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Heterologous expression systems have been used as a powerful experimental strategy to study the function of
many proteins, particularly ion transporters. For this experiment, it is fundamental to prepare an expression
vector encoding a protein of interest. However, we encountered problems in vector preparation of the voltage
sensor domain (VSD) of murine sperm-specific Na™/H" exchanger (sNHE) due to its severe toxicity to bacteria.
We overcame the problems by insertion of an amber stop codon or a synthetic intron into the coding sequence of

the VSD in the expression vectors. Both methods allowed us to express the protein of interest in HEK293 cells
(combined with a stop codon suppression system for amber codon). The VSD of mouse sNHE generates voltage-
dependent outward ionic currents, which is a probable cause of toxicity to bacteria. We propose these two
strategies as practical solutions to study the function of any protein toxic to bacteria.

1. Introduction

The sperm-specific sodium/proton exchanger (SNHE) is an essential
protein for male fertility, at least in mouse and human, because muta-
tions in this exchanger cause male infertility due to severe problems in
sperm flagellar beating [1,2]. Unlike other sodium/proton exchangers,
sNHE (encoded by SLC9C) contains a voltage sensor domain (VSD)
commonly found in voltage-dependent ion channels (Fig. 1A). Despite
the importance of SNHE in sperm motility regulation, the characteriza-
tion of the mammalian sNHE has not advanced because functional
expression of the SNHE in heterologous systems has not been established
[3].

In this study, we tried to characterize the VSD of mouse sNHE using
the isolated VSD instead of the entire protein. In the course of our
project, we encountered severe problems in preparation of expression
vectors due to toxic effects of the VSD to E. coli. There are different
strategies to avoid a gene’s toxicity when preparing an expression vector
[4]: changing the temperature during growing of transformed bacteria
to reduce the copy number of the plasmid, selection of different

promoters to control transcription strictly, usage of distinct E. coli strains
to reduce expression of the toxic protein, and modification of the protein
that reduce or eliminates the toxicity of the protein such as insertion of
an intein, self-catalytic protein splicing element. On this matter, for a
fungi calcium channel, CCH1, it was known to be impossible to prepare
an expression vector in E. coli due to high toxicity. In 2009, a group
developed a method that allowed them to clone the gene in yeast using a
homologous recombination-based strategy [5]. Although the strategy
was successful, it requires yeast and elaborated preparations of an insert
and a vector to fuse them in vivo. Taking this example into account, it is
desirable to establish an easy and efficient method that allows us to
characterize this type of proteins.

In summary, we employed two distinct strategies to overcome the
toxicity of the VSD in E. coli. 1) insertion of an amber stop codon into the
toxic gene and its suppression upon protein expression, 2) insertion of an
intron into the toxic gene and expression of the entire protein in
eukaryotic cells where a splicing system exists. We believe that our
report is a successful example of how one can study a protein that is
highly toxic to E. coli. Also, our work could be of special interest for

Abbreviations: sSNHE, sperm-specific sodium/proton exchanger; VSD, voltage sensor domain.
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Fig. 1. Structure of sNHE and chimeric proteins with a mouse VSD of sNHE.
(A) Mouse sNHE consists of 14 predicted transmembrane segments (S1-S14).
The first ten segments form an ion exchanger (Na*/H"). The last four segments
form a voltage-sensing domain (VSD). The long cytoplasmic C-terminus con-
tains a cyclic nucleotide-binding domain (CNBD). (B) We designed two
chimeric constructions: One fused to Kcv viral K™ channel (I) and the other
fused to pHluorin fluorescent protein (II). We prepared two versions of the
second chimeric construction, one with a mutation of a tyrosine to an amber
stop codon (blue arrow) and the other with an inserted intron (red arrow).

people studying voltage sensitive proteins difficult to clone in E. coli.
2. Materials and methods

The following DNA polymerases: Platinum SuperFi, Platinum Pfx
(both from Thermo Fisher Scientific) and Vent (New England Biolabs)
were used throughout the project. All restriction enzymes and pJET1.2
were from Thermo Fisher Scientific. The plasmids used in this study:
PCAGEN was a gift from Connie Cepko (Addgene plasmid # 11160) [6],
ArcLight-Q239 (in pCS2+) was a gift from Vincent Pieribone (Addgene
plasmid # 36856) [7] and KvSynth1-GFP.pcDNA3 (Ci-VSP VSD) was a
gift from Dr. Sandra M. Bajjalieh (University of Washington, Seattle).
CMV-LUC2CP/intron/ARE was a gift from Gideon Dreyfuss (Addgene
plasmid # 62858). All oligonucleotides for PCR primers were synthe-
sized in the DNA synthesis and sequence unit of our institute and their
sequences are described in Supplementary Table 1.

