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Abstract

The transcription factors Cat8 and Sip4 were described in Saccharomyces cerevisiae and Kluyveromyces lactis to have very
similar DNA binding domains and to be necessary for derepression of a variety of genes under non-fermentative growth
conditions via binding to the carbon source responsive elements (CSREs). The methylotrophic yeast Komagataella phaffii
(syn Pichia pastoris) has two transcription factors (TFs), which are putative homologs of Cat8 based on sequence similarity,
termed Cat8-1 and Cat8-2. It is yet unclear in which cellular processes they are involved and if one of them is actually the
homolog of Sip4. To study the roles of the Cat8 homologs in K. phaffii, overexpression or deletion strains were generated
for the two TFs. The ability of these mutant strains to grow on different carbon sources was tested, and transcript levels of
selected genes from the carbon metabolism were quantified. Our experiments showed that the TFs are required for the growth
of K. phaffii on C2 carbon sources, but not on glucose, glycerol or methanol. K. phaffii deleted for Cat8-1 showed impaired
growth on acetate, while both Cat8-1 and Cat8-2 are involved in the growth of K. phaffii on ethanol. Correspondingly, both
TFs are participating in the activation of ADH2, ALD4 and ACS1, three genes encoding enzymes important for the assimi-
lation of ethanol. Different from S. cerevisiae and K. lactis, Cat8-1 is not regulating the transcription of the putative Sip4-
family member Cat8-2 in K. phaffii. Furthermore, Cat8-1 is necessary for the activation of genes from the glyoxylate cycle,
whereas Cat8-2 is necessary for the activation of genes from the carnitine shuttle. Neither Cat8-1 nor Cat8-2 are required
for the activation of gluconeogenesis genes. Finally, the CATS-2 gene is repressed by the Migl-2 transcription factor on glu-
cose and autorepressed by the Cat8-2 protein on all tested carbon sources. Our study identified the involvement of K. phaffii
Cat8-1 and Cat8-2 in C2-metabolism, and highlighted similarities and differences to their homologs in other yeast species.

Keywords Komagataella phaffii - Pichia pastoris - Yeast - Cat8 - Sip4 - CSRE - Transcription factor - Ethanol utilization -
Carbon source

Introduction

The yeast Komagataella phaffii (Pichia pastoris) adapts to
different growth conditions through various mechanisms,
including reprogramming of gene expression and protein
Communicated by Michael Polymenis. synthesis (Hartner and Glieder 2006; Lin-Cereghino et al.
2006; Prielhofer et al. 2015). The release from glucose
and catabolite repression alters the transcription of genes
involved in numerous cellular processes, such as glycoly-
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encoding these enzymes are activated through upstream
activation sites (UAS) found in their promoters, such as the
carbon source responsive elements (CSREs) (Mehlgarten
et al. 2015; Turcotte et al. 2010). The CSREs are under the
control of two transcriptional regulators, which are members
of the binuclear zinc cluster family: Cat8 and Sip4 (Roth
et al. 2004; Vincent and Carlson 1998).

Cat8 (CATabolite repression) and Sip4 (Snfl interact-
ing protein) possess a highly similar N-terminal zinc clus-
ter (Zn(II),Cys¢) binding domain (Rahner et al. 1996), but
they share only little similarity in the rest of their protein
sequences (Mehlgarten et al. 2015; Turcotte et al. 2010).
Although both Cat8 and Sip4 were shown to bind the CSRE
(consensus sequence: YCCRTTNRNCGG) (Roth et al.
2004; Vincent and Carlson 1998), Sip4 recognizes and binds
to a more specific CSRE motif than Cat8, which probably
explains why Cat8 and Sip4 contribute unequally to gene
activation via binding to this motif (Hiesinger et al. 2001). In
S. cerevisiae and K. lactis, Cat8 and Sip4 were described to
be activators of transcription, but their mechanism of action
in these two yeast are slightly different (Mehlgarten et al.
2015).

In S. cerevisiae, the expression and activities of CAT8
(ScCat8) and SIP4 (ScSip4) were shown to be regulated by
glucose, in a process mediated by the Snfl kinase (Hardie
et al. 1998). This kinase has a fundamental role in glucose
derepression through the activation of various transcrip-
tional activators and the deactivation of the Cys,His, zinc
finger protein Migl. In the presence of glucose, the tran-
scription factor (TF) Migl binds to the promoter of genes
such as CATS, which represses their expression. On dere-
pressing conditions, the Snfl kinase phosphorylates Migl,
which leads to its inactivation and the consequent induction
of CATS transcription (Carlson 1999; Schiiller 2003). The
Cat8 protein is then activated via phosphorylation by Snf1,
and induces the transcription of various genes involved in
the growth on non-fermentable carbon sources such as genes
of the C2 anabolism, the glyoxylate cycle, and gluconeo-
genesis (De Vit et al. 1997; Haurie et al. 2001; Hedges et al.
1995; Lesage et al. 1996; Randez-Gil et al. 1997; Tachibana
et al. 2005). Sccat8 knock-out mutants are unable to grow
on gluconeogenic carbon sources such as glycerol, ethanol,
lactate, and acetate (Hedges et al. 1995; Rahner et al. 1996),
whereas Scsip4 knock-out mutants have no apparent growth
phenotype on any of the tested carbon sources. This indi-
cates that in S. cerevisiae, Sip4 plays a minor role in CSRE-
dependent regulation (Lesage et al. 1996). In addition, the
SIP4 promoter contains CSRE motifs which were shown
to be bound by Cat8, indicating that Cat8 is regulating the
transcription of SIP4 in S. cerevisiae (Vincent and Carlson,
1998).

