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A B S T R A C T

Mitochondrial citrate carrier plays a central role in exporting acetyl-CoA in the form of citrate from mi-
tochondria to cytosol thereby connecting carbohydrate catabolism and lipogenesis. In this study, Yarrowia li-
polytica mitochondrial citrate carrier was functionally defined and characterized. Firstly, deletion of Y. lipolytica
YlCTP1 and YlYHM2 genes coding putative tricarboxylate mitochondrial carriers were performed. ΔYlctp1 strain
did not differ significantly from wild type strain in terms of growth rate, organic acids and lipid production. In
contrast, ΔYlyhm2 strain did not grow in liquid citrate-containing minimal medium. Moreover, in glucose-
containing lipogenic medium YlYHM2 null mutant strain did not produce citric acid; the production of isocitric
acid and lipids were decreased. Reintroduction of YlYHM2 gene as well as heterologous expression of Aspergillus
niger gene AnYHM2 into ΔYlyhm2 strain restored the growth in minimal citrate medium and even enhanced citric
acid production by 45% in both variants compared with wild type strain during test tube cultivation.
Mitochondrial extracts isolated from YlYHM2 null mutant and wild type strain were incorporated into liposomes;
citrate/citrate and α-ketoglutarate/α-ketoglutarate homoexchange activities were reduced by 87% and 40% in
ΔYlyhm2 strain, respectively, compared with the wild type, whereas citratein/α-ketoglutarateout and α-ke-
toglutaratein/citrateout heteroexchanges were decreased by 87% and 95%, respectively. YlYhm2p was expressed
in Escherichia coli, purified and reconstituted into liposomes. Besides high efficiency to citrate and α-ketoglu-
tarate transport, YlYhm2p also transported oxaloacetate, succinate, fumarate, and to a much lesser extent,
aconitate, malate, isocitrate, oxoadipate, and glutamate. The activity of reconstituted YlYhm2p was inhibited
strongly by SH-blocking reagents, pyridoxal-5′-phosphate, and partly by N-ethylmaleimide. Co-expression of
YlYHM2 and adenosine monophosphate deaminase YlAMPD genes resulted in the production of 49.7 g/L of citric
acid during test tube cultivation, whereas wild type strain accumulated 30.1 g/L of citric acid. Large-scale
cultivation in bioreactor of the engineered strain resulted in 97.1 g/L of citric acid production with a process
selectivity of 94.2% and an overall citric acid yield of 0.5 g/g. The maximal specific rate of citric acid synthesis
was 0.93 g/L/h. Therefore, the physiological role of YlYhm2p in glucose-containing medium is to catalyze both
import of citrate into mitochondria for catabolic reactions and export of citrate as a source of acetyl-CoA from
mitochondria. Possible shuttles for citrate exporting are discussed. Moreover, for the first time evidence has been
given for the improvement of TCA cycle intermediate production by manipulation of a gene coding a mi-
tochondrial carrier.
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1. Introduction

Yarrowia lipolytica is “non-conventional” oleaginous yeast that
serves as a relevant platform for enzyme technology, organic acid
production and lipid accumulation (Liu et al., 2015; Madzak, 2015;
Nicaud, 2012). Depending on the cultivation conditions natural isolates
of Y. lipolytica are able to secrete high amounts of tricarboxylic acid
cycle (TCA) intermediates, such as pyruvic, citric, isocitric or α-ke-
toglutaric acids (Barth and Gaillardin, 1997). Classical mutation
breeding as well as rational design of strains by gene modifications and
metabolic engineering have been successfully applied to enhance the
production of organic acids (Blazeck et al., 2015; Guo et al., 2016;
Morgunov et al., 2013; Yuzbashev et al., 2010). Using these strategies, a
substantial improvement in lipid accumulation by Y. lipolytica has also
been achieved (Ledesma-Amaro et al., 2016; Qiao et al., 2017; Xu et al.,
2016). During nitrogen starvation and excess of glucose as a carbon
source Y. lipolytica accumulates neutral lipids and produces a mixture of
citric and isocitric acids. Under these conditions ammonium is pro-
duced from AMP through the activity of adenosine monophosphate
deaminase (AMPD) (Beopoulos et al., 2011), and AMP is an allosteric
activator of mitochondrial isocitrate dehydrogenase. Hence, a decrease
in the AMP pool regulates isocitrate dehydrogenase negatively and re-
sults in accumulation of citrate and isocitrate in mitochondria.

The inner membrane of mitochondria is impermeable to organic
acids. However, this membrane is equipped with a family of mi-
tochondrial carrier (MC) proteins, named mitochondrial carrier family,
that are responsible for the translocation of specific metabolites, such as
inorganic anions, di- and tri-carboxylates, keto acids, amino acids,
nucleotides and coenzymes (Krämer and Palmieri, 1992; Palmieri,
2013, 2014). The protein sequences of the MC family members have a
characteristic three times tandemly repeated 100 residue domain,
which contains two hydrophobic segments and a signature sequence
motif PX [D/E]XX [K/R]X [K/R] (20–30 residues) [D/E]GXXXX [W/Y/
F][K/R]G (PROSITE PS50920, PFAM PF00153 and IPR00193)
(Palmieri, 1994). In atomic resolution 3D-structures of the only MC
family member determined until now (the carboxyatractyloside-in-
hibited ADP/ATP carrier) (Pebay-Peyroula et al., 2003; Ruprecht et al.,
2014) the six hydrophobic segments form a bundle of transmembrane
α-helices with a central substrate translocation pore, and the three PX
[D/E]XX [K/R] motifs form a gate towards the matrix side. In most
cases, the MC distinct sequence features and particularly their signature
motif have been used to identify family members in genomic sequences.
Among the numerous MCs, the citrate carrier is generally believed to be
essential for fatty acid and sterol biosynthesis, given that it exports
citrate from the mitochondria to the cytosol, where it is cleaved by ATP-
citate lyase to oxaloacetate and acetyl CoA, which is used for fatty acid
and sterol biosynthesis (Palmieri, 2004).

The mitochondrial citrate carrier (CIC) has been identified and
characterized first in rat liver (Bisaccia et al., 1989; Kaplan et al., 1990;
Palmieri et al., 1972). In the reconstituted system, CIC catalyses an
electroneutral, obligatory exchange of the dibasic form of a tri-
carboxylic acid (e.g. citrate, isocitrate, and cis-aconitate) for another
tricarboxylate/H+, a dicarboxylate (malate, succinate and malonate) or
phosphoenolpyruvate (Bisaccia et al., 1990, 1993). In plants, a related
carrier to CIC is the dicarboxylate-tricarboxylate carrier (DTC) that
transports both dicarboxylates (malate, oxaloacetate, oxoglutarate and

maleate) and tricarboxylates (citrate, isocitrate, cis-aconitate and trans-
aconitate) (Picault et al., 2002). Among yeasts the MC for citrate Ctp1p
has been partially characterized in terms of substrate specificity only in
S. cerevisiae traditionally served as a model yeast; it translocates citrate
efficiently and, to a much lesser extent, only isocitrate and phosphoe-
nolpyruvate (Kaplan et al., 1995). Notably, S. cerevisiae and other fer-
mentative yeasts lack ATP-citrate lyase activity, thereby they cannot
use citrate as a source of acetyl-CoA (Boulton and Ratledge, 1981).
Indeed, fermentative yeasts generate cytosolic acetaldehyde that is
converted to cytosolic acetyl-CoA by pyruvate decarboxylase, aldehyde
dehydrogenase, and acetyl-CoA synthetase (Pronk et al., 1994). In S.
cerevisiae a second MC for citrate, Yhm2p, has been functionally de-
fined; it transports citrate and α-ketoglutarate with high efficiency and
oxaloacetate, succinate, fumarate and α-ketoadipate to a lesser extent,
but virtually not malate and isocitrate (Castegna et al., 2010). This
carrier has been shown to increase the NADPH reducing power in the
cytosol and to act as a key component of the citrate/α-ketoglutarate
NADPH redox shuttle between mitochondria and cytosol (Castegna
et al., 2010). Yhm2p has also been demonstrated to transport α-ke-
toglutarate from mitochondria to the cytosol for the synthesis of glu-
tamate and ammonium fixation in cytosol as well as to export α-ke-
toadipate for the synthesis of lysine (Scarcia et al., 2017).