2.1. Cloning of the VSD of mouse sNHE (msNHEysp)

Total RNA was isolated from CD1 mouse testicle tissue using TRIzol
Reagent (Thermo Fisher Scientific). A ¢cDNA fragment containing the
VSD of mouse sNHE (msNHEysp) was obtained by RT-PCR (PCR1 using
1F and 1R primers described in Supplementary Table 1). An amplified
DNA fragment was cloned into pJET1.2 vector (Thermo Fisher
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Scientific) to obtain pJET1.2-msNHEygp. DNA sequences of open
reading frames of all plasmids used in this study were determined in the
DNA synthesis and sequence unit in our institute.

2.2. Preparation of expression vectors

2.2.1. pCAGEN-msNHEysp-Kcv-GFP

A plasmid KvSynth1l-GFP.pcDNA3 encodes the VSD of Ci-VSP
(CiVSPysp) fused to viral K channel (Kev) and GFP [8]. This plasmid
produces a synthetic voltage-gated Kt channel in mammalian cells [8,
9]. The open reading frame (CiVSPygp-Kcv-GFP) of this plasmid was
amplified by PCR2 using 2F and 2R as primers (Supplementary Table 1).
The amplified DNA fragment was inserted into pCAGEN [6] using EcoRI
and Notl as cloning sites. The obtained plasmid (pCA-
GEN-CiVSPysp-Kcv-GFP) expressed higher amount of the synthetic K™
channel in HEK293 cells than KvSynth1-GFP.pcDNA3 (data not shown).
In order to obtain a chimeric protein containing VSD of mouse sNHE
(msNHEysp), Kev and GFP, we first amplified a DNA fragment encoding
msNHEygp by PCR3 using pJET1.2-msNHEysp as a template and 3F and
3R as primers (Supplementary Table 1). Subsequently, Kcv-GFP region
of cDNA was amplified by PCR4 using pCAGEN-CiVSPygp-Kcv-GFP as a
template and 4F and 4R as primers (Supplementary Table 1). These two
PCR products were digested with Lgul (Type IIs restriction enzyme) and
ligated with T4 ligase [10]. The ligated product was amplified by PCR5
with 3F and 4R primers and inserted into pCAGEN using EcoRI and NotI
as cloning sites (pCAGEN-msNHEygp-Kcv-GFP as an expected plasmid).
Supplementary Fig. 1 summarizes all procedures.

2.2.2. pCS2+-msNHEysp-pHluorin

The VSD of mouse sNHE (msNHEygsp) was amplified by PCR6 using
pJET1.2-msNHEygp as a template and 6F and 6R primers (Supplemen-
tary Table 1). The amplified DNA was used to replace the VSD of the
plasmid encoding ArcLight-Q239 (in pCS2+) [7] using HindIII and
BamHI as cloning sites. The obtained plasmid (pCS2+-msNHEygp--
pHluorin) encodes the VSD of mouse sNHE fused with pHluorin (Sup-
plementary Fig. 2).

2.2.3. pCS2+-VSDygss5amber-PHluorin

Using pJET1.2-msNHEygp as a template, the sequence TAC that en-
codes Tyrosine 665 of the VSD of mouse sNHE was replaced by an amber
stop codon (TAG) by PCR-based mutagenesis [11] using 7F and 7R as
primers (PCR7 Supplementary Table 1). After confirming the correct
insertion of the amber stop codon by DNA sequencing, this plasmid
(pJET1.2-VSDyee5amber) Was used as a template and a DNA fragment
containing the VSD with Y665Amber mutation (VSDygs5amber) Was
amplified by PCR8 with 6F and 6R primers. The amplified DNA was used
to replace the VSD of the plasmid encoding ArcLight-Q239 (in pCS2+)
using HindIll and BamHI as cloning sites. The obtained plasmid
(pCS2+-VSDyggsamber-PHluorin) encodes msNHEysp with Y665Amber
mutation fused with pHluorin (Supplementary Fig. 2).

2.2.4. pCS2+-VSDpron-pHluorin

A small (133 bp) chimeric intron (from p-Globin and IgG) [12] was
introduced into AG and G bases that encodes for the cytoplasmic loop
between the second (S2) and the third (S3) transmembrane segments of
the VSD of mouse sNHE (Fig. 1 and Fig. S2). To insert the intron within
msNHEysp (VSDmron), We amplified three DNA fragments by PCR that
contain one or two Lgul site(s). The first fragment (the N-terminal half of
msNHEysp) was amplified by PCR9 using pJET1.2-msNHEygp as tem-
plate and 6F and 9R as primer (Supplementary Table 1). The second
fragment (Intron) was amplified by PCR10 using
CMV-LUC2CP/intron/ARE as template and 10F and 10R primers (Sup-
plementary Table 1). The third fragment (the C-terminal half of
msNHEysp) was amplified by PCR11 using pJET1.2-msNHEygp as a
template and 11F and 6R as primers (Supplementary Table 1). There-
after, all three PCR products were digested by Lgul and ligated. The



C. Arcos-Hernandez et al.

ligated product (VSDpron) Was amplified by PCR12 using 6F and 6R
primers and used to replace the VSD of ArcLight-Q239 (in pCS2+) to
obtain pCS2+-VSDyyon-pHluorin using HindIIl and BamHI as cloning
sites again (Supplementary Fig. 2).

