Daicho et al. Microbial Cell Factories (2024) 23:4
https://doi.org/10.1186/512934-023-02273-1

Microbial Cell Factories

RESEARCH Open Access
: : : : : ®
Engineering yeast with a light-driven proton ==

pump system in the vacuolar membrane

Kaoru M. Daicho', Yoko Hirono-Hara?, Hiroshi Kikukawa'?, Kentaro Tamura'*® and Kiyotaka Y. Hara'*"

Abstract

Background The supply of ATP is a limiting factor for cellular metabolism. Therefore, cell factories require a suf-
ficient ATP supply to drive metabolism for efficient bioproduction. In the current study, a light-driven proton pump

in the vacuolar membrane was constructed in yeast to reduce the ATP consumption required by V-ATPase to maintain
the acidification of the vacuoles and increase the intracellular ATP supply for bioproduction.

Results Delta rhodopsin (dR), a microbial light-driven proton-pumping rhodopsin from Haloterrigena turkmenica,
was expressed and localized in the vacuolar membrane of Saccharomyces cerevisiae by conjugation with a vacuolar
membrane-localized protein. Vacuoles with dR were isolated from S. cerevisiae, and the light-driven proton pumping
activity was evaluated based on the pH change outside the vacuoles. A light-induced increase in the intracellular ATP
content was observed in yeast harboring vacuoles with dR.

Conclusions Yeast harboring the light-driven proton pump in the vacuolar membrane developed in this study are

a potential optoenergetic cell factory suitable for various bioproduction applications.
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Background

The ATP supply in microorganisms is a major limiting
factor for cellular metabolism. Therefore, increasing the
ATP supply may improve microbial production systems
that use cellular metabolism to manufacture useful com-
pounds [1]. Attempts to increase the ATP content in cells
have included: (1) the addition of energy substrates; (2)
controlling the pH; (3) metabolic engineering of ATP-
generating or ATP-consuming pathways; and (4) con-
trolling the reactions of the respiratory chain. Recently,
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light-driven ATP supply using rhodopsin, a light-driven
proton pump protein with all-trans-retinal as a chromo-
phore, has also been investigated [2].

Bacterial proteorhodopsin has been expressed in
Escherichia coli to generate a proton motive force that
can directly drive a proton-driven flagellar motor [3]
and hydrogen production [4]. Moreover, a light-driven
proton pump has been introduced to couple with pro-
ton-driven F F;-ATP synthase in E. coli [5]. Inside-out
cell membrane vesicles generated from E. coli express-
ing delta rhodopsin (dR) from Haloterrigena turkmenica
have been used to supply light-driven ATP for cell-free
bioproduction [5]. Bacteriorhodopsin from Halobacte-
rium salinarum has been reconstructed into liposomes
and coupled with the ribosome system for protein bio-
synthesis [6]. Recently, E. coli expressing dR has been
directly used as a prokaryotic synthetic bioengineering
host strain that could enhance ATP supply in producing
several useful compounds [2, 7].
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In eukaryotes, dR has been expressed in the mito-
chondria of mammalian cells [8] and Drosophila [9] to
increase the intracellular ATP supply. Therefore, the
light-driven proton pumping activity of microbial rho-
dopsin is also a promising way to solve the fundamental
energy limitation in eukaryotic cell factories. The bud-
ding yeast Saccharomyces cerevisiae has been used as a
eukaryotic bioengineering host strain for the biopro-
duction of various compounds. Therefore, S. cerevisiae
harboring the light-driven proton pump rhodopsin has
potential as an attractive host strain for various industrial
bioproduction applications. In S. cerevisiae, maintaining
acidification inside the vacuoles consumes large amounts
of ATP to pump protons from the cytosol to the vacu-
olar lumen by the vacuolar ATPase (V-ATPase), which is
localized in vacuolar membranes [10, 11].