Despite significant advancement in understanding the physiology,
genetics, and metabolism of Y. lipolytica as well as in engineering new
recombinant strains via synthetic biology, little is known about MC
proteins in this yeast. Thus, in Y. lipolytica only the three genes for
mitochondrial ADP/ATP carriers have been found to be regulated dif-
ferentially in the absence of oxygen (Mentel et al., 2005), and an un-
coupling-like activity of a putative MC for oxaloacetate has been de-
scribed (Luevano-Martinez et al., 2010). Identification and
characterization of MC proteins able to transport carboxylic acids in Y.
lipolytica is an important objective that can pave the way to improve
titers of organic acid production and lipids through strain genetic en-
gineering.

In this study, citrate mitochondrial carrier in oleaginous yeast has
been identified and characterized for the first time. For this purpose,
firstly deletion of two genes coding putative tricarboxylate mitochon-
drial carriers in Y. lipolytica was performed. Unexpectedly, deletion of
YALI0F26323g gene (designated as YlCTP1) coding the closest homolog
of S. cerevisiae Ctp1p did not have any influence on growth as well as on
citric and isocitric acids production and de novo lipid accumulation in Y.
lipolytica during cultivation on glucose-containing lipogenic medium. In
contrast, YALI0B10736p protein (designated as YlYhm2p) which is the
ortholog of S. cerevisiae Yhm2p played an essential role in the citrate
transport across inner membrane in Y. lipolytica. YlYHM2 null mutant
strain did not grow in minimal liquid medium with citrate as a single
carbon source and it did not produce citric acid during cultivation on
glucose-containing lipogenic medium. Reintroduction of homologous
YlYHM2 gene as well as introduction of heterologous Aspergillus niger
gene ANI_1_874084 (designated as AnYHM2) in ΔYlyhm2 strain fully
restored growth and citric acid production. Mitochondrial extracts
isolated from constructed strains were incorporated into liposomes and
were analyzed for citrate and α-ketoglutarate exchange activity.
YlYhm2p was expressed in Escherichia coli, purified, reconstituted into
liposomes, and identified for its transport properties. Furthermore,
substantial increase in citric acid production has been achieved by co-
expression of YlYHM2 and YlAMPD.

2. Materials and methods

2.1. Strains and growth media

E. coli XL1-Blue was used for plasmid construction, propagation and
amplification. E. coli M15 (pREP4) was used for YlCTP1 and YlYHM2
genes expression and proteins purification. Media and growth condi-
tions for E. coli have been described elsewhere (Sambrook et al., 1989).

Abbreviations:

TCA tricarboxylate cycle
AMPD adenosine monophosphate deaminase
MC mitochondrial carrier
CIC mitochondrial citrate carrier
DTC dicarboxylate-tricarboxylate mitochondrial carrier
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Yeast minimal growth medium was YNBD (0.67% yeast nitrogen base,
Difco, USA) with 20 g/L glucose. Yeast rich growth medium was YPD
(10 g/L yeast extract, 10 g/L bacto-peptone and 20 g/L glucose). Solid
media were prepared by adding 20 g/L agar. Uracil was supplemented
at 50 μg/mL when necessary.

Growth curves of Y. lipolytica strains were monitored in YNBD0.8

and YNBCitr0.8 (i. e. YNB supplemented with 8 g/L glucose and citrate,
respectively) using compact rocking incubator (Advantec MFS Inc.,
USA). Inoculates were grown in 5mL YPD to early-stationary phase and
transferred to the media to a final titre of 3×105 cells/mL.

The medium for cultivation (lipogenic medium) was YNBN0.2D9

consisting of YNB without ammonium sulphate (Difco, USA) but sup-
plemented with 2 g/L ammonium sulphate and 90 g/L glucose.
Cultivation was performed in 50mL test tubes containing 10mL of
medium for 5 days at 30 °C on an orbital shaker operating at 250 rpm.
Inoculates were grown in 5mL YPD and transferred to cultivation
media to a final titre of 1×105 cells/mL. The pH value was maintained
at 4–5 by adding sterile 1% CaCO3. All strains were cultured in tripli-
cate. As CaCO3 was used to maintain the pH value the crystals were
solved by mixing culture broth with equal volume of 1.0 N HCl. To
measure dry cell weight (dcw), 1 mL cell suspension was collected,
washed and lyophilized for 24 h with FreeZone 6 Plus (Labconco, USA).

For the preparation of the mitochondria, the cells were grown on
YNBN0.2D9 medium to mid-exponential phase. The mitochondria were
isolated according to standard procedures (Palmieri et al., 1999b).

2.2. ORF identification

The genes coding for putative mitochondrial tricarboxylate carriers
were identified by on-line TBLASTn search (http://blast.ncbi.nlm.nih.
gov/). Query sequences of S. cerevisiae mitochondrial citrate carrier
Ctp1p and mitochondrial citrate/α-ketoglutarate carrier Yhm2p were
used for Y. lipolytica putative mitochondrial tricarboxylate carriers'
identification. Only one open reading frame (ORF) was found for each
query with high amino acid sequence identity: YALI0F26323g and
YALI0B10736g encoding two proteins named YlCtp1p and YlYhm2p,
respectively, in accordance with the previously used nomenclature in S.
cerevisiae. The amino acid sequence of protein encoded by A. niger
ANI_1_874084 locus tag was revealed by online search against A. niger
genome with S. cerevisiae Yhm2p as a query sequence. This protein was
designated as AnYhm2p. The amino acid sequence of AnYhm2p shared
69.4 and 71.7% identical amino acids and 79.8 and 82.7% similarity
with S. cerevisiae Yhm2p and Y. lipolytica YlYhm2p, respectively.
Sequences were aligned with ClustalW.

2.3. Construction of plasmids

Enzymes for molecular biology were obtained from Thermo Fisher
Scientific (USA), and basic DNA manipulations were performed as de-
scribed in Sambrook et al. (1989). Oligonucleotide primers are sum-
marized in Supplementary Table S1. Y. lipolytica target nucleotide
fragments were amplified using HifiCAPA-polymerase from strain W29
(ATCC, 20460). PCR products were verified by sequencing both strands.