2.2.5. Cell culture and transfection

The human embryonic kidney 293 (HEK293) cell line was main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum and antibiotic (Streptomycin (10,000 pg/
ml) and Penicillin (100 U/ml))/antimycotic (Amphotericin B (25 pg/
ml)) (all from Gibco) at 37 °C in a 4% COy atmosphere. Transient
expression was achieved by transfection of plasmid DNA using jetPEI
(Polyplus). When the cells were transfected with pCS2+-VSDygg5amber-
pHluorin and pMAH-MYRS, DMEM medium was supplemented with 1
mM 1-Tyrosine until the experiment was performed.

2.2.6. Electrophysiology

The cells were used for experiments at 24 or 48 h after transfection.
For voltage-clamp experiments using the whole-cell patch-clamp
configuration, we used the following internal solution in mM: 133
NMDG-methanesulfonate, 5 NMDG-CI (or 138 NMDG-CI), 0.2 MgCl,, 10
EGTA and 10 HEPES. The external solution contained in mM: 140
NMDG-CI (or 140 NMDG-methanesulfonate), 3 KCl, 5 CaCl,, 10 HEPES
and 5 Glucose. The pH of the media was adjusted to 7.4 with NMDG. For
macroscopic current recordings, we used a voltage step protocol from
—80 to 80 mV in 10 mV increments, from a holding potential of —80 mV
(or —120 mV). The borosilicate pipettes used for recordings, ranged in
resistance from 3 to 7 MQ. Ionic current recordings were sampled at 20
kHz and filtered at 5 kHz (four-pole Bessel filter), using an Axopatch
200B amplifier and the Axon 1550B digitizer (Molecular Devices).
Linear capacitative currents were minimized analogically using the
capacitative transient cancellation feature of the amplifier. For ion
current recordings, online leak subtraction was applied using a p/-4
protocol. Stimulation, data acquisition and data analysis were done
using pClamp software 11 (Molecular Devices).

2.2.7. Visualization of protein expression using fluorescence microscopy

The expression of all chimeric proteins (assessed by pHluorin’s
fluorescence) was confirmed using epifluorescence or confocal micro-
scopy. In both cases, the cells were observed 24 or 48 h after trans-
fection. In the case of confocal microscopy, the cells were grown,
transfected, and observed in glass bottom dishes (Cat. FD35-100 from
FluoroDish); the excitation wavelength was 488 nm using an objective
lens 60x amplification in an Olympus IX81 inverted confocal micro-
scope (these observations were done at the National Laboratory of
Advanced Microscopy in our institute). Epifluorescence microscopy was
performed during the electrophysiological experiments; the previously
transfected cells were detached from the dishes using trypsin (TrypLE
Express Enzyme (1X) Cat.12604-54 from Gibco), placed onto small glass
pieces and observed under the microscope.

2.3. Results and discussion

2.3.1. Expression vectors of the VSD of mouse sNHE

It was previously demonstrated that hyperpolarized membrane po-
tential (V,,) activates Na*/H" exchange through the VSD of sNHE using
the sea urchin ortholog expressed in CHO cells [13]. In this study, we
decided to investigate the isolated VSD of mouse sNHE taking advantage
of its modular nature [14]. In general, a VSD functions independently of
other domains such as the pore domain of ion channels and the phos-
phatase of the voltage-sensitive lipid phosphatase (VSP) [15]. For
example, the VSD of Ci-VSP maintains its function after being fused to a
viral K' channel [9,16] or to a fluorescent protein [7]. According to
these previous reports, we designed two chimeric proteins by fusing the
VSD to the viral K™ channel (Kcv) or the fluorescent protein (pHluorin)
(Fig. 1B).
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However, we encountered severe problems in preparation of the
plasmids that encode the VSD of mouse sNHE (msNHEygp). Actually, we
have never obtained a desired plasmid encoding the msNHEygp con-
nected to the Kcv channel (pCAGEN-msNHEysp-Kcv-GFP). Namely, we
obtained a quite small number of colonies of E. coli after transformation.
All plasmids we prepared from those E. coli colonies were smaller than
expected (Fig. S3A) with a significant deletion of DNA (Fig. S3B).