In the yeast K. lactis, both Cat8 (KICat8) and Sip4
(KISip4) are present but the regulatory networks are different
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than in S. cerevisiae. The Klcat8 knock-out mutants can
grow on glycerol but not on C2 carbon sources such as
acetate and ethanol, which shows that unlike in S. cerevi-
siae, the gluconeogenesis encoding genes are not regulated
by Cat8 nor Sip4 in K. lactis (Georis et al. 2000). On the
other hand, contrary to S. cerevisiae where Cat8 but not Sip4
is required for growth on ethanol, both Kicat8 and Klisip4
knock-out mutants exhibit a growth defect on C2 carbon
sources (Mehlgarten et al. 2015). It was also shown that only
KISip4 binds to the CSRE motifs in the promoters of the
glyoxylate pathway genes and the carnitine shuttle encod-
ing genes (Mehlgarten et al. 2015; Rodicio et al. 2008). In
K. lactis, as in S. cerevisiae, Cat8 was shown to activate the
transcription of Sip4. KICat8 was also shown to be regulated
via phosphorylation of a conserved serine residue (Ser-661)
by the Snfl kinase (Charbon et al. 2004).

Homologs of the Cat8 transcription factor were also
found in other yeasts, although their function was not stud-
ied in as much depth as in S. cerevisiae or K. lactis. Candida
albicans Cat8 (CaCat8) knock-out mutants have a similar
phenotype to the wild-type in terms of gluconeogenesis, gly-
oxylate shunt, and ethanol utilization pathway, and CaCat8
does not seem to regulate the gluconeogenic gene PCK/ nor
ICLI (encoding isocitrate lyase, an enzyme of the glyoxylate
cycle) (Ramirez and Lorenz 2009). Cat8 knock-out mutants
in Ogataea (Hansenula) polymorpha exhibit a growth defect
on glycerol, ethanol, and xylose, and have a higher ethanol
production from xylose fermentation (Ruchala et al. 2017).
Finally, in Pichia guillermondii, knocking-out the CATS
gene triggers respiro-fermentative metabolism of this Crab-
tree-negative yeast (Qi et al. 2014).

In Komagataella phaffii, two putative homologs of Cat8
termed CATS-1 (CBS7435 locus name PP7435_Chr2-0516)
and CATS-2 (PP7435_Chr4-0434) are found. The CATS-2
gene was shown to be induced on limiting glucose (about
39-fold up-regulated compared to excess glucose) and on
methanol (about sevenfold up-regulated compared to excess
glucose), indicating that it is subject to glucose repression.
No up- or down-regulation of CAT8-1 was observed in the
same conditions (Prielhofer et al. 2015). It is yet unclear
which genes are regulated by the TFs Cat8-1 and Cat8-2
and if one of them is the homolog of Sip4. In order to study
the role of CATS8-1 and CATS-2 in K. phaffii, overexpression
and knock-out mutants of each of these two TF genes were
generated and the ability of the TF mutant strains to grow
on different nutrient sources were tested. Based on the find-
ings, the transcript levels of some selected genes from the
carbon metabolism were quantified to see how their regula-
tion patterns on different carbon sources were affected in the
absence of either or both Cat8 homologs.
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Materials and methods
Strains, primers and plasmids

All the Komagataella phaffii strains used in this study
(Table 1) were derived from the wild-type strain CBS7435.
Escherichia coli DH10B (Invitrogen) were used for cloning
experiments.

Sequence analyses, alignment and phylogenetic
tree

Eight individual protein-BLAST searches were conducted
on the ‘Non-redundant protein sequences (nr)’ database
of NCBI using the following 6 functionally characterized
protein sequences: CBF88979.1, Cat8 of Aspergillus nidu-
lans (Todd et al. 1997, 1998); XP_018209149.1, Cat8 of
Ogataea polymorpha (Ruchala et al. 2017); XP_453133.1/
AAC23607.1, Cat8 of K. lactis (Georis et al. 2000);
CAEQ00852.1, Sip4 of K. lactis (Mehlgarten et al. 2015);
CAA55139.1, Cat8 of S. cerevisiae (Hedges et al. 1995)
and CAA89382.1, Sip4 of S. cerevisiae (Lesage et al.
1996) along with XP_002491690.1 and XP_002493979.1,
Cat8-1 and Cat8-2 of K. phaffii, given here with their NCBI

identifiers. For the two K. phaffii proteins, the entries of
the reference sequence of K. phaffii GS115 were taken,
which are identical to the protein sequences in K. phaffii
CBS7435 used for the experiments in this study. The search
was restricted to Saccharomycetes (Yeast; taxid: 4891) and
a maximum E-value of 9e—30.