In the present study, we developed optoenergetic S. cer-
evisiae by introducing dR into the vacuolar membrane
(Fig. 1). Light-driven proton pumping by the introduced
rhodopsin was hypothesized to replace ATP-driven pro-
ton pumping via the hydrolysis of ATP by V-ATPase
on vacuoles in S. cerevisiae. The light-driven proton
pumping by dR from the outside to the inside of vacu-
oles was observed as decreases in the proton concen-
tration, calculated from the pH outside of the isolated
vacuoles. Furthermore, the intracellular ATP content was
increased in engineered S. cerevisiae harboring vacuoles
expressing dR by light irradiation. The optoenergetic
yeast constructed in this study can potentially solve the
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fundamental energy limitation problem of cell factories
for various bioproduction applications.

Results
Localization of dR in the vacuolar membrane
The amino acid transporter Avt6 is a vacuolar mem-
brane-localized protein [12]. The C-terminus of Avt6 was
conjugated at the N-terminus of dR to localize dR in the
vacuolar membrane with the direction of pumping pro-
tons from the cytosol to the vacuolar lumen. The expres-
sion of Avt6-dR in the vacuolar membrane of S. cerevisiae
resulted in cells turning pink after adding the all-trans-
retinal. In contrast, the vector control strain was beige,
which is the natural color of S. cerevisiae, even when
the all-trans-retinal was present (Fig. 2a). To confirm
the localization of Avt6-dR in the vacuolar membrane
of S. cerevisiae, Avt6-dR conjugated to green fluorescent
protein (GFP) was expressed in S. cerevisiae. The vacu-
oles were labeled specifically by the red fluorescent dye
FM4-64 [13]. Fluorescent observation of unconjugated
GFP showed diffusion of GFP in the cytosol of the yeast
(upper panels of Fig. 2b). In contrast, Avt6-dR-GFP was
localized in the vacuolar membrane as shown by the
overlap of FM4-64 in the vacuolar membranes with the
green fluorescence from GFP conjugated with Avt6-dR
(lower panels of Fig. 2b).

The vacuoles expressing Avt6-dR and the vector con-
trol vacuoles were isolated using the Ficoll method [14]
from the S. cerevisiae strain expressing Avt6-dR and the
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Fig. 1 Schematic illustration of the concept of this study. In S. cerevisiae, acidic organelle vacuoles occupy a large part of the intracellular volume.
The ATP-consuming proton pump V-ATPase constantly translocates H* from the cytosol to the vacuolar lumen to maintain the acidification

of vacuoles. Reducing the amount of ATP consumed by V-ATPase should increase the ATP supply for the bioproduction of valuable compounds
in S. cerevisiae. In this study, the non-ATP-consuming light-driven H* pump dR was introduced into the vacuolar membrane. The introduced dR
translocates H* from the cytosol to the vacuolar lumen under light conditions
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Fig. 2 Observations of S. cerevisiae cells and isolated vacuoles. a Cell pellet of the vector control strain and the strain expressing Avt6-dR
supplemented with all-trans-retinal. b Fluorescence microscopy images of cells expressing GFP (upper panels) and Avt6-dR-GFP (lower panels). The
vacuolar membrane was labeled with FM4-64. ¢ Vacuoles isolated from the vector control strain and the strain expressing Avté-dR. d Fluorescence
microscopy images of vacuoles isolated from the vector control strain and the strain expressing Avt6-dR. The vacuolar membrane was labeled

with FM4-64 (magenta). Each scale bar (yellow line) represents 5 um

vector control strain, respectively, after culture with all-
trans-retinal. The isolated vacuoles expressing Avt6-dR
were pink, and the vector control vacuoles were white
(Fig. 2¢). The isolated vacuoles dissolved in buffer with
sucrose were completely spherical, and there was no dif-
ference between the size of vacuoles with or without dR
(Fig. 2d), which were the same shape and size as when
localized inside the intact cells (Fig. 2b).

Light-driven proton pumping activity of yeast vacuoles
expressing dR

To confirm the effect of dR localization in the vacuolar
membrane, vacuoles with or without dR were isolated
and their light-driven proton pumping activities were
compared. The pH changes in the vacuole suspensions
were monitored during switching between dark and
light conditions at 20-min intervals. The monitored pH

was transformed to a proton concentration and is shown
in Fig. 3. The proton concentration of the suspension
containing the isolated vacuoles without dR constantly
increased under light irradiation, similar to that under
dark conditions (Fig. 3a). In contrast, the proton concen-
tration of the suspension containing the isolated vacuoles
with dR decreased under light irradiation (Fig. 3b). This
reduction in the proton concentration indicated the light-
driven proton pumping activity of the vacuoles with dR.

