix1 model current (Ishihara et al., 2009)
into the cells until spontaneous AP generation stopped and the resting membrane potential
was below -65 mV.

The iPSC-CMs displayed a heterogeneous phenotype (Figure 3A), which is consistent
with previous work on single-cell iPSC-CMs (Garg et al., 2019). Figure 3A shows the
spontaneous behavior of six cells that were selected to highlight the heterogeneity in the
population. By dynamically clamping Ik1 and pacing, we were able to elicit APs from all these
cells (Figure 3B). This finding is consistent with previous work showing the value of Ix1 dynamic
clamp in reducing (although not eliminating) cell-to-cell heterogeneity while eliciting more
adult-like AP behavior from iPSC-CMs (Li et al., 2019). The Ix1 dynamic clamp and paced APs
(n=40) had an average resting membrane potential of -74.2 £ 2.8 mV and action potential

duration at 90% repolarization of 142.0 + 48.3 ms.

10
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Figure 3: Synthetic maturation of iPSC-CMs with dynamically clamped Ix; ensures consistent APs under 1Hz
pacing conditions. A, Spontaneous behavior from six cells indicates the level of intercell heterogeneity and
inconsistent presence of APs in cell population. B, Ix: dynamic clamp applied to the same cells makes them appear

more mature when paced at 1Hz. C, Histograms for the Ix; dynamically clamped and paced AP resting membrane
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potential (-74.2 £ 2.8 mV) and action potential duration at 90% repolarization (142.0 + 48.3 ms) for the 40 cells in

this study.

Ikz dynamic clamp AP data identifies surrogate markers of cardiotoxicity

We compared changes in AP features for iPSC-CM data acquired before and after
application of cisapride (n=6), verapamil (n=9), quinidine (n=6), quinine (n=9), or DMSO control
(n=10). Table I shows the percent block of each cardiac ion channel by these drugs based on
previous results (Crumb et al., 2016). Cisapride is a CiPA-labeled intermediate-risk drug and
blocks k- strongly and specifically at the concentrations used in this study. The cell in Figure 4A
shows AP prolongation after cisapride treatment that is characteristic of such Ik block.
Verapamil is a low-risk drug that moderately blocks Ica and lightly blocks Ik at the
concentrations used in this study. Figure 4B shows a verapamil-treated cell that displays AP
shortening after verapamil treatment. Most of the shortening in 4B appears to be due to AP
triangulation, a morphological change also seen in experimental data from human
cardiomyocytes (Britton et al., 2017). Quinidine and quinine are both high-risk CiPA drugs that
block multiple ion channels with a strong affinity for Ix,. Both quinidine- (p=.034, Figure 4C) and
quinine-treated (p=.0003, Figure 4D) cells show AP prolongation after drug application.

Verapamil-treated cells showed shortening in the action potential duration at 20% of
repolarization (APDao), but the difference between these and control cells was not statistically
significant (p=.056, Figure 4E). Cells that were treated with quinidine and quinine showed a
significant prolongation in the action potential duration at 90% of repolarization (APDgo) when

compared to control cells (Figure 4F). These findings agree with the CiPA classification for

12
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verapamil (low risk), quinidine (high risk), and quinine (high risk). Because APDgo prolongation is
an established proarrhythmia risk indicator, these data correctly suggest that quinidine and
quinine have proarrhythmic potential at 3x their EFPC. Cisapride-treated cells did not show a
significant change in APDqo, despite it being a stronger Ik blocker than quinidine and quinine at
the concentrations used in this study. This may be because quinidine and quinine also block a
small amount of Ixs at the concentrations used in this study. Because these drugs block both
dominant repolarizing potassium currents (k- and Iks), they may appear to cause greater and

more consistent AP prolongation in such a heterogeneous iPSC-CM population.
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214 Figure 4: Drug treatment resulted in AP morphology changes consistent with the effects caused by drug block of
215 the expected currents. Four different cells with dynamically clamped Ix; and paced at 1Hz under treatment with
216 cisapride (A), verapamil (B), quinidine (C), and quinine (D). E, No cells showed a significant change in APD20

217 relative to DMSO control. F, Change in APD90 relative to DMSO control. Quinidine (p=.034) and quinine (p=.0003)

218  showed significant prolongation.
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The optimized VC protocol qualitatively identifies drugs that block greater than 30% of an
ionic current

While the AP data described above was used to identify surrogate markers of drug
cardiotoxicity, it did not provide specific information about the drugs’ mechanism. To identify
the targets of each drug, we compared the average change in VC responses for a given drug to
the average change of cells treated with DMSO control. Because the protocol was designed to
isolate one specific ionic current during a brief window of the protocol, differences of the
changes in each of these seven segments could reveal ionic mechanism.

As a demonstration of this approach, Figure 5A shows a representative example of a cell
that was treated with quinine. The zoomed-in panel in Figure 5B shows the portion of the VC
protocol that maximized the current contribution of I relative to the total current. This inset
shows a decrease in the total current present after treatment with quinine throughout the time
window. The difference is particularly pronounced from 860 ms to 865 ms and from 870 ms
to 875 ms, which corresponds to the segments where Ik is predicted by the model to have a
large relative contribution compared to the other ionic currents present. According to our
modeling work, the 865-870 ms segment is predicted to have the largest amount of I,
however, in the experiments we found the current to be highly variable in this window because
of variations in access resistance among cells. We chose to focus on the 860-865 ms window,
because it had the second largest Ik current isolation and was a few milliseconds after a voltage
step, generating more consistent results. Figure 5C shows the change in current during the

window from 860 ms to 865 ms for all cells in this study, separated by drug.
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243 Figure 5: Optimized VC protocol correctly identifies Ik as a target of cisapride, quinidine, and quinine. A,

244 Representative cell shows the effect of quinine on the current response during the segment of the VC protocol
245 designed to isolated I.. The black trace is pre-drug and the red trace is post-drug. B, the current trace during the
246 segment meant to isolate Ik (shaded grey in panel A). C, Cells treated with cisapride (p=.0032), quinidine (p=.0041),
247 and quinine (p=.00002) show a decrease in total current during the VC segment designed to isolate I At the

248 concentrations used in this experiment, cisapride, quinidine, and quinine should block 95%, 89%, and 72% of I,
249 respectively. C, D, and E, Functional t-tests show a significant difference in the average change in current during
250 the lx-isolating segment when comparing cells treated with DMSO to cells treated with cisapride (C), quinine (D),
251 and quinidine (E). Verapamil was excluded because there was no significant difference during this segment of the

252 protocol.