All individual BLAST search results were combined and
protein ID duplicates were removed (361 sequences). Then,
all sequences containing invalid protein characters (B J O
U X Z) were removed from the selection (352 sequences),
remaining sequences were filtered for a minimum length
of 600 amino acids (275 sequences) and sequences in the
selection of 99% sequence identity or higher were repre-
sented in the selection by only one sequence of that cluster
to reduce sequence redundancy (157 sequences). Together
with all characterized Cat8 and Sip4 sequences this resulted
in a selection of 161 sequences.

The selection was aligned with MAFFT G-INS-I (Katoh
and Standley 2013) and renamed with SeqScrub (Foley
et al. 2019) according to taxonomy. The alignment was
trimmed for positions with >90% gaps by trimAl (Capella-
Gutierrez et al. 2009) and a maximum likelihood tree was
calculated with PhyML (Guindon et al. 2010) using the
LG amino acid substitution model, the best of NNI and
SPRs moves to optimize tree topology and SH-like branch

Table 1 List of K. phaffii strains

- Name Target (ORF name) Target (short name) Target type  Source
used in this study (OE/KO/
Prom)
cat8-2A PP7435_Chr4-0434 CATS-2 KO This study
cat8-1A PP7435_Chr2-0516 CATS-1 KO This study
CATS-2_OE PP7435_Chr4-0434 CATS-2 OE This study
CATS-1_OE PP7435_Chr2-0516 CATS-1 OE This study
cat8-1Acat8-2A (CAT8dKO) PP7435_Chr2-0516 CATS-1/CATS-2 KO This study
/ PP7435_Chr4-
0434
CATS8-1_HAtag PP7435_Chr2-0516 CATS-1 TAG This study
CATS-2_HAtag PP7435_Chr4-0434 CATS-2 TAG This study
pCATS8-2_eGFP_CAT8-1KO PP7435_Chr4-0434 CATS-2 Prom This study
pCATS8-2_eGFP_CATS8-2KO PP7435_Chr4-0434 CATS-2 Prom This study
pCAT8-2_eGFP_WT PP7435_Chr4-0434 CATS8-2 Prom This study
pCAT8-2_eGFP_CAT8dKO PP7435_Chr4-0434 CATS-2 Prom This study
pCAT8-1_eGFP_WT PP7435_Chr2-0516 CATS-1 Prom This study
pCAT8-1_eGFP_CAT8-1KO PP7435_Chr2-0516 CATS-1 Prom This study
pCAT8-1_eGFP_CATS8-2KO PP7435_Chr2-0516 CATS-1 Prom This study
pCAT8-1_eGFP_CAT8dKO PP7435_Chr2-0516 CATS-1 Prom This study
snfl-24 PP7435_Chr1-0450 SNFI-2 KO This study
ssn3A PP7435_Chrl1-1091 SSN3 KO This study
migl-1A PP7435_Chr4-0661 MIGI-1 KO Ataet al. (2017)
MIG1-1_OE PP7435_Chr4-0661 MIGI-1 OE Ataet al. (2017)
migl-2A PP7435_Chr1-1325 MIG1-2 KO Ataetal. (2017)
MIG1-2_OE PP7435_Chr1-1325 MIG1-2 OE Ataet al. (2017)
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support. The tree was rooted on midpoint. All protein iden-
tifiers (NCBI accession numbers) of sequences used in the
alignment are listed in Supplementary material 1.

Prediction of transcription factor binding sites
(TFBS)

The regions upstream of all K. phaffii genes (1000 bps
upstream of the start codon) were analyzed for the occur-
rence of the CSRE by MatInspector (matrix FSCSRE).
Comparative analysis of TFBS in S. cerevisiae, K. lactis
and K. phaffii promoters was done by Yeastract+ (http://
www.yeasttract-plus.org; Monteiro et al. 2020).

Media

YPD medium contained 10 g/L yeast extract, 20 g/L soy
peptone and 2% glucose as carbon source. YPD agar plates
consisted of 10 g/L yeast extract, 20 g/L soy peptone,
2% glucose as carbon source and 20 g/L agar—agar. The
YPD liquid medium and the YPD agar plates were sup-
plemented with the appropriate antibiotics (zeocin 50 pg/
mL, geneticin 500 pg/mL, nourseothricin 100 pg/mL)
when needed.

LB media consisted of 10 g/L soy peptone, 5 g/L yeast
extract, 5 g/LL NaCl. 20 g/L agar—agar was added to prepare
LB agar plates.

ASMv6 medium contained per liter 6.3 g (NH,),HPO,,
0.8 g (NH,),SO,, 0.49 g MgSO, -7H,0, 2.64 g KClI,
0.0535 g CaCl,-2H,0, 22 g citric acid monohydrate,
1.47 mL PTM, 2 mL biotin (0.2 g/L), 20 mL NH,OH (25%)
with additional carbon source according to the purpose. For
limited glucose condition 25% m2p kit Polysaccharide and
0.078% enzyme was used (m2p-labs GmbH, Germany).