Plasmids pUC-flYlCTP1-URA3 and pUC-flYlYHM2-URA3 were con-
structed to inactivate Y. lipolytica YlCTP1 and YlYHM2 genes, respec-
tively. The nucleotide fragments of target genes and their upstream and
downstream surrounding sequences were amplified using primer pairs
YlCTP-SacI-F and YlCTP-Ecl136II-R, YlYHM2-EheI-F and YlYHM2-EheI-
R, respectively, and cloned into pUC19 digested with Ecl136II. The
central parts of YlCTP1 and YlYHM2 genes were then excised using
Kpn2I and BclI/Bsu15I endonucleases, respectively, and replaced with
URA3 gene amplified with primers pair Lox66-URA3-F and Lox71-
URA3-R.

The plasmid pTEFin-uno-YlYHM2 for YlYHM2 gene over-expression
was constructed as follows. Promoter TEFin was amplified using pri-
mers pair TEFin-NheI-F and TEFin-BpiI-R. PCR-product was treated with

NheI and BpiI, and introduced into the plasmid php4d-uno (Yuzbasheva
et al., 2017) digested in the same way to generate the plasmid pTEFin-
uno. YlYHM2 gene was amplified using primers pair YlYHM2-Esp3I–F
and YlYHM2-XmaJI-R, treated with Esp3I and XmaJI, and inserted into
the BpiI and XmaJI sites in plasmid pTEFin-uno. The plasmid php4d-
uno-YlAMPD for YlAMPD gene over-expression under hp4d promoter
(Madzak et al., 2000) was constructed as follows. YlAMPD gene was
obtained by assembling two PCR products amplified using the primer
pairs YlAMPD-AarI-hp4d-F and YlAMPD-less-R, and YlAMPD-less-F and
YlAMPD-XmaJI-R. An internal AarI site in YlAMPD was eliminated in
this manner. The amplicon was then digested with AarI and XmaJI, and
introduced into the BpiI and XmaJI sites in plasmid php4d-uno. Plasmid
pTEFin-uno-AnYHM2 was constructed for A. niger AnYHM2 gene over-
expression. AnYHM2 gene was synthesized by Innova Plus (Russia).
Rare codons in AnYHM2 were manually optimized according to Y. li-
polytica codon usage (Supplementary Fig. S1). The synthesized frag-
ment was treated with Esp3I and XmaJI and introduced into the plasmid
pTEFin-uno digested with BpiI and XmaJI.

Plasmids pQE30-YlCTP1 and pQE30-YlYHM2 were constructed for
YlCTP1 and YlYHM2 genes expression in E. coli and purification of
proteins. The plasmids were constructed by the Gibson assembly
method (Gibson et al., 2009). Rare codons in YlCTP1 and YlYHM2 were
manually optimized according to E. coli codon usage (Supplementary
Figs. S2 and S3). Given that YlCTP1 native gene contains an intron, two
fragments of YlCTP1 were amplified using primers pairs YlCTP1-1-pQ-F
and YlCTP1-1-R, YlCTP1-2-F and YlCTP1-2-pQ-R, respectively, and as-
sembled with the vector part amplified from pQE30 using primers pQE-
F and pQE-R. YlYHM2 native gene contains two introns, thus the three
fragments of YlYHM2 were amplified using primers pairs YlYHM2-1-
pQ-F and YlYHM2-1-R, YlYHM2-2-F and YlYHM2-2-R, and YlYHM2-3-F
and YlYHM2-3-pQ-R, respectively, and assembled with the vector part
amplified from pQE30.

2.4. Construction of recombinant strains

Yeast strains were transformed by electroporation (Yuzbasheva
et al., 2015). All transformants were selected on YNBD medium by
restoration of prototrophy for uracil. The disruption cassettes flYlCTP1-
URA3 and flYlYHM2-URA3 were released from the plasmids using SacI/
Ecl136II or EheI endonucleases, respectively, and transformed into W29
(Δura3). PCRs using primers YlCTP1-chr-F and YlCTP1-chr-R, YlYHM2-
chr-F and YlYHM2-chr-R were applied to verify the correct chromo-
somal integration, and hence YlCTP1 and YlYHM2 genes disruption.
Verified transformants were designated as W29 (ΔYlctp1) and W29
(ΔYlyhm2), respectively. The auxotrophic derivative W29 (ΔYlyhm2
Ura-) was obtained using Cre-lox66/71 recombination system as de-
scribed previously (Yuzbasheva et al., 2017).

Expression cassette hp4d-uno-YlAMPD was released from the
plasmid php4d-uno-YlAMPD by digestion with Psp1406I/SspI en-
donucleases and transformed into the strain W29 (Δura3) to obtain W29
(YlAMPD) strain. The auxotrophic derivative W29 (YlAMPD Ura-) was
obtained using Cre-lox66/71 recombination system.

The expression cassette TEFin-uno-YlYHM2 was released from the
plasmid pTEFin-uno-YlYHM2 by digestion with CaiI and EheI en-
donucleases and transformed into W29 (ΔYlyhm2 Ura-), W29 (Δura3),
and W29 (YlAMPD Ura-) strains to obtain strains W29 (ΔYlyhm2
YlYHM2) and W29 (YlYHM2), and W29 (YlAMPD YlYHM2), respec-
tively. The expression cassette TEFin-uno-AnYHM2 was released from
the plasmid pTEFin-uno-AnYHM2 by digestion with SapI and EcoO109I,
and electroporated into W29 (ΔYlyhm2 Ura-) and W29 (Δura3) to ob-
tain the strains W29 (ΔYlyhm2 AnYHM2) and W29 (AnYHM2), re-
spectively.

2.5. Bacterial expression and purification

YlYhm2p and YlCtp1p were expressed at 37 °C as inclusion bodies in
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the cytosol of E. coli M15 (pREP4) as described previously (Agrimi
et al., 2012b; Fiermonte et al., 1993; Marobbio et al., 2008). Control
cultures with the empty vector were processed in parallel. Inclusion
bodies were purified on a sucrose density gradient and washed at 4 °C,
first with TE buffer (10mM Tris-HCl and 1mM EDTA, pH 7.0), then
twice with a buffer containing 3% Triton X-114 (w/v), 1 mM EDTA and
10mM PIPES pH 7.0, and finally once with TE buffer (Agrimi et al.,
2012a; Di Noia et al., 2014). Proteins were analyzed by SDS-PAGE on
17.5% gels and stained with Coomassie Blue dye. Unlike YlYhm2p,
YlCtp1p was not expressed. Purified YlYhm2p was solubilized in 1%
sarkosyl (w/v), 10mM Tris-HCl pH 7.0 and 1mM EDTA, and un-
solubilized material was removed by centrifugation (15 300×g for
10min). The identity of YlYhm2p which has been expressed in E. coli
and purified was assessed by matrix-assisted laser desorption/ioniza-
tion-time-of-flight (MALDI-TOF) mass spectrometry of trypsin digests of
the corresponding band excised from Coomassie-stained gels (Hoyos
et al., 2003; Palmieri et al., 2001).

The amount of purified YlYhm2p protein was estimated by laser
densitometry of stained samples using carbonic anhydrase as protein
standard (Indiveri et al., 1998; Monne et al., 2015).