The effect of vacuolar dR expression and light irradiation
on cell growth and intracellular ATP supply

The effect of the light-driven proton pump in the vacu-
olar membrane on ATP supply was evaluated by inves-
tigating the effect of dR expression in the vacuolar
membrane of S. cerevisiae on cell growth and intra-
cellular ATP content. The concentrations of the cells
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Fig. 3 Time course of the proton concentration converted from the pH value. a Time course of the proton concentration with the vacuoles
isolated from the vector control strain, with the light switched on and off. b Time course of the proton concentration with the vacuoles isolated
from the strain expressing dR, with the light switched on and off. The bars indicate the differences in the proton concentration. The yellow area

indicates the light-irradiated period at 100 umol photons/m?/s

(ODgyy) of the strain expressing dR and the vector
control strain were measured during cultivation under
dark (5 pmol photons/m?/s) and light (100 pmol pho-
tons/m?/s) conditions (Fig. 4a). Vacuolar dR expres-
sion and the light irradiation did not influence the cell
growth of S. cerevisiae. The intracellular ATP content in
the two strains was compared after cultivation for 16 h
(Fig. 4b). The results showed that light irradiation of the
vector control strain decreased the intracellular ATP
content by approximately 0.86-fold. In contrast, light
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irradiation of the strain expressing dR in the vacuolar
membrane increased the intracellular ATP content by
approximately 1.6-fold compared with the vector con-
trol strain. Furthermore, as shown in Additional file 1:
Fig. S1, cell growth and ATP levels of S. cerevisiae with
or without dR after 18 h of cultivation at pH 7 and 4
were compared under a light (100 umol photons/m?/s)
condition. The results showed that the expression of dR
in the vacuolar membrane did not affect cell growth at
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Fig. 4 Effect of dR expression and light irradiation on cell growth and intracellular ATP content. S. cerevisiae harboring vacuoles without and with
dR were cultured under dark (5 pmol photons/m?/s) and light (100 umol photons/m?/s) conditions. a Time course of the cell concentration (ODgq).
The yellow and blue lines indicate the yeast harboring vacuoles without and with dR, respectively. The solid and dotted lines indicate cultivation
under dark and light conditions, respectively. The triangle indicates the sampling point at 16 h for ATP measurement. b The relative intracellular

ATP content extracted from the yeast harboring vacuoles without and with dR.”D"and “"indicate cultivation under dark and light conditions,
respectively. Means and standard deviations are shown (n=3). Double asterisks represent significant differences compared with yeast harboring

vacuoles without dR under dark conditions in the t-test (p<0.01)
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pH 7 and 4; however, dR expression elevated the ATP
level at pH 4 by ~ 1.5-fold compared with that at pH 7.

Discussion

We engineered vacuoles in a budding yeast that con-
sumes a large amount of ATP to maintain internal acidi-
fication [10, 11]. This acidification maintenance using
an ATP-hydrolyzing proton pump is performed by
V-ATPase localized in the vacuolar membrane. In the
present study, we artificially localized the light-driven
proton pump dR in the vacuolar membrane by fusing
dR with the vacuolar membrane-localized protein Avt6.
We hypothesized that if light-driven proton pumping by
dR could replace ATP-hydrolyzing proton pumping by
V-ATPase, it would be possible to reduce the ATP con-
sumption by V-ATPase and thus increase the intracellu-
lar ATP supply. As shown in Fig. 3, the results indicated
that light-driven proton pumping activity from outside to
inside the vacuole by dR in the vacuolar membranes was
successfully observed (Fig. 3b), and this activity was not
observed when vacuoles without dR were used (Fig. 3a).
The proton concentration continuously increased in the
suspension containing vacuoles without dR (Fig. 3a). This
increase in the proton concentration indicated that pro-
ton leakage from inside the vacuole through the mem-
brane had occurred. This proton leakage would have
occurred through the action of a vacuolar Na™(K*)/H*t
antiporter and Ca?*/H™ antiporters [15]. In contrast, the
proton concentration was stable in the suspension con-
taining vacuoles with dR before light irradiation (Fig. 3b),
although proton leakage was observed after a higher pro-
ton concentration inside the vacuoles was generated by
dR with light irradiation. These results indicated that the
protons taken into the vacuoles by dR during light irra-
diation leaked from the vacuoles through the action of a
vacuolar Na*(K*)/H" antiporter and Ca?*/H" antiport-
ers. Furthermore, in yeast cells, cation transporters in the
plasma membrane, such as Na™(K*)/H* antiporters and
H*-ATPase, also contribute significantly to maintaining
cytosolic pH and ATP levels [16]. Therefore, the activity
of V-ATPase, which translocates protons from the cyto-
sol to the vacuolar lumen, is influenced by these cation
transporters in the plasma membrane. Thus, the activity
of dR expressed in the vacuolar membrane would also
be influenced by these cation transporters in the plasma
membrane.