PTMO stock solution contained per liter 0.08 gNal, 6.0 g
CuSO,-5H,0, 3.36 g MnSO, - H,0, 0.2 g Na,Mo0O, - 2H,0,
0.82 g CoCl,, 0.02 g H3BO;, 20.0 g ZnCl,, 65.0 g
FeSO,-7H,0 and 5.0 g mL H,SO, (95-98%).

YNB without thiamine consisted of 10 g/L (NH,),SO,,
0.2 g/L biotin, 0.8 mg/L Ca-pantothenate, 0.004 mg/L
folic acid, 4 mg/L inositol, 0.8 mg/L niacin, 0.4 mg/L
p-aminobenzoic acid, 0.8 mg/L pyridoxine HCI, 0.4 mg/L
riboflavin, 1 mg/L H;BO;, 0.08 mg/L CuSO,, 0.2 mg/L
KI, 0.4 mg/L FeCl;, 0.8 mg/L MnSO,-H,0, 0.4 mg/L
Na,MoO, - 2H,0, 0.8 mg/L ZnSO,, 2 g/L. KH,PO,, 1 g/LL
MgSO,, 200 mg/L NaCl, 200 mg/L CaCl, with additional
carbon source according to the purpose. For the limiting
glucose condition 25% m2p kit Polysaccharide and 0.078%
enzyme was used (m2p-labs GmbH, Germany).

Phosphate buffered saline (PBS) consisted of 1.8 g/L
Na,HPO,-2H,0, 0.24 g/L KH,PO,, 8 g/L NaCl, 0.2 g/L
KCIL
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Genomic DNA extraction and PCR

Genomic DNA was extracted from overnight cultures
using the Wizard genomic DNA purification kit (Promega
Corp., USA) according to the protocol of the manufacturer.
All PCRs were performed using the Q5 polymerase (New
England Biolabs, Inc., USA) following the recommenda-
tions of the manufacturer or using the OneTaq 2X master
mix with GC buffer (New England Biolabs, Inc., USA).
The PCRs were used to amplify DNA for cloning and for
verifying positive transformants.

Construction of overexpression and knock-out
strains

The K. phaffii CBS7435 chromosomal regions of the
selected transcription factors are: PP7435_Chr2-0516
for CATS-1 and PP7435_Chr4-0434 for CATS-2. The
sequences of these genes were retrieved from http://pichi
agenome-ext.boku.ac.at.

Golden Gate Assembly (GGA; Engler et al. 2008) was
used for the construction of the overexpression and knock-
out cassettes using the GoldenPiCS vector series (Prielhofer
et al. 2017). Internal Bsal or Bpil sites within the CDS or
homologous regions for the integration of knock-out cas-
settes were eliminated by designing primers which enabled
to overlap the modified regions by PCR or ordering in vitro
synthesized gBlocks where these nucleotides were mutated
without altering the originally encoded amino acids.

Overexpression

For overexpression cassettes, the CDS of the corresponding
genes were amplified from the K. phaffii CBS7435 genome
by PCR and cloned into a plasmid carrying the KanMX
marker cassette and a region for homologous integration into
the AOX1 terminator. The THI11 promoter, the promoter of
a gene which encodes a protein involved in the synthesis of
the thiamine precursor hydroxymethyl pyrimidine (HMP),
was used for the overexpression of selected TFs (Delic et al.
2013). The expression capacity of this promoter can be con-
trolled by the presence or absence of thiamine (Landes et al.
2016). For all overexpression cassettes, the RPS3#t transcrip-
tion terminator was used. Primers used for the generation
of overexpression cassettes are given in Supplementary
table S1. The transformants were verified by colony PCR
and gene copy number determination (positive clones had
two copies of the gene of interest: the native one and the one
of the overexpression cassette).
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Knock-outs

Komagataella phaffii knock-out strains were constructed
by using CRISPR/Cas9-based homology-directed genome
editing (Gassler et al. 2019). The homologous regions
(HR) were amplified by PCR from the K. phaffii CBS7435
genome. These homologous regions were selected from
upstream (5’) and downstream (3”) of the target gene with
an approximate 1000 bp length. The primers used for ampli-
fication of these homologous fragments and elimination of
internal Bsal sites are given in Supplementary table S2. The
flanking upstream and downstream homologous regions of
the target gene were assembled with each other in a plasmid
by GGA.

A single guide RNA was designed and amplified based
on a protospacer adjacent motif (PAM) sequence identified
in 50-200 bp upstream of the CDS of the selected TFs [see
Gassler et al. (2019) for more details on the construction of
the single guide RNA]. The guide RNA was cloned under
the control of the GAP promoter and the RPS25Att termi-
nator into a plasmid containing the humanized Cas9 CDS
under the control of Py ,p; or Pppgsgg and the ScCYCtt termi-
nator by GGA. For the integration of the knock-out cassettes,
the plasmids carrying the fused homologous regions were
used as templates to amplify the fragments by PCR. 3-5 ug
of amplified homologous DNA and 0.5-1 pg of circular
CRISPR/Cas9 plasmid DNA were simultaneously trans-
formed into K. phaffii CBS7435 by electroporation (Gasser
et al. 2013). The knock-out (KO) strains were checked by
two PCRs using (1) primers binding in the genome outside
of the targeted deletion sites and (2) binding in the CDS of
the targeted TFs. After confirmation of the TF deletions, true
KO transformants were passaged at least three times on YPD
to lose the CRISPR/Cas9 plasmid.