2.6. Reconstitution of YlYhm2p into liposomes and transport measurements

The solubilized recombinant protein was diluted 3-fold with a buffer
containing 3% Triton X-114 (w/v), 20mM Na2SO4 and 10mM PIPES,
pH 7.0, and reconstituted into liposomes by cyclic removal of the de-
tergent with a hydrophobic column of amberlite beads (Bio-Rad) as
previously described (Monné et al., 2018; Palmieri et al., 1995) with
some modifications. The initial reconstitution mixture contained the
solubilized protein (about 9 μg), 1% Triton X-114, 1.4% egg yolk
phospholipids in the form of sonicated liposomes, 20mM substrate
(except where otherwise indicated), 20mM PIPES pH 7.0, 0.6mg car-
diolipin and water to a final volume of 700 μl (Bisaccia and Palmieri,
1984). These components were mixed thoroughly, and the mixture was
recycled 13 times through the amberlite column pre-equilibrated with a
buffer containing 10mM PIPES (pH 7.0) and the substrate at the same
concentration used in the starting mixture. All operations were per-
formed at 4 °C, except for the passages through Amberlite, which were
carried out at room temperature. The amount of purified protein in-
corporated into liposomes was measured as described (Porcelli et al.,
2014) and was about 12% of protein added to the reconstitution mix-
ture.

External substrate was removed from proteoliposomes on Sephadex
G-75 columns pre-equilibrated with buffer A (10mM PIPES and 50mM
NaCl pH 7.0). Transport at 25 °C was initiated by adding [14C]citrate
(NEN Life Science Products) to eluted proteoliposomes. The reaction
was terminated by adding 0.2mM p-hydroxymercuribenzoate which
inhibits the activity of some MCs completely and rapidly (Marobbio
et al., 2003, 2006). In controls, the inhibitor was added simultaneously
to the labeled substrate according to the “inhibitor-stop” method
(Palmieri et al., 1995). Finally, the external radioactivity was removed
on Sephadex G-75 and the radioactivity in the proteoliposomes was
measured. The experimental values were corrected by subtracting the
control values. The initial transport rates were calculated from the
radioactivity incorporated into proteoliposomes after 45 s (i. e. in the
initial linear range of substrate transport) (Palmieri et al., 1999a). The
kinetic constants Km, Vmax and Ki were determined from Lineweaver-
Burk and Dixon plots.

2.7. Reconstitution of mitochondrial extract into liposomes and transport
assays

About 0.1mg protein of isolated mitochondria were solubilized with
1% Triton X-100, 100mM NaCl and 10mM PIPES, pH 7.0. After in-
cubation for 20min at 4 °C, the mixture was centrifuged at 138 000×g
for 20min. The mitochondrial extract was reconstituted as described

previously (Palmieri et al., 1999b). Transport was started by adding
[14C]citrate, [14C]α-ketoglutarate (NEN Life Science Products) or
[14C]ADP (PerkinElmer) to proteoliposomes pre-loaded with 20mM of
citrate, α-ketoglutarate or ADP (as indicated in the legend to the figure)
and terminated by the addition of 0.2mM p-hydroxymercurybenzoate.
In controls, the inhibitor was added with the labeled substrate ac-
cording to the “inhibitor-stop” method (Palmieri et al., 1995). The ex-
ternal radioactive substrate was removed, and the radioactivity in the
proteoliposomes was measured as described previously (Palmieri et al.,
1995). The experimental values were corrected by subtracting control
values.

2.8. Bioreactor fermentations

Fermenter experiments were carried out in 1-L bioreactor (Applikon
BioBundle 1 L) with 0.5 L of medium containing (g/L): (NH4)2SO4 3.0,
МgSO4∙7H2O 1.4, NaCl 0.5, Ca(NO3)2 0.8, KH2PO4 2.0, K2HPO4 0.2,
biotin 0.0005, thiamin 0.01. Initial concentration of glucose was 40 g/
L. Glucose was pulsed into bioreactor every 24 h at concentration of
30 g/L. Trace element stock solution has the following composition (g/
L): CuSO4∙5H2O 6.0, KI 0.088, MnSO4∙5H2O 3.0, H3BO3 0.2,
CoCl2∙6H2O 0.955, ZnSO4∙7H2O 42.0, FeSO4∙7H2O 65.0, H2SO4 5.0.
4.6 mL of the trace element stock solution was added to 1 L of medium.
The temperature was maintained at the level of 29.0 °C, the con-
centration of dissolved oxygen was maintained at the level of 50–55%.
The pH was maintained at the level of 6.0. The selectivity of the process
was calculated as the ratio of the weight of the target product (citric
acid) to the weight of the products obtained (citric acid and isocitric
acid).

2.9. Analytical methods

To determine the concentration of sugars and organic acids in the
culture broth, cells were first precipitated by centrifugation at 8000×g
for 3min, and then the supernatant was analyzed by high-performance
liquid chromatography in 10mM aqueous solution of phosphoric acid,
using a Waters HPLC system (Waters, Milford, MA, USA) fitted with a
reversed-phase YMC-Triart C18 column (4.6×250mm, 5 μm, 12 nm,
YMC Co., Japan), and operating at 1.0 mL/min. Detection was per-
formed at 210 nm. Samples were identified by comparing the retention
times with those of standards.

Lipids from aliquots of lyophilized cells (10–20mg) were extracted
using the procedure of Folch et al. (1957). Gas chromatography was
performed on a Shimadzu GC-2010 Plus instrument equipped with a
flame-ionization detector and an SGE BPX 70 GC capillary column
(30m×0.25mm×0.25 μm). The GC oven conditions were as follows:
100 °C for 1min, ramped to 220 °C in 15min, and held at 220 °C for
2min. Heptadecanoic acid (C17:0, 50 μg) (Sigma-Aldrich, USA) was
added as internal standard to a measured quantity of cell biomass. Fatty
acids were quantified by comparison to commercial fatty acid methyl
ester standards and normalized to methyl heptadecanoate (C17:0).

3. Results

3.1. The identification of the main citrate transporter in Y. lipolytica
mitochondria

The Y. lipolytica genome harbors 39 genes coding for MC family type
carrier proteins, in comparison to Homo sapiens (53 genes),
Saccharomyces cerevisiae (35 genes) and Arabidopsis thaliana (58 genes)
(Palmieri and Pierri, 2010). The sequences of the mitochondrial citrate
carriers from S. cerevisiae (Yhm2p and Ctp1p) were used to find can-
didates for mitochondrial carrier(s) for citrate in Y. lipolytica. The clo-
sest relatives of Yhm2p and Ctp1p are two proteins of 311 and 292
amino acids, encoded by YALI0B10736g and YALI0F26323g, respec-
tively, and named YlYhm2p and YlCtp1p for their high percentage of
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identical amino acids with ScYhm2p (76.9%) and ScCtp1p (67.6%). The
sequences of YlYhm2p and YlCtp1p and their alignments (Fig. 1) with
the closest relatives from S. cerevisiae and with the ADP/ATP carrier
(the best studied member of the MC family) show that the proteins
possess the distinct features of all members of the MC family. However,
they share only 20% identical amino acids, a value very similar to the
basic homology existing between the different members of the MC fa-
mily, suggesting that YlYhm2p and YlCtp1p belong to two completely
different subfamilies of MCs. A phylogenetic tree of all MCs in Y. lipo-
lytica and S. cerevisiae is presented in Supplementary Fig. S4.