On the other hand, in the very first preparation of a plasmid encoding
msNHEygsp connected to pHluorin (pCS2+-msNHEysp-pHluorin) using
JM109(DE3), we obtained one colony that encodes the correct coding
sequence. We confirmed that HEK293 cells transfected with this plasmid
exhibit fluorescence signals of pHluorin although the protein did not
localize preferentially at the plasma membrane as ArcLight (a VSD of Ci-
VSP fused to pHluorin) does (Fig. S4). Considering that some VSDs
themselves can form ion channels [17-19], we suspected that msNHEygp
might form an ion channel. Actually, we recorded voltage-dependent
outward currents from a cell transfected with the plasmid
pCS2+-msNHEysp-pHluorin (Fig. S5). We wanted to repeat this exper-
iment, but we couldn’t because we failed to obtain any new E. coli col-
onies transformed with this plasmid. Therefore, we tried to obtain the
same plasmid construct repeating the same procedure, but we obtained
only plasmids with mutated inserts (Fig. S6). Thereafter, we tried other
E. coli strains, incubation in low temperatures or other plasmid vectors
[4]. However, all our efforts to recover the plasmid fell in vain. There-
fore, we reasoned that the problems might be caused by a severe toxic
effect of msNHEygp on E. coli. To overcome this problem, we tried two
distinct strategies that eliminate the gene toxicity during E. coli
transformation.

2.3.2. Amber stop codon insertion and its suppression

We first used the amber stop codon suppression system. In the last
two decades, significant technical advances have been made to incor-
porate unnatural amino acids into a recombinant protein [20-23]. This
technology is based on the stop codon suppression system, where a
particular amino acid can be incorporated into a certain stop codon in
the presence of an orthogonal aminoacyl-tRNA synthetase/tRNA pair.
However, without the stop codon suppression system, a recombinant
protein will not be produced in transfected cells. Actually, a stop codon
insertion has been used for preparation of expression vector encoding
some toxic proteins such as Ndd protein of T4 bacteriophage and bar-
nase (RNase of bacteria) [24,25]. These proteins were expressed in
bacteria and in plants using stop codon suppression systems. However,
this strategy has been used to regulate gene expression of functionally
known protein, not for analysis of biochemical or biophysical properties
of an uncharacterized protein. We introduced an amber stop codon at
the position 665 of mouse sNHE, originally occupied by a tyrosine
(VSDygesamb) (Fig. 2A and Fig. S7A). As expected, we were able to
prepare the desired plasmid (pCS2+-VSDyggsamb-pHluorin) without any
problems (Fig. 2B). To suppress the amber stop codon in HEK293 cells,
we co-transfected with a pMAH-MYRS plasmid that encodes an
aminoacyl-tRNA synthetase/tRNA pair (Fig. S7B). pMAH-MYRS in-
corporates 3-nitro-i-tyrosine (3-NY) into the amber stop codon in
mammalian cells, but also incorporates tyrosine in the presence of
additional tyrosine (mM range) in the medium. We described the pMAH
plasmid backbone previously [21], while 3-NY-aminoacyl-tRNA syn-
thetase is different from the wild-type enzyme by only two mutations
(Y37L/Q195S) (Fig. S7C). Detailed characterization and other applica-
tions of pMAH-MYRS will be reported elsewhere. Using this method, we
were able to produce the complete chimeric protein (msNHEygsp —
pHluorin) in HEK293 cells (Fig. 2C). In contrast, we observed negligible
fluorescence  in  HEK293  cells transfected only  with
PCS2+-VSDygesamb-pHluorin (Fig. 2C), indicating that amber stop
codon can be suppressed only by co-transfection with pMAH-MYRS.
Furthermore, we detected voltage-dependent outward currents from
the co-transfected HEK293 cells (Fig. 2D). As a control we transfected
HEK293 cells with ArcLight Q239 (the VSD of Ci-VSP fused to pHluorin)



C. Arcos-Hernandez et al.

A C

T DS I S YNTFDILT
WT ACAGACTCCATTAGTTACAATTTTGACTTAACT
FEEEEREEEErr et
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PCS2+-VSDygssamper-PHIUOFN + pMAH-MYRS

and pMAH-MYRS, but the cells did not produce any detectable ionic
current (Fig. 2D). Currently, a stop codon suppression system is mainly
used for insertion of unnatural amino acids. However, we used this
technique to produce an intact protein in eukaryotic cells, which is an
unconventional, but quite useful, technique to overcome the problem of
a toxic protein to bacteria.

In this study, we used an amber insertion strategy to purify the
plasmid encoding a toxic msNHEygp gene from E. coli, and did not intend

A C

VSD-sNHE (S1-54)

pCS2+-VSDyggsamber-PHIUOriN

RE Digestion
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Fig. 2. Plasmid encoding msNHEygp-pHluorin with
amber stop codon and its suppression in HEK293
cells.