253
254 Cells treated with cisapride, quinidine, and quinine all showed significant reductions

255  during this segment compared to control cells. Cells treated with verapamil, a weaker Ik
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256  blocker at the concentration used here (Table I), did not show a significant difference in current
257  during this segment. These data suggest that the VC protocol can detect strong Ik block during
258 the model designed Ik segment but fails to detect light block of I current.

259

260  TableI: The optimized VC protocol correctly identifies strong drug blocks

Drug Ikr lcaL Ina lto lk1 If Iks
Cisapride (125 nM) 95%* 1% 2% 13% 5% ?? 2%
Verapamil (150 nM) 21% 39% * <1% 1% 3% ?? 3%
Quinidine (2,529) 89%* 16% 10% 43%* 1% ?? 27%
Quinine (12,000 nM) 72%* 29% 28% 15% <1% 32%*t 20%

261 The percent block data in this table is taken from Crumb et al. (2016). The optimized VC protocol correctly

262 identifies drug blocks predicted (from Crumb et al) to reduce currents by greater than 30% (*) and identifies funny

263 current as a novel target of quinine (T).

264

265 We followed this approach to identify the other major channels that were separately
266  blocked by the protocol. The boxes marked with (*) in Table | indicate currents that were

267 identified as being blocked based on significant changes in current during the corresponding
268 model-identified segment. Importantly, all drugs that blocked more than 30% of a current were
269  correctly identified, and there were no currents that were incorrectly identified as being

270  blocked. This demonstrates that the VC protocol can be used to identify strong blocks of ionic
271  currents with high sensitivity.

272 In addition to focusing on the model-identified segments of the protocol, we also

273  performed a functional t-test where we calculated a p-value for the difference in current
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responses between DMSO- and drug-treated cells at every timepoint during the VC protocol.
Figure 5C through 5E shows the segment of the VC protocol where Ik should be isolated. The
colored window on the top of each panel shows the timepoints where there is a significant
difference (p<.05) between control and drug treatment with cisapride (Figure 5D), quinidine
(Figure 5E), and quinine (Figure 5F). The functional t-test identifies a significant difference in the
currents between 860ms and 865ms for all three of these Ik blockers. There was no significant
difference between DMSO and verapamil during this period.

The significance windows identified with a functional t-test were plotted over the entire
VC protocol and suggest an agreement with the ionic currents that are blocked by each drug
(Appendix — Figures 10-13). The verapamil-treated cells have a few brief windows of
significance and most overlap with segments that the Kernik-Clancy model predicts will have IcaL
present. The cisapride- and quinidine-treated cells have longer and more significant windows.
Most of the cisapride windows align with segments that the Kernik-Clancy model predicts will
have .. Most of the quinidine windows align with segments the Kernik-Clancy model predicts
will consist of Ik, lto, IcaL, OF Iks.

Taken with dynamic clamp AP data, these results indicate that the optimized VC
protocol can be used to identify underlying currents responsible for changes in AP morphology.
These ion channel targets can be further studied in expression cells to acquire dose-response
data for specific drugs.

The optimized VC protocol identifies a previously unreported quinine block of If
Interestingly, our quinine-treated iPSC-CMs revealed a previously unreported block of Ix.

The protocol identified a significant reduction (p=.0097) in current during the portion of the
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protocol designed to isolate Iz. The significance windows that fall after 4000 ms, which includes
the portion of the protocol designed to isolated I, align closely with Kernik-Clancy-predicted I
(Figure 6A). Between 4000 ms and 6000 ms, when the membrane potential is hyperpolarized,
there is loss of inward current after quinine treatment. During the second, long holding step
between 4500 ms and 5500 ms, the difference between the pre-drug and post-drug traces
increases and persists until the voltage is stepped to +50 mV. For the first ~100 ms after this
step, the traces flip, with the post-treatment trace showing a reduction in outward current
before settling into a similar total current of ~4.5 pA/pF at 6150 ms. These dynamics align
closely with I, as it is a positive current at positive holding potentials and will inactivate with a
time constant around 40 ms when stepped to +50 mV. Figure 6C shows the significance
windows (top), average change in current from pre-to post-drug application (middle), and
Kernik-Clancy simulated I current (bottom). This figure suggests that there is a significant
change in current throughout the period when the Kernik-Clancy It is present. These windows of
significance largely agree with the model at both negative holding potentials, when If current
should be negative, and positive holding potentials when the current should be positive. When
we consider only the segment of the protocol where Is current isolation is maximized, we find a

significant increase in the current when compared to control cells (Figure 6D).
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315 Figure 6: VC protocol identifies funny current as a novel target of quinine. A, Representative cell treated with
316 quinine shows a reduction in inward current when the cell is clamped to a hyperpolarized potential of -120mV,
317 before 6000ms. After 6000ms, outward current is reduced as I reverses in direction before inactivating. B, the
318 current trace during the segment meant to isolate I (shaded grey in panel A). C, Functional t-test shows a

319 significant difference between quinine-treated cells and control cells throughout the period of the protocol when
320 funny current would be active (C, top). The average difference between quinine-treated and control cells is

321 between 0.8 and 1.2 pA/pF throughout this period (C, middle). The Kernik-Clancy iPSC-CM model funny current
322 becomes active during the period when quinine-treated cells show a significant change in current and turns off just
323 before the p-value increases above .05 (C, bottom). D, Cells treated with quinine (p=.0097) show a decrease in
324  total current during the VC segment designed to isolate I.