Deletion of the genes coding YlCtp1p and YlYhm2p was performed
in Y. lipolytica yeast in order to discover the mitochondrial carrier
playing a main role in citrate transport through the mitochondrial inner
membrane of Y. lipolytica. In liquid glucose-containing minimal
medium the strains W29 (ΔYlctp1) and W29 (ΔYlyhm2) exhibited
growth characteristics similar to those of the wild type strain W29
(Fig. 2A). Interestingly, in liquid citrate-containing minimal medium
W29 (ΔYlyhm2) failed to grow. In contrast, W29 (ΔYlctp1) grew to the
same optical density as W29 (Fig. 2B), although this null mutant strain
had an extended lag phase and a slightly lower specific growth rate (μ)
compared to that of W29 (0.20 h−1 and 0.24 h−1, respectively)
(Fig. 2B). Based on the growth curves of the deleted strains it can be
assumed that catabolism of citrate occurs in mitochondria via TCA
cycle and YlYhm2p is responsible for citrate import from the cytosol.

To investigate the influence of the introduced mutations on organic
acid production and de novo lipid synthesis by Y. lipolytica the test tube
cultivation was performed in the medium with excess of glucose and
nitrogen starvation. The strain W29 (ΔYlctp1) did not differ sig-
nificantly from the parental strain W29 in terms of biomass accumu-
lation, organic acid production and lipid synthesis (Table 1). On the
contrary, under the same conditions the strain W29 (ΔYlyhm2) did not
produce citric acid in the culture broth and did not utilize all glucose
from the culture broth, despite the fact that there was no effect on final
biomass accumulation compared to the wild type strain (Table 1). Total
lipid content of W29 (ΔYlyhm2) was decreased to 6.8% of dry cell
weight compared to 21.1% and 20.5% of dry cell weight observed for
W29 (ΔYlctp1) and W29, respectively (Table 1). Furthermore, the level
of isocitric acid production by the strain W29 (ΔYlyhm2) was decreased
by approximately 60% compared to the wild type strain, and α-ke-
toglutaric and malic acids accumulated in the culture broth (Table 1).
These data show that the function of YlYhm2p is crucial in Y. lipolytica
during growth on glucose-containing lipogenic medium.

To check whether the differences in growth, citric acid production
and lipid accumulation displayed by the W29 (ΔYlyhm2) strain were the
results of the absence of YlYhm2p and not a secondary effect, homo-
logous expression of YlYHM2 gene in W29 (ΔYlyhm2) strain was

evaluated. For this purpose YlYHM2 gene was cloned under strong
constitutive intron-containing translation elongation factor-1α pro-
moter (TEFin) (Tai and Stephanopoulos, 2013) in a single-copy in-
tegrative vector. Indeed, the constructed strain W29 (ΔYlyhm2
YlYHM2) grew well on liquid citrate-containing minimal medium al-
though the two replicates shown in Fig. 2B exhibited a different lag
phase, probably due to a difference in cell survival of the seed culture.
Nevertheless, μ parameters for the two replicates were very similar
(0.22 and 0.21 h−1) and comparable to that of the wild type W29 strain
(0.24 h−1) (Fig. 2B). During cultivation in glucose-containing lipogenic
medium W29 (ΔYlyhm2 YlYHM2) produced 43.7 g/L of citric acid and
accumulated lipids to 21.5% of dry cell weight, demonstrating that
reintroduction of the YlYHM2 gene in the deleted strain completely
restores the lack of growth and citric acid production as well as the
marked decrease in lipid accumulation (Table 1).

For a century, A. niger has been widely used for industrial produc-
tion of citric acid (Papagianni, 2007). We evaluated whether the A.
niger homolog to YlYhm2p had the same function and physiological role
in citrate transporting. For this purpose AnYHM2 gene was over-ex-
pressed in W29 (ΔYlyhm2) and W29 strains. Indeed, the constructed
strain W29 (ΔYlyhm2 AnYHM2) grew on liquid citrate-containing
minimal medium. Despite an extended lag phase the specific growth
rate of W29 (ΔYlyhm2 AnYHM2) was 0.22 h−1 compared with W29
being 0.24 h−1 (Fig. 2B). Moreover, W29 (ΔYlyhm2 AnYHM2) produced
citric acid up to 43.6 g/L (Table 1), that corresponded to an increase of
45% relative to wild type W29. AnYHM2 gene was also over-expressed
in wild type strain W29. The strain W29 (AnYHM2) produced 37.3 g/L
of citric acid that corresponded to an increase of 24% relative to W29
(Table 1).

To understand the contribution of YlYhm2p to citrate and α-ke-
toglutarate transport in Y. lipolytica mitochondria, these organelles
isolated from wild type W29, W29 (ΔYlyhm2), and W29 (ΔYlyhm2
YlYHM2) cells were solubilized. Then the mitochondrial extracts were
incorporated into liposomes, and the transport of citrate and α-ke-
toglutarate, present either inside or outside the liposomes or on both
sides, was tested. In liposomes reconstituted with the mitochondrial
extract from W29 (ΔYlyhm2) [14C]citrate/citrate and [14C]α-ketoglu-
tarate/α-ketoglutarate homoexchanges were reduced by 87% and 40%,
respectively, (P < 0.05), and the heteroexchanges citratein/α-ke-
toglutarateout and α-ketoglutaratein/citrateout were diminished by 87%
and 95%, respectively, as compared with the activities of the wild type
strain (P < 0.05) (Fig. 3). As a control, the [14C]ADP/ADP homo-
exchange was also measured and found to be comparable in the mi-
tochondrial extracts from W29, W29 (ΔYlyhm2), and W29 (ΔYlyhm2
YlYHM2) strains (Supplementary Fig. S5). Thus, the deletion of YlYHM2
caused a dramatic decrease in citrate transport and a less pronounced,

Fig. 1. Alignment of YlYhm2p and YlCtp1p with amino acid sequences of their closest homologues in Saccharomyces cerevisiae as well as the sequence of the ADP/
ATP carrier, i. e. the only member of the MC family whose 3D structure has been determined. The sequences of the six transmembrane helices (H1–H6) of the ADP/
ATP carrier are underlined. Red and blue boxes after each odd transmembrane-spanning helix indicate part a and part b, respectively, of the 3-fold repeated signature
motif (SM) characteristic of the MC family proteins. Deviations of YlYhm2p and ScYhm2p in the signature motif are highlighted in green. YlYhm2 and ScYhm2
indicate Yhm2p from Y. lipolytica and S. cerevisiae, respectively; YlCtp1 and ScCtp1 indicate Ctp1p from Y. lipolytica and S. cerevisiae, respectively; and BtAac1 the
ADP/ATP carrier from Bos taurus. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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but substantial, decrease in α-ketoglutarate transport in isolated mi-
tochondria of Y. lipolytica. Furthermore, all the exchanges investigated
involving either citrate or α-ketoglutarate were more than fully re-
stored by reintroducing the YlYHM2 gene in the deleted strain (Fig. 3).
Therefore, in Yarrowia mitochondria YlYhm2p is virtually the sole ci-
trate transporter and one of the main, but not the sole, α-ketoglutarate
transporter.