(A) Partial DNA and amino acid sequence of pCS2-+-
VSDygesamber-PHIUOrin. Amber stop codon (TAG)
inserted in Y665 (TAC) is highlighted in red. (B) Gel
electrophoresis pattern of two plasmids, both corre-
sponding to pCS2+-VSDygesamber-PHluorin. The lanes
contain the plasmids before (—) and after (+) diges-
tion with HindIIl and BamHI. The expected size of the
insert (386 bp arrow) was observed after digestion.
(C) Confocal fluorescence (left) and bright field
(right) images of HEK293 cells transfected only with
PCS2+-VSDyee5amber-PHIuorin (top) or co-transfected
with pMAH-MYRS with 1 mM Tyrosine (bottom).
Scale bar, 10 pm. (D) Voltage-clamp recordings of
HEK293 cells transfected with pCS2+-VSDY665Am-
ber-pHluorin (left) or pCS2+-Arclight Q239 (right).
In both cases, HEK293 cells were co-transfected with
PMAH-MYRS. The currents were obtained using a
step protocol from —80 to +80 mV from a holding
potential of - 80 mV. The mean current density at
+60 mV for pCS2+-VSDY665Amber-pHluorin cells
was: 5.7 £ 1.8 pA/pF (n = 5).

pCS2+-Arclight-Q239 + pMAH-MYRS

to regulate the expression level of msNHEygp-pHluorin in HEK293 cells
using the amber suppression system. In the future, we may use an amber
suppression system without background readthrough in mammalian
cells, and then use unnatural amino acid to regulate the expression of the
full-length protein. We expect that such controlled expression strategy
may serve to study time-resolved cell responses to a protein of interest.

Fig. 3. Insertion of a small intron in msNHEygp and
expression of the msNHEygp-pHluorin in HEK293
cells.

A

o]
——

Insertion of early stop codons

VAAMZPBREKETFTFS HTWTILTLF

WT GTGGCAGCAATGAGGAAGGAATTTTTTTCACACACCTGGCTCCTGTTT
FEEErrrrrerrereen

Int GTGGCAGCAATGAGGAAGGTAAGTATCAAGGTTACAAGACAGGTTTAA
V AAMZ®BRIEKTYV S I KV TR RQV *

D

pCS2+-VSDjyron-pHIuorin

(A) A small synthetic intron was inserted in the
middle of msNHEygp gene in order to prevent the
entire protein expression in bacteria. (B) Partial DNA
and amino acid sequences of WT and intron-inserted
msNHEygp. The later produces a truncated protein
with unrelated 9 amino acids in the C-terminus
(represented by the red bar). (C) Gel electrophoresis
pattern of pCS2+-VSDyy,¢ron-pHluorin before (—) and
after (+) digestion with HindIIl and BamHI. The ex-
pected size of the insert DNA (519 bp) was observed
after digestion. (D) Confocal images showing
pHluorin fluorescence (left) and bright field (right) of
HEK293 cells transfected with pCS2+-VSDintron-
pHluorin. Scale bar, 10 pm. (E) Voltage clamp
recording of a HEK293 cell transfected with pCS2+-
VSDitron-pPHluorin. The currents were obtained using
a step protocol from —80 to +80 mV from a holding
potential of —80 mV. The mean current density at
+60 mV was 13.2 + 2.2 pA/pF (n = 5).

519 bp

pCS2+-VSDpron-pHluorin
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2.3.3. Intron insertion

Several viral proteins are toxic to bacteria and plasmids containing
such gene are hard to amplify in E. coli [26]. To overcome this problem,
Johansen reported in 1996 that insertion of intron(s) into cDNA of plant
potyvirus facilitated plasmid amplification in E. coli and allowed the
identical potyvirus production in plant leaves transfected with such
plasmids [27]. Afterwards, intron insertion was employed in several
viral proteins toxic to E. coli [28-30]. Although this method is theoret-
ically relevant for any protein regardless of the origin of organisms, it
has been mainly used for viral proteins.

The amber stop codon suppression system was successful for
expression of msNHEygp-pHluorin in HEK293 cells. However, it was
quite hard to perform whole-cell patch-clamp recordings. In order to
explore another method, we decided to try intron insertion as the second
strategy to eliminate the VSD toxicity in bacteria. We introduced a small
(133 base pairs) synthetic intron, which has at least one stop codon in
any reading frame [12], into the cDNA that encodes msNHEygp (Fig. 3A,
Fig. S7B and Fig. S8A). In theory, bacteria produce a truncated VSD with
extra 9 amino acids in its C-terminus (Fig. 3B). As expected, we were
able to prepare a plasmid encoding msNHEygp with the intron
(pCS2+-VSDiptron-pHluorin) without any problems (Fig. 3C).

HEK293 cells transfected with pCS2+-VSDipron-pHluorin expressed
msNHEygp-pHluorin (Fig. 3D). The cells expressing msNHEygp-pHluorin
with the intron system exhibited similar outward currents as observed
previously (Fig. 3E). Furthermore, we recorded larger ionic currents
with the intron system than those with the amber suppression system
(Fig. S9). It is known that splicing enhances recombinant protein
expression by mRNA accumulation [31]. On the other hand, the amber
suppression system has to compete with translation termination. These
distinct properties might explain the difference of the amplitudes of the
outward ionic currents between the two methods. However, HEK293
transfected with pCS2-VSDipon-pHluorin cells are still fragile compared
to those transfected with ArcLight Q239, confirming that msNHEygp is
toxic to eukaryotic cells not only to bacteria.