325
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To verify the finding that quinine blocks Ir, we used a HEK-293 cell line stably expressing

HCN1, the pore domain that conducts l+. The HCN1 isoform was chosen because it was recently

shown to be present at high densities in iPSC-CMs (Giannetti et al., 2021). Figure 7A, B show

that these HCN1 cells behave consistently with typical current-voltage |s behavior. Dose-

response data was acquired at seven concentrations of quinine (Figure 7C, D). The best fit Hill

equation curve has an IC50 of 34.2 uM and Hill coefficient of 0.72. At 12 uM, which was the

concentration used in the iPSC-CM study, the estimated block is 32.0%. Overall, this dose-

response data confirms the findings from our iPSC-CM study, that quinine blocks It at 3x the

EFPC.
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Figure 7: Dose-response curve shows quinine block of funny current in HEK-293 cells stably expressing HCN1. A,
IV curve with averages and errors calculated from six HEK-HCN1 cells. B, Representative HEK-HCN1 current-voltage
traces. C, Dose-response curve fit to pharmacology data from six HEK-HCN1 cells. D, Traces generated from a
representative cell by clamping at -20mV for 3000ms, and then stepping to -110mV for 3500ms at all tested

concentrations.

DISCUSSION

In this study, we demonstrated the potential of a novel drug screening pipeline for
predictive safety pharmacology. This approach simultaneously identifies surrogate markers of
drug proarrhythmia in iPSC-CMs, and information about the drug’s underlying cardiotoxicity
mechanism.

To overcome the difficulty of identifying cardiotoxicity markers and mechanism from
individual iPSC-CMs, we developed an optimization algorithm that designed a VC protocol for
the purpose of identifying multi-channel drug block. We then acquired optimized VC data, along
with dynamic clamp AP data, from iPSC-CMs before and after drug treatment to identify
markers of cardiotoxicity (e.g. AP prolongation) and mechanism (e.g. drug targets). This
approach is the first of its kind to produce such detailed information about a drug’s action from
individual iPSC-CM experiments. Using this approach, we also identified a novel block of Is by
quinine in iPSC-CMs. A similar such block was demonstrated in iPSC-derived neurons (Zou et al.,
2018), but has never been confirmed in an expression system. We followed up on these
findings by conducting a drug-response experiment using a cell line stably expressing HCN1
channels, and confirmed that quinine blocks HCN1 at the concentration used in this study.

Optimizing VC protocols to improve experiments
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Since Hodgkin and Huxley’s seminal work modeling the giant squid axon (Hodgkin and
Huxley, 1952), there have been numerous efforts to fit electrophysiological models to less
experimental data and to reproduce increasingly complex datasets. Traditional steady-state VC
protocols take minutes to acquire and often result in models that poorly reproduce VC data
from nonequilibrium states.

These shortcomings have been convincingly demonstrated with nonequilibrium response
spectroscopy (Millonas and Hanck, 1998), which involves rapidly fluctuating voltage steps to
quickly probe various states of an ion channel. These rapidly fluctuating, non-equilibrium
protocols have been used to select the best Markov state model (Kargol, 2013; Kargol et al.,
2004). Recently, a rapidly fluctuating 8-second VC protocol was developed and used to fit a
hERG ion channel model (Beattie et al., 2018). This model was shown to outperform traditional
steady-state-based models at reproducing validation data from over 5 minutes of recordings.
These condensed VC protocols have made it possible to quickly acquire data under various
external conditions and compare the results across multiple cells.

It has also been desirable to acquire rich VC data for fitting multi-channel models, such
as neurons and cardiomyocytes. One such approach focused on quickly sampling the entire
dynamic range of a neuronal cell, and using this data to fit model conductance values (Hobbs
and Hooper, 2008). More recently, our lab developed a VC protocol that was manually designed
to specifically isolate individual currents from a guinea pig cardiomyocyte to improve
estimation of channel conductances (Groenendaal et al., 2015).

For both single- and multi-channel applications, most protocols have been designed

with the ultimate goal of improving model fits. The current study is a departure from this
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approach in two ways: 1) the model used in this study was included as part of an optimization
algorithm that designed the protocol, and 2) the resulting protocol was designed for the
specific use of identifying drug targets, not for improving fits. In other words, the optimized
protocol has a useful application outside of just improving cell model fits and predictions.

The success of this protocol in identifying ion channel targets is dependent on the
quality of the underlying cell model (Kernik-Clancy) and inclusion of experimental artifact
equations. Over the last couple decades, there has been an explosion in the number of human
and animal cardiomyocyte models. With improvements in iPSC-CM maturity, health, and data
guality there has been an increased interest in developing these models based on iPSC-CM
data. These iPSC-CM models have been used to predict drug cardiotoxicity (Gong and Sobie,
2018; Jeeger et al., 2021a; Tveito et al., 2018) and screen channel mutations (Kernik et al.,
2020). Here, we used the model to design an optimal experiment rather than simulate
experimental or clinical conditions. The success of the protocol in identifying drug cardiotoxicity
targets may serve as a validation of the Kernik-Clancy and Paci iPSC-CM models. As mentioned
above, we know that these in silico models can generate interesting hypotheses, simulate in
vitro conditions, and guide therapy. However, to the best of our knowledge, this is the first
work that shows how in silico models can be used to improve the design, and therefore impact,
of cardiotoxicity drug studies.

Genetic algorithm generates VC protocols that take advantage of the unique gating kinetics
for each channel

The GA was designed to isolate individual currents, which resulted in protocols (Figure

2A) that take advantage of the unique gating kinetics for each ion channel. For example, the Ik
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protocol (Appendix — Figure 5) takes advantage of the fast-inactivation, slow-activation gating
that is characteristic of this channel. The initial step to just above 0 mV quickly inactivates the
channel. Over the course of a few hundred milliseconds, the activation gate opens. Little
current flows through the channel at this voltage because the inactivation gate is almost
entirely closed. The step to -40 mV opens the inactivation gate, allowing current to flow
through the channel before the slow activation gate closes. The step back above 0 mV increases
the driving force, which provides a brief window (about 5 ms) where the activation gate is
open, the inactivation gate is open, and there is a large driving force pushing potassium into the
cell.