Transformation of K. phaffii

Prior to K. phaffii transformation by electroporation (Gasser
et al. 2013), the overexpression plasmids were linearized
within the genome integration locus by Ascl and purified
(innuPREP DOUBLEpure Kit, Analytik Jena, Germany).
PCR-amplified homologous regions of knock-out cassettes
were directly purified without linearizing. K. phaffii trans-
formation was performed by electroporation (BioRad Gene
Pulser, 2000 V, 25 uF and 200 Q) by using 0.5—-1 ug of each
linearized overexpression plasmid or 3—5 ug of purified
knock-out fragments and 0.5-1 pg of circular CRISPR/Cas9
plasmid. Transformed cells were then regenerated by incu-
bation at 30 °C for 1.5-3 h in YPD medium (280 rpm) and
then plated on YPD plates including the appropriate anti-
biotics concentration (zeocin 50 pg/mL, geneticin 500 pg/
mL, nourseothricin 100 pg/mL). After 48-72 h at 30 °C,

randomly selected transformants were streaked on selective
YPD plates and incubated 48 h at 30 °C.

Gene copy number determination

Gene copy number (GCN) was determined by quantitative
real-time PCR (qRT-PCR). Genomic DNA was extracted
from overnight cultures using the Wizard genomic DNA
purification kit (Promega Corp., USA). The GCN was deter-
mined by the relative quantification of the TF of interest
sequence compared to wild-type K. phaffii CBS7435 (car-
rying a single native copy of the TF gene of interest). The
amplifications were carried out using 4.5 pL of genomic
DNA solution at a concentration of 1.777 ng/uL with 0.25
uL of both forward and reverse primers (final concentration:
10 uM) and 5 pL of 2x qPCR S’Green BlueMix (Biozym
Scientific GmbH, Germany). Amplifications were done in a
Rotor-Gene Q instrument (QIAGEN GmbH, Germany). The
GCN in the K. phaffii mutant strains were calculated relative
to the corresponding wild-type control using the threshold
cycle (AACT) method. All signals were normalized to ACT1
(PP7435_Chr3-0993). The primers used for gRT-PCR analy-
sis are provided in Supplementary table S3.

Growth assays in liquid medium

The wild-type, overexpression and deletion strains were
inoculated at ODg, 0.01 in 100 pL of YNB without thia-
mine containing either 2% glucose, 2% glycerol, 2% etha-
nol or 1% methanol in a 96-well sterile microtiter plate.
Growth on acetate was assessed in 100 pL. of YNB or YP
containing 1% or 2% acetate. The plate was incubated in
a TECAN Sunrise plate reader at 30 °C for 24-48 h (99
cycles, interval 14:39 min) with constant shaking (before
measurement 5 s, inside, normal; between cycles 870 s,
inside, normal). The absorbance at 600 nm in each well
was measured every 15 min.

For each strain, three to four biological replicates were
cultivated each in three wells. The blank value (ODg, of
the media without cells) was subtracted from the raw OD
values to obtain the corrected ODs. The corrected ODgy,
of the replicates for a given strain were then averaged. The
average corrected ODg,, was plotted against the time to
obtain the growth curves. For the calculation of the specific
growth rates, the average corrected ODg, was divided by the
average initial ODg, and the natural logarithm was applied.
The growth rate is given by the slope of the log-transformed
ODs, the maximal growth rate being identified as the maxi-
mum value of the slope (Toussaint and Conconi 2006).
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RNA extraction and transcript levels analysis

The wild-type, overexpression and deletion strains were
grown on ASMv6 medium with limiting glucose to ODgy,
7.0-8.0, washed twice in PBS, inoculated at ODg, 3.5-4.5
in ASMv6 medium containing either 2% glucose, 2% glyc-
erol, 2% ethanol or 1% methanol and grown for 5 h, to have
an induction on glucose, glycerol, ethanol, and methanol,
respectively. Samples were then collected by centrifugation
at full speed at 4 °C, and cell pellets were resuspended in
1 mL TRI reagent solution (Invitrogen) and stored at —70 °C
until further use. Cells were mechanically disrupted using
500 pL of glass beads in a ribolyzer (5.5 m/s for 40 s),
and the total RNA extraction was performed according to
the TRI reagent protocol. RNA concentrations and purity
were analyzed with a Nanodrop spectrophotometer. DNAse
treatment of isolated RNA samples was performed with a
DNA-free kit (Invitrogen) and cDNA was synthesized using
oligo(dT),; primers (New England Biolabs, Inc., USA) and
the Biozym cDNA synthesis kit according to directions of
the manufacturer (Biozym Scientific GmbH, Germany). The
Real-time PCR reactions were performed on a Rotor-Gene Q
instrument (QIAGEN GmbH, Germany) using Blue S’Green
gPCR Mix (Biozym Scientific GmbH, Germany) according
to the manufacturer’s instructions. Changes in transcript lev-
els in the K. phaffii mutant strains were calculated relative
to the corresponding wild-type control using the threshold
cycle (AACT) method. All signals were normalized to the
expression of the actin gene ACTI (PP7435_Chr3-0993).
The primers used for qRT-PCR analysis are provided in Sup-
plementary table S4.