In previous studies, increases in intracellular ATP
supply were achieved by expressing dR in the mito-
chondria of eukaryotic cells, such as mammalian cells
[8] and Drosophila [9]. A trial of the expression of rho-
dopsin in the vacuoles of S. cerevisiae was preliminar-
ily reported in a patent in 2021 [17] and a preprint
in 2023 [18]; however, the effect of this expression in
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vacuoles and cellular energetic metabolism has not been
reported previously. This study is the first report describ-
ing the direct measurement of light-driven proton pump-
ing activity from isolated vacuoles expressing bacterial
rhodopsin (Fig. 3b). This is also the first study to report
light-dependent increases in ATP (Fig. 4b) in yeast har-
boring vacuoles expressing dR, without growth defects
(Fig. 4a). Light irradiation at 100 pmol photons/m?/s
of the yeast expressing dR in the vacuolar membrane
increased the intracellular ATP content by approximately
1.6-fold (Fig. 4b) compared with the vector control strain.
We have previously reported that light irradiation at
100 pmol photons/m?/s of E. coli expressing dR in the
cytosolic membrane increased the intracellular ATP con-
tent by approximately 1.5-fold compared with the vector
control strain [2]. We also showed that light irradiation
of this E. coli-expressing dR enhanced the production of
some valuable compounds such as glutathione, meva-
lonate, 3-hydroxypropionate [2] and isoprenol [7]. The
yeast harboring the light-driven proton pump in the
vacuolar membrane developed herein also has potential
as an optoenergetic cell factory for various bioproduc-
tion applications because yeast is used as a host strain for
metabolically engineered cell factories, and ATP supply
is the rate-limiting step in many bioproduction processes

[1].

Conclusions

The light-driven proton-pumping bacterial rhodopsin dR
from H. turkmenica was expressed in the vacuolar mem-
brane in S. cerevisiae. The vacuoles with dR were isolated
and light-driven proton pumping activity was confirmed.
A light-dependent increase in the ATP content was
observed in the yeast harboring vacuoles with dR. This
result indicated that light-driven proton pumping into
vacuoles by dR partially replaced ATP-consuming proton
pumping by V-ATPase, which maintains the acidification
of vacuoles in yeast. The yeast harboring the light-driven
proton pump in the vacuolar membrane may be a power-
ful host strain for synthetic bioengineering and metabolic
engineering to produce various valuable target products.

Methods

Strains and media

DH5a (Nippon Gene, Tokyo, Japan) was used as the
E. coli host strain for recombinant DNA manipula-
tion. E. coli transformants were grown in Luria—Ber-
tani medium (10 g/L tryptone, 5 g/L yeast extract, and
10 g/L sodium chloride) supplemented with 100 pg/ml
ampicillin. S. cerevisiae BY4741 [MATa his3-A1 leu2-A0
met15-A0 ura3-A0] was used as the yeast parental strain
for gene expression. Yeast transformants were cultured
in synthetic defined (SD) medium (6.7 g/L yeast nitrogen
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base w/o amino acids, and 20 g/L D-glucose) or yeast
extract—peptone—dextrose (YPD) medium (20 g/L tryp-
tone, 10 g/L yeast extract, and 20 g/L p-glucose). Amino
acids (20 mg/L histidine, 60 mg/L leucine, and 20 mg/L
methionine) were supplemented into the SD media lack-
ing the relevant auxotrophic components. Tryptone,
yeast extract, and yeast nitrogen base w/o amino acids
were purchased from Becton Dickinson Japan (Tokyo,
Japan). Other chemicals were obtained from Nacalai
Tesque (Kyoto, Japan) or Fujiflm Wako Chemicals
(Osaka, Japan).