The other protocols also identified dynamic ranges that highlight each channel’s unique
kinetics. The Ixs (Appendix — Figure 7) and Is (Appendix — Figure 8) protocols settle into positive
(>50 mV) and negative (<-110 mV) extremes where most other channels are closed, but these
channels are open and remain open. The Ix1 protocol (Appendix — Figure 6) isolates its current
at the same potential as If, but is maximized before If has a chance to open. The Ina protocol
(Appendix — Figure 2) steps to a hyperpolarized potential (-87 mV) to open the activation gate
and then jumps to a ramp that is depolarized enough to activate the channel (-50 mV), while
minimizing the activation of other ion channels (e.g. Ical). The Icar and |, channels have fast
activation and slow inactivation kinetics — these protocols take advantage of this by stepping to
potentials that will open their channels but minimize the contribution from the other.

Drug cardiotoxicity screening
The current, overly sensitive cardiotoxicity screening guidelines points to the need to

develop new methods that improves specificity and provides insight into the mechanism of
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drug block. In recent years, high throughput iPSC-CM screening approaches that rely on
surrogate markers of cardiotoxicity risk have improved the ability to evaluate drugs at scale and
with improved accuracy compared to traditional methods (Bedut et al., 2016; Lu et al., 2019;
Pioner et al., 2019). Expression system cell lines and molecular dynamic simulations have
supplemented these findings by providing detailed mechanisms of drug action at the single-
channel level (Demarco et al., 2020; Yang et al., 2020). However, there have been few methods
that provide both measures of cardiotoxicity and mechanism from the same iPSC-CM cells.

One recent approach to address this need was to fit an iPSC-CM model to fluorescent
voltage and calcium AP data acquired before and after drug application (Jaeger et al., 20213,
2021b; Tveito et al., 2018). With this method Ik, Ica,, and Ina percent block was determined.
Because this approach only considers spontaneous AP and conduction velocity data, successful
estimates of current block is limited to the currents (e.g. Ik, lcat, and Ina) that are sensitive to
changes in these data.

In the current study, we build upon this work by developing a pipeline that provides
both surrogate measures of drug cardiotoxicity and identification of drug block for seven
cardiac ion channels. With the HEK-293 study, we showed the potential of using expression cell
lines to confirm findings in iPSC-CMs and determine potency at multiple concentrations.
Limitations and Future Directions

This study has some limitations. First, before this approach can be used at scale, it must
first be validated with a high-throughput automated patch-clamp system. With this type of
system, data acquisition could be 10-100x faster and operators would not need the specialized

patch-clamp skill. Because the automated patch-clamp system applies the same protocol
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identically every time, these studies will likely have more consistent experimental artifact
parameters, such as leak and access resistance (Goversen et al., 2018a), and increased power
for statistical analyses. Also, the microfluidic administration of drugs in these systems allows for
guick wash-on steps, making it possible to acquire data at more concentrations. This would
provide dose response data in each cell, which could be used to identify the relative size of the
currents present.

Second, in addition to improvements made possible by an automated system, some
adjustments to the VC protocol and data analysis could improve the mechanistic insights made
in future studies. Additional channels besides the seven considered in this study could be
included. This is easy to address, by simply adding currents to the VC protocol optimization
algorithm. One challenge that would require additional adjustments is to design an algorithm
that can tease apart drug effects on ion channel kinetics. An optimization algorithm to address
ion channel kinetics would need a target objective that is, likely, very different from the one
used in this study.

Third, when treated with a high dose of cisapride, the iPSC-CMs in this study did not
show significant APDqo prolongation, despite its strong block of Ix.. This may be due to the cells
having a relatively low density of Ik, compared to adult cardiomyocytes. Quinidine and quinine,
also strong Ik blockers, did cause significant prolongation. This may have been caused by their
small block of Ixs, which would further deplete the repolarization reserve of these cells. Further
tests with cisapride would be needed to determine whether this was an issue of statistical

power.
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469 Fourth, the iPSC-CMs often produced an oscillatory current trace when held at large
470  positive voltages (e.g. from 6500 to 9000 ms in the VC protocol). This is likely caused by calcium
471  overload that can occur at high potentials. This could decrease the sensitivity of the protocol to
472  determine strong Ixs-blockers. In the future, we would like to test the ability of the protocol to
473  strong blocks of Iks.

474  Conclusion

475 In this study, we outline a new pipeline for determining drug cardiotoxicity and

476  underlying mechanism by applying a novel VC protocol and Ik1 dynamic clamp to iPSC-CMs. By
477  analyzing changes in AP and VC data acquired after drug application, we were able to identify
478  cardiotoxicity markers and currents that were strongly blocked by the drug. We also identified a
479  novel block of Isby quinine, which was confirmed using an expression system cell line. In the
480  future, the scalability of this method can be improved with an automated patch clamp system
481 and the detail of the mechanistic insights can be increased by applying this protocol to iPSC-
482  CMs at multiple drug concentrations. We think that this cardiotoxicity pipeline could have far-
483  reaching effects on how drugs are screened and could ultimately increase the number of safe
484  and effective drugs available to patients.