3. Conclusion

Besides our case, there are some examples of transmembrane pro-
teins that are toxic to bacteria by alteration of the membrane perme-
ability: influenza M2 protein [32], the 6K protein [33] and the E protein
from SARS coronavirus [34]. We revealed that msNHEygp forms an ion
channel in HEK293 cells, which is a probable cause of its toxicity to
bacteria as well as HEK293 cells. In this study, it was more difficult to
obtain a whole-cell patch-clamp recording with the stop codon sup-
pression system than the intron system, probably because of an addi-
tional stress to HEK293 cells through the stop codon suppression.
However, an amber stop codon insertion into a DNA fragment is tech-
nically much easier than intron insertion. Therefore, further trials with
distinct proteins should be done to evaluate the stop codon suppression
system to overcome the toxicity of any toxic genes to bacteria. We
believe that our report promotes two strategies, i) stop codon suppres-
sion and ii) intron insertion, as practical solutions against the problem of
any recombinant protein toxic to bacteria, which will allow the
expression of the protein in eukaryotic cell to characterize its
biochemical and biophysical properties.

We observed outward currents from the VSD of mouse sNHE
expressed in HEK293 cells. However, this activity is probably an artifact
of the isolation of the VSD from the sNHE because such currents were not
reported from mouse spermatozoa [35]. As a similar case, an isolated
VSD of shaker channel generates gating pore currents although the
complete shaker channel does not generate such currents [18]. We need
to characterize the entire mouse SNHE and the strategies we employed in
this study should contribute to this purpose.
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Supplementary Table 1. Information of PCR primers with nucleotide sequences

PCR1 for cloning of the VSD of mouse sNHE
1F: TCG GAC ATT TCT CTC GGT T
IR: TAT CTG CTG GCT CATCCT T

PCR2 for subcloning of CiVSPysp-Kev-GFP into pCAGEN plasmid
2F: CGC CGG AAT TCA CCA TGG AGG GAT TTG AC (EcoRI)
2R: GGA AAG GAC AGT GGG AGT GG

PCR3 for amplification of the VSD of mouse sNHE with RE sites
3F: GCG GGA ATT CAC CAT GGT CTT CAC AAA TGA (EcoRI)
3R: CGG CTC TTC TTT TGG TGT TAC AAG C (Lgul)

PCR4 for amplification of the Kcv-GFP from pCAGEN-CiVSPygsp-Kcv-GFP
4F: CCG CTC TTC CAA AAA TGT TAG TGT TTA GTA A (Lgul)
4R: AGC CTG CACCTG AGG A

PCRS for amplification of the ligated product (msNHEysp-Kcv-GFP)
3F and 4R

PCR6 for amplification of the VSD of mouse sNHE for ArcLight-Q239 (pCS2+)

6F: CCC AAG CTT ACC ATG GTC TTC ACA AAT GAA TTT GAA TAT ACT GG (HindIII)
6R: CAC GGA TCC CCC AGT AGT TTT GGT GTT ACT AGC TTC AAG ATG CGC AG
(BamHI).

PCR?7 for site-specific mutagenesis of pJET1.2-msNHEygsp (Y665Amber)
7F: CCA TTA GTT AGA ATT TTG ACT TAA CTG AGA CTGTGG T
7R: CAA AAT TCT AAC TAA TGG AGT CTG TTT CGA TAA G

PCRS for amplification of the VSDyegs5amber
6F and 6R

PCRY for amplification of the N-terminal half of msNHEvsp
6F
9R: CCC GCT CTT CAC TTA CCT TCC TCA TTG CTG CCA CCT TAA (Lgul)

PCR10 for amplification of intron
10F: CGG GCT CTT CTA AGT ATC AAG GTT ACA AGA CAG GTT TAA G (lgul)
10R: CCG CGT CTT CCT GTG GAG AGA AAG GCA AAG TGG A (Lgul)

PCR11 for amplification of the C-terminal half of msNHEysp
11F: CCC GCT CTT CTA CAG GAA TTT TTT TCA CAC ACC TGG CTC (Lgul)
6R

PCR12 for amplification of the VSDiyon
6F and 6R
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PCR2 EcoRI Notl
Template: KvSynth1-GFP. 2F = 2R
pcDNAS3 (CiVSP,.p) CiVSP,¢, Kev  GFP

Primers: 2F and 2R

/ EcoRl
EcoRl *CIVSPVSD

{( Notl Kev

pCAGEN-CiVSP,s,-W GFP
Kev-GFP <« Notl

6531 bp

PCR3 PCR4
Template: pJET1.2-msNHE,, Template: pCAGEN-CiVSP,,-Kcv-GFP
Primers: 3F and 3R Primers: 4F and 4R
EcoRl Lgul Lgul Notl
3F —> <<— 3R 4F — -« 4R
msNHE, Kev  GFP