Plasmid construction and yeast transformation

The nucleic acid sequences in the chromosomal DNA
of H. turkmenica (accession No: JCM 9743) for codon-
optimized dR for S. cerevisiae were designed and syn-
thesized. The forward and reverse primers used for the
amplification in the cloning were pGK426-dR_F (5"-
GTCGACACTAGTGGATCCCCCGGGATGTGCTGT
GCTGCTTTGG-3") and dR-pGK426_R (5'-AGATCT
GAATTCTCTAGACCCTCAGGTTGGAGCAGCTGT
AGGAG-3’), respectively. The amplified fragment was
inserted into a pGK426 vector [19] and digested with
Smal to construct pGK426-dR using an In-Fusion HD
Cloning Kit (Takara Bio, Shiga, Japan). The enhanced
GFP gene with codon usage optimized for expression
in S. cerevisiae [20] was synthesized, digested by EcoRV
and EcoRI, and inserted into the corresponding restric-
tion site of pGK426-dR to create pGK426-dR-GFP. The
gene AVT6 encoding the vacuolar membrane-localized
protein Avt6 was amplified by PCR from the genome
of the S. cerevisiae BY4741 strain using the primers
pGK426-AVT6_F (5'-GTCGACACTAGTGGATCCCCC
GGGATGGTAGCTAGTATTAGATCAGGTGTGC-
3’) and AVT6-dR_R (5'-CAAAGCAGCACAGCACAT
CCCGTTTAGCTTCAAAGCTGCGGTCAG-3"). The
amplified fragment was inserted into pGK426-dR and
pGK426-dR-GFP and digested with Smal to construct
pGK426-AVT6-dR and pGK426-AVT6-dR-GFP, respec-
tively. The plasmids pGK426-GFP, pGK426-AVT6-dR,
and pGK426-AVT6-dR-GFP and the vector pGK426 were
transformed into the S. cerevisiae BY4741 strain using
a lithium acetate method as previously described [21,
22] to construct strains expressing GFP, AVT6-dR, and
AVT6-dR-GFP and the vector control strain, respectively.
All synthetic genes and primers were purchased from
Eurofins Genomics (Tokyo, Japan).

Isolation of vacuoles from S. cerevisiae
Vacuoles were isolated from S. cerevisiae according to
a previous report [14] with some modifications. The
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glycerol stock of S. cerevisiae was cultured in SD (His,
Leu, and Met) medium on a plate. Three colonies were
selected, inoculated into YPD medium, and cultured at
30 °C with agitation at 175 rpm for 15.5 h in a shaking
incubator, BR-43FL (TAITEC, Saitama, Japan). Cultured
S. cerevisiae was inoculated into 200 mL of fresh YPD
medium with 10 pM all-trans-retinal (Sigma—Aldrich, St.
Louis, MO, USA) at an ODg, value of 0.15 and cultured
at 30 °C with agitation at 175 rpm for 15 h. The cells were
collected by centrifugation [1200Xg, 2 min, room tem-
perature (RT)] and suspended in 20 mL of TD buffer
[0.1 M Tris—HCI (pH 8.0), and 10 mM DTT]. The weight
of the cells after centrifugation (1200Xg, 2 min, RT) was
measured, and the cells were inoculated into 20 mL of
YSZ solution (10 g/L tryptone, 5 g/L yeast extract, 10 g/L
D-glucose, 1.0 M p-sorbitol, and Zymolyase-100 T). The
weight of added Zymolyase-100 T was 1% of the wet cell
weight. The cell walls were lysed to generate spheroplasts
by gentle mixing (100 rpm, 1 h, 30 °C) of the cell suspen-
sion. Then, 35 mL of spheroplast suspension was mixed
with 20 mL of HS buffer [20 mM HEPES-KOH (pH 7.2)
and 1.2 M p-sorbitol]. Spheroplasts collected by centrifu-
gation (500Xg, 5 min, RT) were inoculated into 40 mL of
YPS solution (10 g/L tryptone, 5 g/L yeast extract, 10 g/L
D-glucose, and 1.0 M b-sorbitol) and incubated at 30 °C
with agitation at 100 rpm for 2.5 h. After cooling the
suspension on ice for 5 min, the spheroplasts were col-
lected by centrifugation (500xg, 5 min, 4 °C). The col-
lected spheroplasts were dissolved in 6 mL of 12% FPS
solution [10 mM PIPES-KOH (pH 6.4), 0.2 M D-sorbitol,
and 12% Ficoll PM400]. Samples were filtered through a
TMTP02500 membrane filter (Merck Millipore, Burling-
ton, MA, USA). A Ficoll step gradient solution was con-
structed by adding 100 pL of 20% FPS solution [10 mM
PIPES-KOH (pH 6.4), 0.2 M p-sorbitol, and 20% Ficoll
PM400], 600 pL of sample dissolved in a 12% FPS solu-
tion, and 400 pL of an 8% FPS solution [10 mM PIPES-
KOH (pH 6.4), 0.2 M p-sorbitol, and 8% Ficoll PM400]
from the bottom to the top of the ultracentrifugation
tube. After ultracentrifugation (33,000xg, 30 min, 4 °C),
the vacuole fraction was obtained from around the top of
the 8% FPS solution and stored at —80 °C until use.