3.2. The characteristics of recombinant YlYhm2p

Reconstitution of recombinant proteins in liposomes is a commonly
used method to identify and characterize the transport properties of
carrier proteins encoded by different genomes (Palmieri and Monné,
2016). Therefore, the YlYHM2 and YlCTP1 genes were expressed in E.
coli M15 (pREP4) cells. YlCTP1 failed to be expressed most likely be-
cause it is toxic to the bacterial cells. In contrast, the YlYHM2 gene
product accumulated as inclusion bodies and was purified by cen-
trifugation and washing (Fig. 4A, lane 5). The apparent molecular mass
of the purified protein was about 32.8 kDa, in good agreement with its
calculated value (33.7 kDa). The identity of the recombinant protein
was confirmed by MALDI-TOF mass spectrometry and the yield of the

Fig. 2. Growth curves of Y. lipolytica strains W29 (red), W29 (ΔYlctp1) (blue),
W29 (ΔYlyhm2) (green), W29 (ΔYlyhm2 YlYHM2) (black), and W29 (ΔYlyhm2
AnYHM2) (grey) grown on minimal medium containing glucose (A) and citrate
(B). All replicates of strains were inoculated to a final titre of 3× 105 cells/mL
counting with the hemocytometer. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

Table 1
Biomass accumulation, glucose consumption, organic acid production, and total lipid content of Y. lipolytica recombinant strains under cultivation for 5 days in
minimal lipogenic medium with glucose as a sole carbon source. Values are reported as average ± standard deviation from three independent experiments.

Strain Biomass, g dcw/L Glucose consumed, g/L Total fatty acids, % dcw Organic acids, g/L

Citric acid Isocitric acid α-Ketoglutaric acid Malic acid

W29 (ΔYlctp1) 16.7 ± 3.4 90.0 ± 0.0 21.1 ± 1.6 32.1 ± 0.6 11.2 ± 0.4 ND a ND
W29 (ΔYlyhm2) 17.0 ± 2.0 67.7 ± 6.1 6.8 ± 2.8 0.05 ± 0.05 3.4 ± 1.4 2.0 ± 0.5 2.3 ± 0.3
W29 (ΔYlyhm2 YlYHM2) 16.3 ± 1.6 90.0 ± 0.0 21.5 ± 1.1 43.7 ± 8.2 3.5 ± 0.9 ND ND
W29 (YlYHM2) 16.1 ± 3.9 90.0 ± 0.0 20.9 ± 0.8 37.1 ± 1.0 4.0 ± 0.3 ND ND
W29 (ΔYlyhm2 AnYHM2) 17.0 ± 1.4 90.0 ± 0.0 19.9 ± 1.3 43.6 ± 3.3 4.2 ± 0.4 ND ND
W29 (AnYHM2) 14.3 ± 2.1 90.0 ± 0.0 19.4 ± 1.3 37.3 ± 2.4 4.4 ± 0.2 ND ND
W29 (YlAMPD) 16.5 ± 2.5 90.0 ± 0.0 17.7 ± 2.2 39.2 ± 3.6 8.3 ± 1.2 ND ND
W29 (YlAMPD YlYHM2) 16.0 ± 3.0 90.0 ± 0.0 16.9 ± 1.5 49.7 ± 1.5 4.4 ± 0.2 ND ND
wild type W29 16.6 ± 2.7 90.0 ± 0.0 20.5 ± 1.4 30.1 ± 2.7 8.4 ± 1.1 ND ND

a – ND, not detected.

Fig. 3. Citrate and α-ketoglutarate homoexchange and heteroexchange activ-
ities in liposomes reconstituted with mitochondrial extracts of wild type W29,
W29 (ΔYlyhm2), and W29 (ΔYlyhm2 YlYHM2) cells. The extract (25 μg of
protein) of isolated mitochondria from wild type W29 (black columns), W29
(ΔYlyhm2) (red columns), or W29 (ΔYlyhm2 YlYHM2) (blue columns) strains
was reconstituted into liposomes preloaded with 20mM α-ketoglutarate or ci-
trate. Transport was initiated by adding 1.2 mM [14C]α-ketoglutarate or
0.15mM [14C]citrate to proteoliposomes and terminated after 5 min. The data
represent the mean ± SEM for at least three independent experiments per-
formed in duplicate. *: significant difference of the mutant strain transport
activity as compared to the wild type strain (P < 0.05 t-test). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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purified protein was about 15mg per liter of culture. Notably, YlYhm2p
was not detected in bacteria harvested immediately before induction of
expression (Fig. 4A, lane 2) nor in cells harvested after induction but
lacking the coding sequence in the expression vector (Fig. 4A, lane 3).

In a first set of experiments, recombinant purified YlYhm2p was
reconstituted into liposomes, and its transport activities for a variety of
potential substrates were tested in homoexchange experiments (i. e.
with the same substrate inside and outside the proteoliposomes). Using
external and internal substrate concentrations of 50 μM and 10mM,
respectively, reconstituted YlYhm2p catalyzed active 14 [C]citrate/ci-
trate and [14C]α-ketoglutarate/α-ketoglutarate homoexchanges, which
were temperature dependent and inhibited by the SH-reagent p-hy-
droxymercuribenzoate (data not shown), as would be expected from a
protein-mediated transport. In addition, no [14C]citrate/citrate and
[14C]α-ketoglutarate/α-ketoglutarate exchange activities were detected
when YlYhm2p was inactivated by boiling before reconstitution into
liposomes or when liposomes were reconstituted with sarkosyl-solubi-
lized protein from bacterial cells either lacking the expression vector or
harvested immediately before induction of expression (data not shown).

To investigate the substrate specificity of YlYhm2p in detail, the
initial rate of 0.15mM [14C]citrate uptake into proteoliposomes, that
had been preloaded with a variety of potential substrates, was mea-
sured (Fig. 4B). The highest activities of [14C]citrate uptake into pro-
teoliposomes were observed with internal citrate, α-ketoglutarate, ox-
aloacetate, succinate and fumarate. [14C]citrate also exchanged
substantially with internal cis-aconitate and trans-aconitate and, to a
lower extent, with isocitrate, oxoadipate and malate. In contrast, the
YlYhm2p-mediated [14C]citrate uptake was negligible, or not

significantly higher than that found in the presence of NaCl when the
following internal substrates were used: malonate, glutarate, adipate,
glutamate, aspartate, and NaCl and no substrate (Fig. 4B) as well as
pyruvate, carnitine, α-ketoisovalerate, glutamine, methionine, cysteine,
alanine, valine, leucine, S-adenosylmethionine, glutathione, ADP, ATP,
GDP, GTP, UDP, UTP, CDP, CTP, NAD+, FAD, thiamine pyrophosphate,
and coenzyme A (data not shown). Therefore, the substrate specificity
of YlYhm2p is mainly confined to tricarboxylic acids (mainly citrate),
C4- and C5-oxodicarboxylic acids, and to the C4-dicarboxylates succi-
nate and fumarate.

The effects of MC inhibitors on the [14C]citrate/citrate exchange
reaction catalyzed by reconstituted YlYhm2p were also examined
(Fig. 4C). This activity was inhibited strongly by the SH-blocking re-
agents, such as p-hydroxymercurybenzoate and mersalyl, by the lysine
ε-amino group reagent pyridoxal-5′-phosphate, and partially by the
alkylating reagent N-ethylmaleimide. [14C]Citrate/citrate exchange
was also inhibited by 2mM 1,2,3-benzenetricarboxylate (an inhibitor of
the citrate carrier (Palmieri et al., 1972)) and 2mM phenylsuccinate
(an inhibitor of the dicarboxylate carrier (Palmieri et al., 1971)). In
contrast, carboxyatractyloside, a potent inhibitor of the ADP/ATP car-
rier (Klingenberg, 2008) had very little effect on YlYhm2p activity.