Ligation
391 bp 1065 bp

EcoRl |igated product Notl
—

PCR5 3F < 4R
Template: Ligated product
Primers: 3F and 4R msNHE, ., Kev  GFP
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EcoRlI * msNHE;,

Kev

PCAGEN-CIiVSP, ;.
Kcv-GFP

6189 bp

GFP
<« Notl

We have never obtained this plasmid

Figure S1. Procedure for preparation of pCAGEN-CiVSP,,-Kcv-GFP
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CiVSPyp (725 bp) Template: pJET1.2-msNHE, ¢,
Hindll] Primers: 6F and 6R
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(pCS2+) P
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7134 bp -pHluorin
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PCRS Hindill _  BamHl MSNHEspvs65amber
Template: pJET1.2-VSDyeeeamber 6F — | <— 6R Hindlll § TAG
Primers: 6F and 6R y BamHl
msNHE, )
386 bp pHluorin
PCS2+-VSDyg65ambe
-pHluorin
6795 bp
PCR9 PCR10 PCR11
Template: pJET1.2-VSD  Template: CMV-LUC2CP/intron/ARE Template: pJET1.2-VSD
Primers: 6F and 9R Primers: 10F and 10R Primers: 11F and 6R
Hindlll  Lgul Lgul Lgul Lgul BamHI
6F —> «—9R 10F — (—1OR 11F — <—6R
N-msNHE,; \ Intron/ C- mSNHE\/sD
Ligation of 3 DNA fragments using Lgul msNH EVSDIntron
PCR12 GFH‘”O“” BamHel‘;R Hindlll ¢
Template: ligated product _)_ o BamHI

Primers: 6F and 6R

msNHE, ;pIntron
519 bp

pHluorin

pPCS2+-VSD,tron
-pHluorin

6928 bp

Figure S2. Procedure for pCS2+-msNHE,,-pHluroin and its derivatives
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<« Insert (1439 bp)

M Vv F T
AACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGCAAAGAATTCACCATGGTCTTCACA
AACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGCAAAGAATTCACCATGGTCTTCA-—

R R R R R R R R R R R R I I I S

N EF E|y T 6 YLV VLMSTJYPMTI I
AATGAATTTGAATATACTGGATACCTTIGIGGTATTAATGAGCACATATCCTATGATAATC

[c w I]s R L KD I Y DNETIEKGC C®2WNY v]
TGTTGGATTTCCCGACTAARAGACATCTATGACAACGAGATAARATGTGCTAACTACTAT

[F L. 2 F vy I L EALLKVAAUM|R KTE F
TTTCTTGCCTTCTATATTCTAGAGGCTCTACTTAAGGTGGCAGCAATGAGGAAGGAATTT

S3

A.A.
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[F s 8w 7 w L L F E LG I T LUV GTI LD I|
TTTTCACACACCTGGCTCCTGTTTGAGCTGGGGATTACCTTAGTCGGCATCCTAGATATA

sS4
IEII!IIEI E T D s I S YN F DL T E|T V V F

ATACTTATCGAAACAGACTCCATTAGTTACAATTTTGACTTAACTGAGACTGTGGTCTTC

[Mm ¥ v I R L L R I L R I L KL VvV T P|K
ATGAACGTGATTCGACTCCTTCGTATACTGCGCATCTTGARGCTTGTAACACCAAAAT
~CAAACGTGATTCGACTCCTTCGTATACTGCGCATCTTGAAGCTTGTAACACCAAAAT
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Figure S3. Problems in pCAGEN-msNHE,,-Kcv-GFP preparation.

(A) Electrophoresis patterns of two putative plasmids (pCAGEN-msNHE, ,-Kcv-GFP) in lanes 1
and 2 digested with EcoRI and Notl. Expected DNA size: 4780 bp for pCAGEN and 1439 bp for
insert DNA. Lane M: DNA markers. (B) Sequences of expected amino acid (A.A.), expected DNA
(Expec.) and obtained DNA (Obt.) are shown. Identical DNA sequences was indicated by asterisk.
Four boxes indicate putative transmembrane domain (S1-S4) of VSD of mouse sNHE. The DNA