Measurement of the proton pumping activity of vacuoles
To evaluate the proton pumping activity of the vacu-
oles, vacuoles isolated from S. cerevisiae were used for
ApH measurements [2, 23]. After isolation, the vacuoles
were washed three times with SS-HCI solution [10 mM
NaCl, 10 mM MgSO,-7H,0, 0.1 mM CaCl,-2H,0, 1.0 M
D-sorbitol, and 1.0 mM HCI (pH 4.4)] and resuspended
in the same solution.
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The light-driven proton pumping activity of the vacu-
oles was measured by monitoring changes in the pH of
the vacuole suspension. The suspension was illuminated
using a 300 W halogen projector lamp (JCD100V-300 W,
CABIN CS-30AF) through a bandpass filter (PBO530-
120, Asahi Spectra, Tokyo, Japan) at a wavelength of
530+ 120 nm. The intensity of the light irradiation of the
samples was adjusted to 100 pmol photons/m?*/s using an
LA-105 light analyzer (NK system, Osaka, Japan). The pH
values of the vacuole suspensions were monitored over
time and logged using a pH meter (F-72, Horiba, Kyoto,
Japan).

Microscopic observations of S. cerevisiae vacuoles

The localization of Avt6-dR was observed using a fluo-
rescence microscope. S. cerevisiae BY4741/AVT6-dR-
GFP precultured in YPD was cultured in 20 mL of SD
(His, Leu, and Met) medium. Cells were collected from
5 mL of the culture by centrifugation (3380xg, 2 min,
RT). The cell pellet was washed twice with 1 mL of PBS
(137 mM Nac(l, 8.10 mM Na,HPO,, 2.68 mM KCI, and
1.47 mM KH,PO,), dissolved in 200 pL of PBS contain-
ing 50 uM FM4-64 (Thermo Fisher Scientific) and left at
RT for 1 h. The washed cell pellet was cultured in 1 mL
of YPD at 30 °C with agitation at 800 rpm for 1.7 h.
The recovered cells were collected by centrifugation
(3380%g, 2 min, RT), resuspended in 200 pL of PBS and
observed. Fluorescence confocal images were obtained
using a laser scanning microscope (Zeiss LSM800, Carl
Zeiss, Jena, Germany) equipped with the 488-nm line or
the 544-nm line of a diode laser and a 63 % 1.2 numeri-
cal aperture water immersion objective (C-Apochromat,
441777-9970-000, Carl Zeiss). The isolated vacuoles
stored at — 80 °C were recovered at 4 °C and dissolved
in 1 mL of PS solution [10 mM PIPES-KOH (pH 6.4),
and 1.0 M b-sorbitol] and collected by centrifuga-
tion (16,000 g, 0.5 min, 4 °C). The recovered vacuoles
were suspended in 100 pL of SS solution [10 mM NaCl,
10 mM MgSO,-7H,0, 0.1 mM CaCl,-2H,0, and 0.2 M
D-sorbitol]. FM4-64 was added at a final concentration of
50 uM and the suspension was left for 1 h. After centrifu-
gation (16,000xg, 0.5 min, 4 °C), the collected vacuoles
were resuspended in 100 pL of SS solution and observed
as described above.