The kinetic constants of the reconstituted YlYhm2p were de-
termined by measuring the initial transport rate of the [14C]citrate/
citrate exchange in the presence of various external [14C]citrate con-
centrations and a constant saturating internal substrate concentration
of citrate (20mM). The transport affinity (Km) and the specific activity
(Vmax) values for the citrate/citrate exchange at 25 °C were
0.15 ± 0.01mM and 0.34 ± 0.06mmol/min per g of protein,

Fig. 4. Expression in E. coli and properties of recombinant YlYhm2p. (A) Expression of YlYhm2p in E. coli and its purification. Proteins were separated by SDS-PAGE
and stained with Coomassie Blue dye. Markers (bovine serum albumin, carbonic anhydrase and cytochrome c) are shown in the right column. Lanes 1–4, E. coli M15
(pREP4) cells containing the expression vector with (lanes 2 and 4) and without (lanes 1 and 3) the coding sequence of YlYhm2p. Samples were taken immediately
before (lanes 1 and 2) and 4 h after induction (lanes 3 and 4). The same number of bacteria was analyzed in each sample. Lane 5, purified YlYhm2p (about 10 μg)
derived from the bacteria shown in lane 4. (B) Dependence of YlYhm2p activity on internal substrate. Liposomes reconstituted with YlYhm2p were preloaded
internally with various substrates (concentration, 20mM). Transport was initiated by adding 0.15mM [14C]citrate and terminated after 45 s. The values are
means ± SEM of at least three independent experiments in duplicate for each internal substrate investigated. In red: tricarboxylic acids. In blue: α-ketodicarboxylic
acids. In green: dicarboxylic acids. In black: other compounds. Differences between the activities of citrate uptake with internal citrate, cis-aconitate, trans-aconitate,
oxaloacetate, α-ketoglutarate, succinate and fumarate and the activity with internal NaCl were significant (Fisher t-test * p < 0.05, **p < 0.01). (C) Effect of
inhibitors on the citrate/citrate exchange by YlYhm2p. Liposomes were reconstituted with YlYhm2p and preloaded internally with 20 mM citrate. Transport was
initiated by adding 0.15 mM [14C]citrate and terminated after 45 s. The concentrations of the inhibitors were 10 μM (CATR, carboxyatractyloside), 0.2 mM (MER,
mersalyl; pHMB, p-hydroxymercuribenzoate), 1 mM (NEM, N-ethylmaleimide), 2 mM (PheSucc, phenylsuccinate; 1,2,3-BTA, 1,2,3-benzenetricarboxylate), 30mM
(PLP, pyridoxal 5′-phosphate). The values are means ± SEM of at least three independent experiments in duplicate for each inhibitor investigated. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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respectively, in 15 experiments.
Several external substrates were competitive inhibitors of [14C]ci-

trate uptake as they increased the apparent Km of the citrate/citrate
exchange without changing the Vmax (results not shown). The Ki va-
lues of these substrates for YlYhm2p were as follows: 1.1mM ± 0.12
(α-ketoglutarate); 0.33mM ± 0.01 (oxaloacetate); 0.55mM ± 0.02
(succinate); 0.76mM ± 0.08 (fumarate).

3.3. Effect of YlYHM2 gene over-expression on citric acid production

YlYHM2 gene was over-expressed in wild type W29 and W29
(YlAMPD) strains, the latter carrying an additional copy of YlAMPD
gene expressed under hp4d promoter. The positive effect of YlAMPD
gene over-expression to itaconic acid production has been previously
demonstrated (Blazeck et al., 2015). Over-expression of YlYHM2 and
YlAMPD genes separately increased citric acid production by approxi-
mately 24 and 31%, respectively, compared with wild type (Table 1). At
the same time, a decrease in lipid accumulation and isocitric acid
production was observed for W29 (YlAMPD) and W29 (YlYHM2)
strains, respectively. Thus, W29 (YlAMPD) accumulated lipids to 17.7%
of dry cell weight, whereas lipid accumulation by W29 was 20.5% of
dry cell weight. Production of isocitric acid by W29 (YlYHM2) strain
was decreased by 50% compared with W29. Notably, co-expression of
YlYHM2 and YlAMPD genes improved considerably citric acid pro-
duction. Thus, W29 (YlAMPD YlYHM2) produced 49.7 g/L of citric acid
under test tube cultivation, i. e. 65% more than the wild type strain.
Furthermore, under the same conditions lipid accumulation and iso-
citric acid production by W29 (YlAMPD YlYHM2) were decreased by
18% and 48%, respectively, compared with W29.

Large-scale cultivation of W29 (YlAMPD YlYHM2) and W29 was
conducted using 1-L stirred tank bioreactor (Fig. 5). In the phase of
active cell growth (up to 24 h) no marked citric acid excretion was
observed for both strains (Fig. 5A). However, during the period from 24
to 120 h W29 (YlAMPD YlYHM2) strain produced intensively citric acid.
In this period, the average specific rate of citric acid synthesis was
0.80 g/L/h, and the maximal specific rate of 0.93 g/L/h was reached
from 76 to 96 h (Fig. 5A). The average specific rate of citric acid
synthesis by the control strain W29 from 24 to 120 h was 0.61 g/L/h;
the maximum of 0.92 g/L/h was observed from 96 to 120 h (Fig. 5A).
From 120 to 166 h both strains continued to produce citric acid but the
specific rates of citric acid synthesis decreased approximately twofold
and threefold for W29 (YlAMPD YlYHM2) and W29 strains, respec-
tively, as compared with their maximum values. By 166 h of cultiva-
tion, W29 (YlAMPD YlYHM2) accumulated 97.1 g/L of citric acid and
6.0 g/L of isocitric acid with a process selectivity of 94.2% and an
overall citric acid yield of 0.5 g/g. At the same time of cultivation the
culture broth of W29 contained 73.2 g/L of citric acid and 8.5 g/L of
isocitric acid that corresponds to a process selectivity of 89.6% and an
overall citric acid yield of 0.38 g/g.

4. Discussion

During carbohydrate utilization, the majority of eukaryotes use ci-
trate, generated in the mitochondrial matrix by the TCA cycle, to supply
acetyl-CoA in the cytoplasm for the synthesis of important compounds
such as fatty acids, sterols and N-acetylglucosamine. The translocation
of citrate across the mitochondrial membrane, catalyzed by the mi-
tochondrial citrate carrier, is an essential metabolic step in these pro-
cesses.