Construction of the HA-tagged Cat8-1 and Cat8-2
strains

Initially, the tagging of Cat8-1 and Cat8-2 was tested with
a 3xFLAG tag at the native locus using the CRISPR/Cas9-
based homology-directed genome editing (Gassler et al.
2019), but no clones were obtained after transformation.
Another approach was transforming plasmids containing the
coding sequences of CATS-1 and CATS-2 with a 3XxFLAG tag
before their STOP codons under the control of their native
promoters into K. phaffii cat8-1A (for Cat8-1-3xFLAG) and
cat8-2A (for Cat8-2-3xFLAG) deletion strains. Again no
clones were obtained. Since the single deletion strains of
CATS-1 and CATS-2 were viable, it seemed that introducing
a FLAG-tagged copy of Cat8-1 and Cat8-2 was detrimental
to the cells. Therefore tagging of Cat8-1 and Cat8-2 with
the HA tag was tested, and was proven to be a successful
strategy yielding viable transformants.

To construct the HA-tagged Cat8-1 and Cat8-2 strains,
promoter regions (upstream 1000 bp regions), coding
sequences, and terminator regions of CATS-1 and CATS-2
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were amplified from K. phaffii CBS7435 genomic DNA by
PCR. Reverse primers for the amplification on the coding
sequences were designed so there is insertion of the HA
tag (encoded by TACCCATACGATGTTCCAGATTAC
GC) before the STOP codons of the two genes. The PCR
fragments were assembled by GGA in a vector carrying
the AOXI terminator homologous regions (for integration
into the K. phaffii genome) and the KanMX marker cas-
sette. 0.5-1 pg of linearized plasmids were transformed into
K. phaffii cat8-1A (for Cat8-1-HA) and car8-2A (for Cat8-
2-HA) deletion strains. Transformants were controlled by
colony PCR and qRT-PCR (for gene copy number determi-
nation). The selected clones were also grown on YNB liquid
medium supplemented with 1% ethanol to make sure that the
insertion of the tagged version of the proteins in the deletion
strains restored their growth on this carbon source.

eGFP reporter assay
Cloning of eGFP under the control of P¢yrg 1 and Peyrg 5

Promoter regions (upstream 1000 bp regions) of CATS-1 and
CATS-2 were amplified from K. phaffii CBS7435 genomic
DNA by PCR (Primers in Supplementary table S5). The
respective promoters, the eGFP coding sequence and the
ScCYCtt were assembled by GGA in a vector containing
AOX]I terminator homologous regions (for integration into
K. phaffii genome) and the KanMX marker cassette. 0.5-1 pg
of the linearized plasmids were transformed into K. phaf-
fii CBS7435 (WT), cat8-14A, cat8-24A, and cat8-1Acar8-2A
deletion strains. Transformants were controlled by colony
PCR and qRT-PCR for gene copy number determination.

Reporter assay

The wild-type and positive transformants of the wild-type,
cat8-14A, cat8-24, and cat8-1Acat8-2A deletion strains car-
rying the eGFP coding sequence under the control of the
respective promoters were grown on ASMv6 medium with
limiting glucose (polysaccharide solution) at 25 °C to ODgy,
7.0-8.0, washed twice in PBS and inoculated at ODg,
3.5-4.5 in ASMv6 medium containing either 2% glucose,
2% glycerol, 2% ethanol or 1% methanol and grown for 5 h
at 25 °C, to have an induction on glucose, glycerol, ethanol,
and methanol, respectively. After induction, cells were ana-
lyzed by flow cytometry.

Flow cytometry

Cells were diluted in PBS (KH,PO, 0.24 g/L, Na,HPO,-2
H,0 1.8 g/L, KC1 0.2 g/L, NaCl 8 g/L) to ODg, 0.2. The
forward and side scatter of 10,000 cells for each sample as
well as their green fluorescence (FL1 channel, 505-545 nm)
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were then measured on a CytoFLEX flow cytometer (Beck-
man Coulter). The Kaluza analysis software (Beckman Coul-
ter) was used to analyze the data. GFP-positive cells were
gated using the WT_Pepps.,_¢GFP and WT_Py1g., eGFP
strains as reference.

Results

Phylogenetic analysis of Cat8 and Sip4 homologs
in Saccharomycetes

The transcription factors Cat8 and Sip4 both belong to
the family of binuclear zinc cluster proteins. These pro-
teins are to date only found in fungi and typically possess
a zinc cluster motif with the following consensus sequence:
CysX,CysX(CysXs_1,CysX,CysX, ¢Cys. The six conserved
cysteine residues are involved in the folding of the zinc
cluster domain, which is important for DNA recognition.
Within the DNA binding domain, a linker region connects
the zinc cluster motif to a Leucine zipper-like dimerization
domain, involved in protein—protein interactions. As usual
in binuclear zinc cluster proteins, the DNA binding domain
is located near the N-terminus, while the activation domain
is found at the C-terminus (Todd and Andrianopoulos 1997).