485

486  MATERIALS AND METHODS

487  iPSC-CM and artifact model

488 The baseline Kernik-Clancy iPSC-CM model was used in this study (Kernik et al., 2019).
489  Prior to the VC protocol optimization, the model was run to steady state, and then simulated

490 under voltage clamp at -80 mV for 20 s. We included the simplified experimental artifact
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491 equations from Lei et al. in our model simulations (Lei et al., 2020). In this recent study, these
492  artifact equations were incorporated into an ion channel model and shown to produce better
493 fits to experimental data, and with fewer parameters. The effects of these patch clamp artifacts
494  are particularly pronounced within the first few milliseconds after a voltage step (Appendix —
495  Figure 1). This was an important factor to consider in our optimization because we anticipated
496 the optimal protocols may isolate currents during these windows. This is based on the

497  observation that many existing VC protocols designed to maximize current through a single ion
498 channel (e.g hERG or Nay1.5) often do so within the first few milliseconds after a voltage step,
499  where artifacts most obscure current readings.

500 The following equations summarize the iPSC-CM model and artifact equations used in our

501  simulations:

502
503 Table IlI: Kernik-Clancy and experimental artifact equations used in GA optimization.

lion = Ina + lcar + Ixr + Igs + Igq + 1o + Ir + Icqr Kernik-Clancy iPSC-CM Model

+ Incx + Ipmca + Inak + Ibca + Ibna

licak = GieakVm

Seal leak current

lout = lion + Lieak

Observed current

Vp = Vema + aRgloye

Rs compensation

ddL;n _ ﬁ (Vy + Vyy — Vi) — %Iout Membrane voltage differential
504
505 The lion equation is the sum of all ionic currents from the Kernik-Clancy iPSC-CM model.
506 The leak current equation quantifies the amount of contamination caused by an imperfect seal
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507 between the pipette tip and cell membrane. The observed current is a sum of the leak and ionic
508 currents. The series resistance compensation equation affects the speed with which the cell
509 membrane voltage will reach the command voltage after a step. The membrane voltage

510 differential includes a term for the voltage offset. This term is a catchall offset from the

511 amplifier, electrode, and liquid junction potential. Because we zero the amplifier offset before
512  patching each cell, we assume that this term is equal to our experimental liquid-junction

513 potential (-2.8 mV) in our simulations. The Kernik-Clancy model with experimental artifact was
514  implemented using custom Python code. Below is a list of parameter definitions, along with the
515  values used in our model simulations.

516

517 Table lll: Experimental artifact parameters values used in GA simulation.

Symbol Value Description

Sleak 1nS Leak conductance through the pipette-membrane interface,

equivalent to a 1GQ seal

Rs 20 M Series resistance between the pipette electrode and the cell
Cm 60 pF Cell membrane capacitance
Vot —-2.8mV Catchall offset voltage, set to the liquid junction potential in

our experiments.

a 0.8 Series resistance compensation parameter

518

519 Voltage clamp protocol optimization
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An optimized VC protocol was designed for each of seven currents (lkr, lcaL, Ina, lto, Ik1, I,
and Ixs). To optimize the protocol, we used custom Python code that implemented a genetic
algorithm (GA) with the DEAP Python package (Fortin et al., 2012). The GA had 200 individual
protocols per generation and 50 generations. Below, we discuss how we implemented the
initialization, evaluation (i.e. calculated cost), selection, mating, and mutation functions of the
GA.

Initialization

Each individual in the GA was initialized with a random set of four voltage segments.
Each segment could be either a step or ramp between 5 and 1000 ms long and with voltages
between -120 and 60 mV. If the segment was a step, the duration was randomly selected
between 5 and 1000 ms and the voltage was randomly selected between -120 and 60 mV. If the
segment was a ramp, the duration was randomly selected between 5 and 1000 ms, and the
start and end voltages were selected between -120 and 60 mV.

Evaluation

To evaluate the fitness of a VC protocol, we clamped the Kernik-Clancy model, and

calculated the percent contribution (C(t)) of the target current at every timepoint during the

protocol.

L)
CO=5 .o

In this equation, I is the target current and I, is any current that contributes to the observed
current (lout). The denominator is the sum of the absolute values for all these currents, including
ionic currents and the artifact leak current. The best possible contribution score is one and

represents when the target current contributes all the observed current. The worst
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contribution score is zero and represents when the target current is turned off. We calculated
the average contribution, C(t), over a 10 ms window at each timepoint and used the highest
contribution window value as the fitness score for the protocols.
Selection

To select the protocols that continue to the next generation, we used k=2 tournament
selection with replacement. This means that the GA ran 200 random head-to-head matchups,
and the protocol with the higher fitness score in each matchup moved into the mating pool.
Because we randomly selected protocols from the same pool for every matchup, it was possible
for some individuals to be in multiple matchups, while others were not in any matchups. After
all the matchups, there were 200 individuals in the mating pool. It was common for this new
pool to include multiple copies of high-fitness protocols.
Mating

Each individual in the mating pool was paired with one other individual and uniform
crossover was applied to create two child individuals. For each pair, there was a 90% chance
that the individuals would mate. If the individuals did not mate, the protocols would remain the
same and their features would be cloned into two new individuals and placed in the mutation
pool. If individuals did mate, there was a 20% chance of swapping each segment in their
protocol. The offspring protocols that resulted from the swapping of segments between the
two individuals were moved into the mutation pool.
Mutation

For each protocol in the mutation pool, there was a 90% chance of being selected for

mutation. For each segment in a selected protocol, there was a 10% chance of mutation. To
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mutate the duration of a segment, a random number was selected from a normal distribution
centered around zero, with a standard deviation of 47.8 ms, and added to the existing duration.
To mutate the voltage of a segment, a random number was selected from a normal distribution
centered around zero, with a standard deviation of 6 mV, and added to the existing voltage. If
the resulting duration or voltage was outside the bounds (e.g. 5 to 1000 ms or -120 to 60 mV), a
new mutation value would be selected until the duration or voltage were valid. Once all
protocols were considered for mutation, the population was moved to the next generation
where selection begins again.
Evaluation, selection, mating, and mutation were repeated for 50 generations.
Combining protocols

We took the protocol with the highest current contribution for each of the seven ionic
currents (Supp Figs 1I-VIII) and combined them into one large protocol. The durations of the
seven protocols ranged from ~1400 ms for I, to ~3800 ms for Iks (Figure 2A). Before combining
the protocols, we systematically shortened them using a two-step process. First, we removed
the portion of the protocol more than 50 ms after the maximum current contribution window.
Then, we incrementally removed 10 ms segments from the beginning of the protocol, while
ensuring the max current contribution did not decrease by more than 5%. The seven shortened
protocols were then connected by 500 ms holding steps at -80 mV. We chose to hold at -80 mV
for 500 ms, because all of the protocols were optimized after a -80 mV holding step, and
because this is long enough for the kinetics of most ion channels to reach steady state.