region encoding S1-S3 of the VSD is missing in the obtained plasmid.
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Figure S4. Fluorescence experiments of pCS2+-Arclight and pCS2+-msNHE,-pHluorin
expressed in HEK293 cells. (A) Emission spectrum of pCS2+-Arclight (black, n = 4) and pCS2+-
msNHE,g-pHluorin (green, n = 3). The emission peak wavelength was around 523 nm in both
signals. Spectrum centroid was 540.8 = 0.3 nm and 541.3 + 0.4 nm for each fusion protein,
respectively. The emission spectra of the fluorescence images were determined by SpectraPro 21501
spectrograph (Princeton Instruments, USA) mounted between the microscope (Nikon TE 2000U
with 60x oil immersion objective, NA 1.4) and a Ixon Ultra EMCCD camera (Andor, Oxford
instruments, Ireland) controlled by Micromanager software. The excitation wavelength for the
emission measurements was 488 nm. The spectra were recorded by measuring lines scans that
involve the cell membrane and background were subtracted. (B) Fluorescence distribution of
pCS2+-Arclight (upper panel) and pCS2+-msNHE, ¢p-pHluorin (lower panel). Note that Arclight
predominates in cell membrane whereas pCS2+-msNHE, ¢-pHluorin is also located intracellularly.
Scale bar = 10 um.
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Figure S5. Ionic current recordings of pCS2+-msNHE, ¢,-pHluorin. Voltage-clamp recordings of
a HEK293 cell transfected with pCS2+-msNHE, ¢p-pHluorin (A) or a non-transfected cell (B). In
both cases the main ions in the internal and external solution were NMDG-CI and NaCl respectively.
(C) Current-voltage curve of the recordings shown in A and B. The currents were obtained using a
step protocol from -80 to +80 mV from a holding potential of -120 mV.
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Figure S6. Problems in pCS2+-msNHE,,-pHluorin preparation. (A) Electrophoresis pattern of PCR19
(19F and 19R primers, Supplementary Tablel) products (Lanes 1-2 and 3-6) from six putative pCS2+-
msNHE,g-pHluorin plasmid obtained from different bacterial colonies. Lane M corresponds to DNA
markers. The expected size of the PCR19 (Table S1) product was 1,458 bp (arrow). (B) Sequences of
expected amino acid (A.A.), expected DNA (Exp.) and obtained DNA (Obt.) are shown. Identical DNA
sequences were indicated by asterisks. Four boxes indicate putative transmembrane domain (S1-S4) of VSD
of mouse sNHE. The DNA region encoding S1-S3 is missing in the obtained plasmid.
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Figure S7. Amino acid sequence of msNHE,, and Amber suppression plasmid, pMAH-MYRS. (A)
Amino acid sequence of msNHE, ¢, used in this study. Underlines indicate the predicted transmembrane
segments. Tyr665 where stop codon (TAG) was inserted is described with a red letter. Blue letters (KE)
indicate a region where we inserted a synthetic small intron. (B) A map of pMAH-MYRS. The plasmid
contains a 3-nitrotyrosine(3-NY)-aminoacyl-tRNA synthetase and four copies of its corresponding tRNA that
recognizes UAG codon. (C) Amino acid sequence of the 3-NY-aminoacyl-tRNA synthetase encoded in
pMAH-MYRS. The modified enzyme has only two mutations (Y37L/Q195S described in red letters)
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ATGGTCTTCACAAATGAATTTGAATATACTGGATACCTTGTGGTATTAATGAGCACATATCCTATGATAATCTGTTGGATTTCCCGACTA
AAAGACATCTATGACAACGAGATAAAATGTGCTAACTACTATTTTCTTGCCTTCTATATTCTAGAGGCTCTACTTAAGGTGGCAGCAATG
AGGAAGGTAAGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCTTGTCGAGACAGAGAAGACTCTTGCGTTTCTGA
TAGGCACCTATTGGTCTTACTGACATCCACTTTGCCTTTCTCTCCACAGGAATTTTTTTCACACACCTGGCTCCTGTTTGAGCTGGGGAT
TACCTTAGTCGGCATCCTAGATATAATACTTATCGAAACAGACTCCATTAGTTACAATTTTGACTTAACTGAGACTGTGGTCTTCATGAA
CGTGATTCGACTCCTTCGTATACTGCGCATCTTGAAGCTAGTAACACCAAAACTACTGGGGGATCCCATGAGTAAAGGAGAAGAACTTTT
CACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAAC
ATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTAACTTATGGTGT
TCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTAT
ATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTAT
TGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACGATCACCAGGTGTACATCATGGCAGACAAACAAAA
GAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAGGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAAT
TGGCGATGGGCCCGTCCTTTTACCAGACAACCATTACCTGTTTACAACTTCTACTCTTTCGAAAGATCCCAACGAAAAGAGAGACCACAT
GGTCCTTCTTGAGTTTGTAACAGCTGATGGGATTACACATGGCATGGATGAACTATACAAATGA
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Figure S8. DNA and amino acid sequences of pCS2+-VSD,,...-pHluorin. DNA (A) and amino acid (B)

sequences of pCS2+-VSD

Intron

-pHluorin are described with distinct colors corresponding to each fragments.

Color codes: msNHE, (orange), Intron (gray), GDP amino acids from BamHI site (originally for Arclight;

black), pHluorin (green).
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Figure S9. Outward current densities of HEK293 cells transfected with two constructions containing
msNHE;,. The mean current densities (+ S.D.) of the outward current of the two constructions are shown.
Amber (red): transfected with pCS2+-VSDy¢gsampe-PHIuorin and pMAH-MYRS (n = 5). Intron (black):
transfected with pCS2+-VSD,,,...-pHluorin (n = 5). * significant difference (p<0.05).