Y. lipolytica belongs to the group of oleaginous microorganisms that
have the potential to accumulate a substantial amount of lipids
(Beopoulos et al., 2011). At the same time, Y. lipolytica is able to secrete
citric and isocitric acids (Cavallo et al., 2017; Kamzolova et al., 2018).
These properties clearly show that Y. lipolytica can serve as a model
yeast to evaluate the mechanisms of acetyl-unit transfer from the mi-
tochondria to the cytosol. The aim of this study was the identification

and functional characterization of the transport protein(s) responsible
for citrate translocation across the Y. lipolytica mitochondrial mem-
brane and therefore essential for the biosynthetic potentials of this or-
ganism. The results presented here clearly demonstrate that YlYhm2p is
essential for the import of citrate into mitochondria when citrate is used
as a single carbon source (Fig. 2B). Our data also show that YlYhm2p
plays an essential role in the export of citrate from mitochondria on
glucose-containing lipogenic medium. This conclusion is substantiated
by the fact that secretion of citric acid is abolished and the production
of isocitric acid and lipids is severely decreased in the W29 (ΔYlyhm2)
strain during cultivation under nitrogen starvation with excess of glu-
cose (Table 1). Moreover, direct transport measurements in recon-
stituted mitochondrial extracts of W29 (ΔYlyhm2) and wild type strains
demonstrate that the activity of citrate transport is almost absent in the
mitochondrial extracts of the deleted strain, whereas that of ADP
transport is virtually the same (Fig. 3 and Supplementary Fig. S5). In
addition, reintroduction of YlYHM2 in the W29 (ΔYlyhm2) strain fully
restores growth in liquid citrate-containing minimal medium as well as
citric acid production and lipid accumulation in glucose-containing li-
pogenic medium (Fig. 2B, Table 1). Altogether, the above results pro-
vide strong evidence that YlYhm2p is the primary mitochondrial citrate

Fig. 5. Batch bioreactor performance of W29 (YlAMPD YlYHM2) and W29
strains with glucose pulse-feeding. Glucose was added every 24 h at a con-
centration of 30 g/L. Citric and isocitric acid concentrations are reported in
panel (A) and biomass and glucose consumed in panel (B). Error bars indicate
SEM calculated from three independent experiments. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

E.Y. Yuzbasheva, et al. Metabolic Engineering 54 (2019) 264–274

271



carrier in Y. lipolytica. Moreover, it was demonstrated that A. niger
AnYhm2p possessed the function of citrate transporting in Y. lipolytica
and could substitute YlYhm2p (Table 1). In the very recently published
article, AnYhm2p was also identified and studied in A. niger (Kirimura
et al., 2019). However, the deletion of the AnYHM2 gene in A. niger
reduces, but not abolishes, citric acid production (Kirimura et al.,
2019), indicating that another mitochondrial carrier for citrate exists in
A. niger and the over-expression of AnYHM2 had not been carried out
until now.

Here we have also found that inactivation of YlYHM2 in Y. lipolytica
does not prevent the growth on the minimal medium with glucose
(Fig. 2A) nor de novo synthesis of neutral lipids although the latter is
considerably lowered (Table 1). It should be noted that Y. lipolytica
strain with inactivated ACL1 gene coding the subunit of ATP-dependent
citrate lyase had also been reported to be able to grow on glucose-
containing media in spite of a clear delay in growth (Dulermo et al.,
2015). These observations suggest that there is an alternative source of
acetyl-CoA on carbohydrate substrates in Y. lipolytica.

The transport properties and kinetic parameters of recombinant and
reconstituted YlYhm2p show that this protein transports citrate and α-
ketoglutarate with high efficiency, and oxaloacetate, succinate, and
fumarate to a lesser extent, by a fast counter-exchange mode (Fig. 4B).
In S. cerevisiae Yhm2p is responsible for the citrate/α-ketoglutarate
NADPH redox shuttle that transports reducing equivalents from the
mitochondrial matrix to the cytosol via the Yhm2p-mediated exchange
of intramitochondrial citrate for cytosolic α-ketoglutarate (Castegna
et al., 2010). In this system, citrate transported from the mitochondria
is converted to α-ketoglutarate by the action of cytosolic NADP+-de-
pendent isocitrate dehydrogenase, and the resulting α-ketoglutarate is
shuttled back to the mitochondria to complete the cycle. However, in Y.
lipolytica there is only one NADP+-dependent isocitrate dehydrogenase
that is localized in the mitochondria (Li et al., 2013). In fact, the main
source of reduced NADPH for anabolic and antioxidant reactions in Y.
lipolytica is the pentose phosphate pathway (Wasylenko et al., 2015;
Yuzbashev et al., 2016). We think that in Y. lipolytica growing on glu-
cose, YlYhm2p catalyses the export of citrate mainly in exchange for
cytosolic oxaloacetate (Fig. 6A). This proposal is supported by the fol-
lowing evidence: i) oxaloacetic acid is a good substrate for YlYhm2p
(Fig. 4B), ii) under our experimental conditions oxaloacetic acid can be
produced from pyruvate in the cytoplasm by the activity of pyruvate
carboxylase, and iii) oxaloacetic acid is also accepted by S. cerevisiae

Yhm2p (Castegna et al., 2010). Other good counter-substrates for
YlYhm2p are succinate, fumarate and, to a much lower extent, malate.
We also envisaged the possibility that the export of citrate from the
mitochondrial matrix involves a citratein/α-ketoglutarateout exchange,
catalyzed by YlYhm2p, and an α-ketoglutarateout/malateout exchange
mediated by the oxodicarboxylate carrier (Odc) of Y. lipolytica (Fig. 6B).
To verify this hypothesis we inactivated YlODC1 gene (YALI0D02629g)
in Y. lipolytica. Y. lipolytica contains only one ODC gene unlike S. cere-
visiae (Palmieri et al., 2001). We succeeded to perform the inactivation
of YlODC1 only in YlKU70 null mutant strain (Supplementary Methods)
in which the mechanism of non-homologous end-joining is hampered
and, consequently, the efficiency of integration by homologous re-
combination is increased (Kretzschmar et al., 2013; Verbeke et al.,
2013). However, the strain with inactivated YlODC1 gene accumulated
approximately the same amount of citrate as the control strain
(Supplementary Table S2). In this respect, it is worth mentioning that
the possibility that another not yet identified MC for α-ketoglutarate/
malate exchange exists in Y. lipolytica to complete the suggested citrate/
α-ketoglutarate shuttle (Fig. 6B) cannot be excluded.

Metabolic engineering strategies aiming at improving the produc-
tion of a target metabolite are often based on the manipulation of en-
zyme levels in the cell. In this study, to the best of our knowledge, for
the first time the increased production of a metabolite synthesized in
the mitochondria has been achieved by over-expressing the gene en-
coding its mitochondrial transporter. Thus, the new strain W29
(YlAMPD YlYHM2), over-expressing YlYHM2 and adenosine mono-
phosphate deaminase (YlAMPD), produces high amounts of citric acid
(up to 97.1 g/L) with maximal specific rate of 0.93 g/L/h and a process
selectivity of 94.2%. Very recently, the major plasma membrane
transporter for citrate, named CexA, has been identified and examined
in A. niger (Steiger et al., 2019). This information allows us to propose
the over-expression of the Y. lipolytica homologous gene, YA-
LI0F03751g, or CexA together with YlYHM2 and YlAMPD to further
increase the production of citric acid.

In conclusion, the data presented in this study highlight the im-
portance of both YlYHM2 and AnYHM2 genes, and possibly their
homologues as the target genes for genetic engineering manipulation to
enhance citric acid production by mycelial fungi and yeasts, thereby
opening new perspectives for improvement of industrial citric acid
producing strains.

Fig. 6. Schematic illustration of the reactions catalyzed by YlYhm2p. The export of citrate in exchange for cytosolic oxaloacetate is shown in (A) and the citrate/
dicarboxylate shuttle in (B). The latter consists of a citratein/α-ketoglutarateout exchange, mediated by YlYhm2p, and an α-ketoglutaratein/malateout exchange
mediated by a not yet identified mitochondrial carrier in Y. lipolytica. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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