To validate that the VC protocol isolates current during the same time windows in a cell

with different conductance and kinetic parameters, we applied the optimized VC protocol to
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the Paci iPSC-CM model (Paci et al., 2018) with experimental artifacts. The Paci model, which
was originally designed based on different data from the Kernik-Clancy model, can be
interpreted as a cell with different kinetic and conductance parameters. This was an important
step because of the heterogeneity among iPSC-CMs.

We found the time windows that maximized the current isolation for each of the seven
currents using the the Paci-artifact model and compared those time windows to the Kernik-
Clancy-artifact results (Appendix — Figure 9). Five (lk1, lto, lkr, ks, and Ina) of the seven currents in
the Paci model were isolated within 10 ms of the Kernik-Clancy model. The maximum lcaL
isolation in the Paci model occurs far from where the current is maximized in the Kernik-Clancy
model. However, the Paci model had a current isolation within 5% of its maximum during the
Kernik-Clancy window. The timepoint for It also differed between the two models. However,
these timepoints are near one another and have similar voltage dynamics. These data provide a
signal that the Kernik-Clancy-designed protocol is generalizable enough to isolate currents in
iPSC-CMs with different kinetics and conductances.

All code for this pipeline has been made available on the Christini Lab GitHub:
https://github.com/Christini-Lab/vc-optimization-cardiotoxicity.

Human iPSC-CM experiments
iPSC-CM cell culture

Frozen stocks of Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs) from a healthy individual (SCVI-480CM) were obtained from Joseph C. Wu, MD, PhD at the
Stanford Cardiovascular Institute Biobank. All iPSC-CM lines obtained from the individual were

approved by Stanford University Human Subjects Research Institutional Review Board and
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differentiated to cardiomyocytes as described previously (Burridge et al., 2014; Churko et al.,
2013).

Each vial of iPSC-CMs was cultured as a monolayer in one well of a 6-well plate
precoated with 1% Matrigel and supplemented with RPMI media (Fisher/Corning 10-040-CM)
containing 5% FBS (Gibco 16000069) and 2% B27 (Gibco A1895601). Cells were placed in an
incubator at 37°C, 5% CO;, and 85% humidity for 48 hours. When replating, cells were lifted
with 1 mL Accutase (Corning A6964), and the enzymatic reaction was blocked with DMEM/F12
(Gibco 10565-042) plus 5% FBS (Burridge et al., 2014). Cells were diluted to 100,000 cells/mL
and re-distributed to 124 8 mm sterile coverslips precoated with 1% Matrigel. RPMI media was
replaced every other day. Cells were patched from days 5 to 15 after thaw.
Electrophysiological Setup

Borosilicate glass pipettes were pulled to a resistance of 2-4 M(Q using a flaming/brown
micropipette puller (Model P-1000; Sutter Instrument, Novato, CA). The pipettes were filled
with intracellular solution containing 10 mM NacCl, 130 mM KCl, 1 mM MgCl,, 10 mM CaCl, 5.5
mM dextrose, 10 mM HEPES. Amphotericin B was used to perform perforated patch. The
pipette tip was first dipped into intracellular solution with no amphotericin B for 2-5 s. The
pipette was backfilled with the intracellular solution containing 0.44 mM amphotericin B. The
coverslips containing iPSC-CMs were placed in the bath and constantly perfused with an
extracellular solution at 35-37°C containing 137 mM NacCl, 5.4 mM KCI, 1 mM MgSQ04, 2 mM
CaCl,, 10 mM dextrose, 10 mM HEPES.

Patch-clamp measurements were made at 10kHz by a patch-clamp amplifier (Model

2400; A-M Systems, Sequim, WA) controlled by the Real Time eXperiment Interface (RTXI;
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http://rtxi.org) to send commands to the amplifier via the data acquisition card (PCI-6025E;
National Instruments, Austin, TX). After immersing the pipette into the extracellular solution,
voltage was set to zero, and voltage offset in our recordings was assumed to be equal to the
liguid junction potential of -2.8 mV. After contact with a cell was made and a seal of greater
than 300 M) was established, we waited for the access resistance to decrease below 40 M()
before starting experiments. The series resistance was 9-40 M) for all experiments, and series
resistance compensation was set to 70%. The 70% compensation was chosen because larger
values caused oscillations during the recordings.
Experimental design and drugs

Spontaneous, lx1 dynamic clamp, and VC data was acquired before and after drug
application. Once access was gained, spontaneous behavior was acquired for >10 s. Dynamic
clamp lx1 data was acquired using a custom RTXI module that implemented the Ishihara et al.
(2009) model. A recent in silico study showed that the Ishihara model has properties that are
optimal for use in Ix1 dynamic clamp studies of hiPSC-CMs (Fabbri et al., 2019). With this
module, we incrementally increased the Ishihara Ik1 conductance by 0.25x of its baseline
conductance until spontaneous behavior stopped, and the cell reached a resting membrane
potential below -65 mV. Resting at this hyperpolarized potential allows recovery of sodium
channels, resulting in APs with faster upstrokes and larger amplitudes, better resembling adult
ventricular APs. All but one cell settled into a resting membrane potential below -69 mV (Figure
3C). After dynamic clamp data was acquired, the amplifier was switched to voltage clamp
mode, and compensation of capacitance and access resistance was done. The cell was then

clamped with the optimized VC protocol.
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652 Following VC acquisition, the perfusion system was switched to an external solution
653  containing either 0.1% of DMSO, or one of the following drugs: cisapride monohydrate at 250
654 nM (USP —SKU: 1134120, Rockville, MD), verapamil hydrochloride at 150 nM (MP Biomedicals —
655 SKU: 195545, Solon, OH), quinidine at 2.7 uM (Tocris — SKU: 4108/50, Bristol, UK), or quinine at
656 12 uM (Sigma-Aldrich — SKU: 22620, Saint Louis, MO). Drug solutions were prepared daily, by
657  dissolving in DMSO before addition to external solution. The DMSO concentration was <0.1%
658 for all drug solutions. Cells were exposed to the drug solution for >5 minutes, while square

659 pulses were applied to observe changes in the current response. Once the cell had been

660 exposed for >5 minutes, and changes in the current response had stabilized, spontaneous, Ik
661 dynamic clamp, and VC data was acquired by following the same steps above.