Based on reciprocal BLAST analysis, K. phaffii Cat8-1
and Cat8-2 were found to be two homologs of S. cerevisiae
Cat8 (Valli et al. 2016). Both Cat8-1 and Cat8-2 exhibit
the characteristic binuclear zinc cluster Zn(II),Cys, bind-
ing domain located at the N-terminus. To find out if one of
these two genes could encode a protein structurally related
to Sip4, a phylogenic analysis was performed.

A total of 161 sequences from various yeasts including 6
functionally characterized Cat8 and Sip4 protein sequences
from S. cerevisiae (Cat8 1433 aa, Sip4 829 aa), K. lactis
(Cat8 1445 aa, Sip4 717 aa), O. polymorpha (Cat8 942 aa)
and A. nidulans (FacB 867 aa) as well as K. phaffii Cat8-1
(1036 aa) and Cat8-2 (887 aa) were aligned, and their phy-
logenic tree was calculated (Fig. 1).

Generally, a high sequence variation was observed within
the Cat8 and Sip4 variants from different yeasts. Only the
DNA binding domain was conserved in all sequences. Spe-
cifically, the six cysteine residues involved in forming this
DNA binding domain are well conserved among the Cat8
and Sip4 homologs (Fig. 1A). The adjacent Leucine zipper
dimerization domain in the C-terminal region of the binu-
clear cluster is conserved as well (Fig. 1A). Apart from this,
there is not much sequence similarity observed.

In the phylogenetic tree, we can observe a clear separa-
tion of Sip4 and Cat8 homologs and a further subsepara-
tion between Saccharomycetaceae and other yeast genera
(Fig. 1B). Five major clades were identified according to
functional annotation and fungal genus: the Cat8-2 clade

of Phaffomycetaceae and Pichiaceae (containing K. phaffii
Cat8-2), the Sip4 clade of Saccharomycetaceae and Saccha-
romycodaceae (containing the characterized Sip4 proteins
from S. cerevisiae and K. lactis), the Cat8 clade of Saccharo-
mycetaceae and Saccharomycodaceae (containing the char-
acterized Cat8 proteins from S. cerevisiae and K. lactis), the
Cat8 clade of Phaffomycetaceae and Pichiaceae (containing
K. phaffii Cat8-1 and O. polymorpha Cat8), and finally the
Cat8 clade of Debaryomycetaceae and Metschnikowiaceae.
In addition, a small clade of 8 sequences of 5 different yeast
genus and one Aspergillus Cat8 is also observed (Fig. 1B).
A listing of species and sequences present in each clade is
given in Supplementary material 1.

Based on this full-length protein sequences analysis, we
can confirm that the Cat8-1 protein from K. phaffii clusters
with other characterized Cat8 proteins. The Cat8-2 protein
from K. phaffii on the other hand clusters more closely with
Sip4 proteins, although constituting a different clade than the
characterized Sip4 homologs of S. cerevisiae and K. lactis
(Fig. 1B).

CATS8-1 and CAT8-2 are essential for ethanol
assimilation in K. phaffii

To identify in which cellular processes the TFs Cat8-1 and
Cat8-2 are involved, overexpression and knock-out strains
of CATS-1 and CATS-2 were generated. For the overexpres-
sion, both genes were cloned under the control of the tunable
THI11 promoter, which is repressed in presence of thiamine
in the growth medium and induced in thiamin-depleted con-
ditions (Delic et al. 2013; Landes et al. 2016), and trans-
formed in the wild-type K. phaffii strain CBS7435. The
knock-out strains of CATS-1 and CATS-2 were generated
using CRISPR/Cas9-based homology-directed genome edit-
ing (Gassler et al. 2019). The growth of the overexpression
and knock-out strains, as well as the K. phaffii wild-type,
was assessed in liquid cultures with YNB (without thiamine
for the overexpression strains) containing either 2% glucose,
2% glycerol, 2% ethanol or 1% methanol (Fig. 2).

No significant difference was observed between the spe-
cific growth rates of the CATS-1 overexpression strains and
the wild-type on the different carbon sources (Fig. 2A). For
the CATS-2 overexpression strains, there was no significant
difference to the growth rates of the wild-type on glucose
and methanol. However, the growth rate of the CATS-2 over-
expression strain was reduced on glycerol (Fig. 2A), and it
reached the stationary phase later than the wild-type on this
carbon source (Fig. 2B).