Other assays

The cell concentration was determined by measuring the
ODy, value using a Gene Quant 1300 spectrometer (GE
Healthcare Life Sciences, Buckinghamshire, UK). The
ATP concentration was measured by a luciferin-lucif-
erase assay, as described previously [2].
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The online version contains supplementary material available at https://doi.
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Additional file 1: Fig. S1. Effect of dR expression on cell growth and
intracellular ATP content. S. cerevisiae harboring vacuoles with or without
dR were cultured at pH 7 and 4 (adjusted by HCI) for 18 h under light (100
umol photons/mz/s) conditions. a The cell density (ODgq). b The relative
intracellular ATP content. Means and standard deviations are shown (n =
3).

Acknowledgements

We are grateful to Dr. Tetsuya Kotani (Tokyo Institute of Technology) for his
technical advice regarding the vacuole purification method. Victoria Muir, PhD,
from Edanz (https:/jp.edanz.com/ac) edited a draft of this manuscript.

Author contributions

KMD conducted experiments, analyzed the data, and revised the manuscript;
YHH conducted experiments, analyzed the data, and revised the manuscript;
HK revised the manuscript; KT analyzed the data and revised the manuscript;
KYH conceived and designed the research and wrote the manuscript. All the
authors have read and approved the final manuscript.

Funding

This work was mainly supported by a grant from University of Shizuoka;

by MEXT KAKENHI Grant Numbers JP23H04205 and 22K06269 to KT and
21H03645 to KYH; by a Human Frontier Science Program grant to KT
(RGP0009/2018) from the International Human Frontier Science Program
Organization; and by the New Energy and Industrial Technology Development
Organization (NEDO) project to YHH (Project code: P20011) from the Ministry
of Economy.

Data availability
All dataset(s) supporting the conclusions of this article are included within the
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
KYH is a shareholder and board member of 396Bio, Inc. There are no other
competing interests.

Received: 28 September 2023 Accepted: 14 December 2023
Published online: 03 January 2024

References

1. HaraKY, Kondo A. ATP regulation in bioproduction. Microb Cell Fact.
2015;14:198.

2. ToyaY, Hirono-Hara Y, Hirayama H, Kamata K, Tanaka R, Sano M, Kitamura
S, Otsuka K, Abe-Yoshizumi R, Tsunoda SP, Kikukawa H, Kandori H, Shimizu
H, Matsuda F, Ishii J, Hara KY. Optogenetic reprogramming of carbon
metabolism using light-powering microbial proton pump systems.
Metab Eng. 2022;72:227-36.

3. Walter JM, Greenfield D, Bustamante C, Liphardt J. Light-powering
Escherichia coli with proteorhodopsin. Proc Natl Acad Sci USA.
2007;104:2408-12.


https://doi.org/10.1186/s12934-023-02273-1
https://doi.org/10.1186/s12934-023-02273-1
https://jp.edanz.com/ac

Daicho et al. Microbial Cell Factories (2024) 23:4

4. Kim JY,Jo BH, Jo, Cha HJ. Improved production of biohydrogen in
light-powered Escherichia coli by co-expression of proteorhodopsin and
heterologous hydrogenase. Microb Cell Fact. 2012;11:2.

5. HaraKY, Suzuki R, Suzuki T, Yoshida M, Kino K. ATP photosynthetic vesicles
for light-driven bioprocesses. Biotechnol Lett. 2011;33(6):1133-8.

6. Berhanu S, Ueda T, Kuruma Y. Artificial photosynthetic cell producing
energy for protein synthesis. Nat Commun. 2019;10:1325.