662  Data Analysis and Statistics

663 All results are presented as mean + standard error of the mean. Significant differences
664  between the DMSO and each drug group were calculated using the SciPy unpaired t-test

665  function in Python, with significance indicating p<0.05. The precise p-value for each statistical
666  testis presented in its corresponding figure. Confidence intervals are set to 95% for each point
667  plot. All statistical analyses were performed using the raw experimental data. For presentation
’668 in figures, data were smoothed with a 0.4 ms moving average.

669 A power analysis was not used to make a sample-size estimation because we saw

670 significant differences between groups after experiments conducted on one freshly thawed
671  batch of cells for each drug.

672  Analyzing AP features
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The resting membrane potential (RMP), action potential amplitude (APA), action
potential duration at 20% repolarization (APD2o), and action potential duration at 90%
repolarization (APDgo) were calculated for all dynamically clamped Ik1 studies using custom
Python code. The RMP was determined by finding the minimum voltage during an AP. The APA
was calculated as the difference between the RMP and the maximum voltage during an AP. The
APD3o and APDgo were calculated as the duration between the maximum upstroke velocity
timepoint and when the cell repolarized to 20% and 90% of its RMP.

Analyzing VC protocol data
Functional t-test

A functional t-test (Keser, 2014) was used to determine the time windows when current
response changes to drug treatment differed from responses to DMSO treatment. We used the
following steps to develop a null distribution, conduct a functional t-test, and determine
windows of significant difference between DMSO control and drug groups:

1. For both the control and drug groups, we calculated the change in current at every
timepoint from pre- to post-treatment.

2. We developed a null distribution by completing the following step 200 times: we
combined and randomly shuffled individuals from the drug and control groups, and then
redistributed them into two distinct groups. We calculated a T-statistic (T(t)) at every
timepoint.

3. We found the t-value at the 95™ quantile of the null distribution and used it as the
threshold for determining significant differences between our control and drug groups.

In other words, the control and drug groups were labeled significantly different at a time
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695 when the T-value comparing these two groups was greater than the T-value at the 95t
696 percentile of the null distribution.

697 The windows plotted in Figures 5, 6, and Appendix — Figures 10-13 show where there is a

698 significant difference between the drug and DMSO groups that lasts for more than 1 ms. The
699 functional t-test calculations were completed with custom Python code using the SciPy

700  unpaired t-test function.

701  HEK-HCNI1 culture

702 Human embryonic kidney cells 293 stably expressing human hyperpolarization-gated
703  cyclic nucleotide-sensitive cation channel 1 (HEK-HCN1) were obtained from Charles River

704  (CT6114). Cells were cultured and maintained according to the online protocol by Charles River.
705  One frozen vial of cells was thawed in prewarm DMEM/F12 media plus 10% FBS and 100

706  units/ml Penicillin/Streptomycin (Life Technologies 15140) and placed in 37°C, 5% CO,, and 85%
707  humidity incubator overnight. The media was replaced with selection media containing 0.005
708  mg/mL Blasticidin (InvivoGen ant-bl-5b) and 0.1 mg/mL Zeocin (InvivoGen ant-zn-5b), and the
709  cells were sub-cultured if they were at ~ 75% confluency.

710 To induce expression of HCN1 channels, cells were cultured in DMEM/F12 media plus
711 1.5 pg/mL tetracycline (Sigma-Aldrich T7660) two days before the experiment. To prepare the
712 cells for use in the Nanion Patchliner automated patch system, they were rinsed twice with 5
713  mL Hank’s Balanced Salt solution (Life Technologies 14175) and lifted with 2 mL Accutase. The
714  enzymatic reaction was blocked using DMEM/F12 media and the cell solution was centrifuged

715  for 2 min. Supernatant was discarded and the cell pellet was mixed with FBS-free DMEM/F12
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716  media plus 15 mM HEPES (pH 7.3) and extracellular solution. The cell mix solution was placed in
717  a4°Cfridge for 10 min before use.

718  HEK-HCN1 Experiments

719 HEK-HCN1 current was recorded using an automated patch clamp system (Patchliner
720 Quattro, Nanion Technologies GmbH), sampling at 25kHz. Whole cell patch clamp was

721  performed at room temperature on HEK-HCN1 using standard medium resistance NPC-16 chips
722  (1.8-3 MQ) after getting GQ seal. Series resistance was compensated at 80% for voltage- clamp
723  recordings.

724 It Current-voltage (I-V) traces were recorded starting from a holding potential of -20mV.
725  Cells were stepped to a potential between -20 mV and -120 mV for 3500 ms, decreasing by 10
726  mV steps. Then, cells were stepped to -50 mV for 500 ms to acquire the tail current. Maximum
727  currents were calculated as the average current over the last 800 ms of the hyperpolarizing
728  step. Maximum tail currents were calculated as the average between 8 and 16 ms after the step
729 to-50mV.

730 To measure the dose-response of HCN1 current to quinine treatment, peak currents
731  were measured by stepping from a holding potential of -20 mV to -110 mV for 3500 m:s.

732  Maximum currents were calculated as the average current over the last 800 ms of the

733  hyperpolarizing step. These traces were acquired three or four times at each dose. The last two
734  traces at each dose, which were acquired >40 s after drug application, were used for analysis.
735  Each data point plotted in Figure 7C is an average of the currents from these two traces.

736 In all experiment, cells were measured using extracellular solution with the following

737  concentrations (in mM): 140 NacCl, 4 KCI, 2 CaCl2, 1 MgClI2, 5 D-Glucose monohydrate, 10
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HEPES, pH adjusted to 7.4 with NaOH, and 298 mOsm. The intracellular solution had the
following concentrations (in mM): 10 EGTA, 10 HEPES, 10 KCl, 10 NaCl, 110 KF, pH 7.2 with KOH,
280 mOsm.
Code and data availability

All code has been made publicly available on GitHub at: https://github.com/Christini-
Lab/vc-optimization-cardiotoxicity. Data that support the findings can be provided upon

request.
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939 Appendix - Figure 1
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941 The effect of experimental artifact on voltage clamp data designed to activate sodium channels. The

942 experimental artifact used in this simulation included a voltage offset of -2.8 mV, seal resistance of 1 GQ, and

943 access resistance of 20 MQ. The top panel shows the voltage experienced by the cell (dashed blue) compared to
944 the command voltage (black). The voltage offset shifts the membrane voltage negative by 2.8 mV, which has little
945 effect on the current response. The relatively high access resistance is what causes the gradual slope upwards from
946 the starting voltage of -80 mV to the ending voltage of -30 mV. This gradual slope in the membrane voltage leads

947  to adelayed and reduced peak current (bottom) response.
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950 The optimized protocol for Iy, with Kernik-Clancy current response. The optimized protocol for Iy, is shown in the
951 top panel. The bottom of panel shows the Kernik-Clancy response to the protocol. Each point plotted in the
952 bottom panel is color-coded by the relative contribution of the specified current. The green line in the top of each

953 panel shows where the isolated current is maximized.
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956  The optimized protocol for I, with Kernik-Clancy current response.
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959  The optimized protocol for Ic.. with Kernik-Clancy current response.
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962  The optimized protocol for Ik with Kernik-Clancy current response.
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966  The optimized protocol for Ix; with Kernik-Clancy current response.
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969  The optimized protocol for Ixs with Kernik-Clancy current response.
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972  The optimized protocol for I; with Kernik-Clancy current response.
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975 The timepoints of maximum current isolation for the Paci and Kernik-Clancy models. Five (I, lo, lkr, lks, and Ina)
976 of the seven currents in the Paci model were isolated within 10 ms of when they were isolated in the Kernik-Clancy
977 model. These time windows are highlighted grey in the figure. The maximum I, isolation in the Paci model occurs
978 far from where the current is maximized in the Kernik model. However, the Paci model had a current isolation
979 within 5% of its maximum during the Kernik-Clancy window. The timepoints for I¢ also differed between the two
980 models. However, these timepoints are near one another and have similar voltage dynamics, indicating that the

981 Kernik-Clancy timepoint is likely generalizable for these currents.
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Appendix — Figure 10
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Differences in cell response to cisapride vs. DMSO. The voltage clamp protocol (top), average change in drug
response from pre- to post-drug application for both DMSO and cisapride (middle), and the Kernik-Clancy Ik
response to the voltage clamp protocol (bottom). The blue overlays indicate where there is a significant difference
(p<.05) between the average cisapride and DMSO responses. We expected cisapride to strongly and specifically
block Ix,. The bottom panel shows that most of the areas that are significantly different occur when I, is present in

the Kernik-Clancy model.
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992 Differences in cell response to verapamil vs. DMSO. This figure shows the voltage clamp protocol (top), average
993 change in drug response from pre- to post-drug application for both DMSO and verapamil (middle), and the Kernik-
994 Clancy lca response to the voltage clamp protocol. The red overlays indicate where there is a significant difference
995 (p<.05) between the average verapamil and DMSO responses. At the concentration tested, we expect verapamil to
996 block ~40% of Ica. and ~20% of Ix.. The bottom panel shows that most of the areas that are significantly different
997 occur when the ¢, is present in the Kernik-Clancy model. There are two brief windows that the functional t-test

998 identifies after 4000 ms, that are not likely I or IcaL.
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1001 Differences in cell response to quinidine vs. DMSO. This figure shows the voltage clamp protocol, average change
1002 in drug response from pre- to post-drug application for both DMSO and quinidine, and the Kernik-Clancy Ik, o, and
1003 Iks responses to the voltage clamp protocol. The green overlays indicate where there is a significant difference
1004 (p<.05) between the average quinidine and DMSO responses. At the concentration tested, we expect quinidine to
1005  block ~89% of Ik, ~43% of |, and ~27% of lxs. The significance windows overlap very well with the Kernik-Clancy Ik,

1006 lto, and lgs currents. This is to be expected, as quinidine is known to be a strong and general blocker of potassium

1007 currents.
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Differences in cell response to quinine vs. DMSO. This figure shows the voltage clamp protocol, average change in
drug response from pre- to post-drug application for both DMSO and quinidine, and the Kernik-Clancy Ik, lt, and lca
responses to the voltage clamp protocol. The blue overlays indicate where there is a significant difference (p<.05)
between the average quinine and DMSO responses. At the concentration tested, we expect quinine to block ~72%
of Ir and ~29% of Ic... During the experiments, we noticed a likely block of I with quinine treatment. In figure 7, we
show how we calculate a block of ~32% of It by quinine at this concentration using a HEK-HCN1 cell line. The

significance windows overlap very well with the Kernik-Clancy Ik, Ica,, and Is currents.
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Appendix - Figure 14
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Max current vs voltage for HCN1 tail current. The max conductance-voltage curve was found by stepping to -
50mV after the channels had been activated with a depolarizing step. The max tail current values in this plot

indicate that most, if not all, funny current channels are open when stepping to voltages below -100mV.
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