7. Sano M, Tanaka R, Kamata K, Hirono-Hara Y, Ishii J, Matsuda F, Hara KY,
Shimizu H, Toya Y. Conversion of mevalonate to isoprenol using light
energy in Escherichia coli without consuming sugars for ATP supply. ACS
Synth Biol. 2022;11(12):3966-72.

8. HaraKY,WadaT, Kino K, Asahi T, Sawamura N. Construction of photoener-
getic mitochondria in cultured mammalian cells. Sci Rep. 2013;3:1635.

9. ImaiY, Inoshita T, Meng H, Shiba-Fukushima K, Hara KY, Sawamura N,
Hattori N. Light-driven activation of mitochondrial proton-motive force
improves motor behaviors in a Drosophila model of Parkinson’s disease.
Commun Biol. 2019;2:424.

10. KakinumaY, Ohsumi Y, Anraku Y. Properties of H*-translocating adenosine
triphosphatase in vacuolar membranes of Saccharomyces cerevisiae. J Biol
Chem. 1981,256:10859-67.

11. Ohsumi'Y, Anraku Y. Calcium transport driven by a proton motive force
in vacuolar membrane vesicles of Saccharomyces cerevisiae. J Biol Chem.
1983;258:5614-7.

12. Russnak R, Konczal D, MclIntire SL. A family of yeast proteins medi-
ating bidirectional vacuolar amino acid transport. J Biol Chem.
2001;276:23849-57.

13. Roeder AD, Shaw JM. Vacuole partitioning during meiotic division in
yeast. Genetics. 1996;144:445-58.

14. Cabrera M, Ungermann C. Purification and in vitro analysis of yeast vacu-
oles. Methods Enzymol. 2008;451:177-96.

15. Cagnac O, Aranda-Sicilia MN, Leterrier M, Rodriguez-Rosales MP, Venema
K. Vacuolar cation/H* antiporters of Saccharomyces cerevisiae. ) Biol
Chem. 2010;285:33914-22.

16. Arifo J, Ramos J, Sychrova H. Monovalent cation transporters at the
plasma membrane in yeasts. Yeast. 2019;36:177-93.

17. Hara KY, Daicho K, Hara Y. Fusion Protein between organelle targeting
sequence and opsin. Japan Patent 2021;P2021-165939.

18. Peterson A, Baskett C, Ratcliff WC. Using light for energy: examining the
evolution of phototrophic metabolism through synthetic construction.
bioRxiv. 2023. https://doi.org/10.1101/2022.12.06.519405.

19. Ishii J, Izawa K, Matsumura S, Wakamura K, Tanino T, Tanaka T, Ogino C,
Fukuda H, Kondo A. A simple and immediate method for simultane-
ously evaluating expression level and plasmid maintenance in yeast. J
Biochem. 2009;145:701-8.

20. Kaishima M, Ishii J, Matsuno T, Fukuda N, Kondo A. Expression of
varied GFPs in Saccharomyces cerevisiae: codon optimization yields
stronger than expected expression and fluorescence intensity. Sci Rep.
2016;6:35932.

21. ItoH, Fukuda Y, Murata K, Kimura A. Transformation of intact yeast cells
treated with alkali cations. J Bacteriol. 1983;153:163-8.

22. Chen DC, Yang BC, Kuo TT. One-step transformation of yeast in stationary
phase. Curr Genet. 1992;21:83-4.

23. Inoue K, Nomura Y, Kandori H. Asymmetric functional conversion of
eubacterial light-driven ion pumps. J Biol Chem. 2016;291:9883-93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 8 of 8

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1101/2022.12.06.519405

	Engineering yeast with a light-driven proton pump system in the vacuolar membrane
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Localization of dR in the vacuolar membrane
	Light-driven proton pumping activity of yeast vacuoles expressing dR
	The effect of vacuolar dR expression and light irradiation on cell growth and intracellular ATP supply

	Discussion
	Conclusions
	Methods
	Strains and media
	Plasmid construction and yeast transformation
	Isolation of vacuoles from S. cerevisiae
	Measurement of the proton pumping activity of vacuoles
	Microscopic observations of S. cerevisiae vacuoles
	Other assays

	Anchor 20
	Acknowledgements
	References