For the knock-out strains cat8-1A and cat8-2A, no signifi-
cant differences in the specific growth rates were observed
compared to the ones of the wild-type on glucose, glycerol,
and methanol (Fig. 2C). However, cat8-1A and cat8-2A
had significantly lower growth rates than the wild-type
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Fig. 1 Phylogenetic and sequence analysis of sequence homologs of
Cat8 and Sip4. A Multiple sequence alignment and sequence logo
of the fungal Zn(II),Cysy DNA binding domain of the 6 functionally
characterized Cat8 and Sip4 as well as K. phaffii Cat8-1 and Cat8-2.
Identical residues are shown in grey boxes and the cysteine residues
involved in forming the DNA binding domain are marked with a star.
B Phylogenetic tree based on 161 full length amino acid sequences
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of Cat8 and Sip4 homologs in Saccharomycetes (Yeast; taxid:4891).
Full circles (o) represent the positions of the 6 functionally charac-
terized Cat8 and Sip4 as well as K. phaffii Cat8-1 and Cat8-2 pro-
tein sequences that were used for BLAST search: 1. Mehlgarten et al.
2015, 2. Lesage et al. 1996, 3. Todd et al. 1997, 4. Hedges et al. 1995,
5. Georis et al. 2000, 6. Ruchala et al. 2017
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on ethanol (0.20 h™" for cat8-14 and 0.12 h™" for cat8-24
against 0.25 h™! for the wild-type), and they reached a lower
ODyy, at the end of the culture (Fig. 2D). Furthermore, a
cat8-1Acat8-2A double knock-out was generated and it was
shown to be completely unable to grow on ethanol (Fig. 2D).
When a single copy of the CATS-1 or the CATS-2 genes
under the control of their native promoters was introduced
in the cat8-1A or cat8-2A mutant strains, respectively, the
growth was again similar to that of the wild-type, showing
that the phenotype observed on ethanol is caused solely by
the lack of these two genes (Supplementary Figure S1). In
contrast, complementation of car8-2A or the double knock-
out cat8-14 cat8-2A with S. cerevisiae SIP4 (under control
of the CATS8-2 promoter) did not rescue growth on ethanol
(not shown), indicating that ScSip4 was neither able to com-
plement Cat8-1 nor Cat8-2 under the analyzed conditions.
Therefore, it was concluded that Cat8-1 and Cat8-2 are two
essential transcription factors for the growth of K. phaffii
on ethanol.

Deletion of CAT8-1, but not of CAT8-2, impairs growth of K.
phaffii on acetate

Growth of the knock-out strains cat8-1A and cat8-24, and
the cat8-1Acat8-2A double knock-out was also assessed on
acetate, another C2 carbon source. As it has been reported
that K. phaffii deleted for another TF, Mxr1, only showed
impaired growth on complex medium, but not YNB (Sahu
and Rangarajan 2016), we cultivated the strains on both
YP-A (Fig. 2E) and YNB-A (Fig. 2F), using two different
acetate concentrations (1 and 2%) each. As can be seen in
Fig. 2F, cat8-1A and the double knock-out car8-1Acat8-2A
show impaired growth on acetate, which is more manifested
on 2% acetate in YNB than in the other tested conditions. In
YNB-A, growth rates were reduced to 77% in the cat8-1A
mutant and to 70% in the double knock-out on both acetate
concentrations. A slight delay in growth was also observed
for cat§8-2A.

These results are in contrast to K. lactis, where Klsip4A
and the double knock-out Kisip4Acat8A could not grow on
acetate at all, and Klcat8A was growth impaired (Mehlgarten
et al. 2015).

CAT8-1 and CAT8-2 expression levels are higher
on ethanol and methanol than on glucose
and glycerol

As a next step, the transcript levels of CATS-1 and CATS-2
in the wild-type induced on different carbon sources were
determined.

Transcript levels of CATS-1 in K. phaffii wild-type were
two- to fourfold increased on ethanol and methanol com-
pared to glucose and glycerol (Fig. 3A) and transcript levels

of CATS-2 in K. phaffii wild-type were higher on glycerol,
ethanol, and methanol than on glucose, with more than 500-
fold induction on the two alcohols (Fig. 3A). Generally, the
expression of CATS-1 remained quite low: around 4 and 6%
compared to the actin gene (ACT) expression on ethanol
and methanol, respectively (Fig. 3B). Expression of CATS-
2 was much higher: CATS-2 reached around 60% of ACT1
expression on ethanol and methanol (Fig. 3B), which is more
than 10-times higher than the expression levels reached by
CATS-1.

Regarding the CATS8 overexpression strains, there was
around 15-fold up-regulation of CATS-1 in the CATS-1
overexpression strain on ethanol, whereas up-regulation
was 150-fold in the same strain on methanol compared to
the wild-type (Fig. 3C). For CATS-2, we observed 2.34-fold
up-regulation in the CATS-2 overexpression strain on ethanol
and a 40-fold up-regulation on methanol (Fig. 3C). It can
therefore be concluded that the overexpression of CATS-1
and CAT8-2 with Py;;; is stronger on methanol than etha-
nol. No effect of CATS-1 overexpression on CATS-2 mRNA
levels or vice versa were observed.

Cat8-1 and Cat8-2 are involved in regulating
the expression of genes important for ethanol
assimilation

To identify potential target genes of Cat8-1 and Cat8-2,
mRNA levels of 13 genes were analyzed in the overexpres-
sion and knock-out mutants of CATS-1 and CATS-2 as well
as in the wild-type induced on different carbon sources. The
investigated genes were selected because they were either
important for the growth of yeasts on gluconeogenic carbon
sources and reported to be under the control of Cat8 and/
or Sip4 in S. cerevisiae and K. lactis (ACS1, ADH2, ALDA4,
CRCI1, FBPI1, ICLI1, MLS1, PCK1, and YAT2) or involved K.
phaffii methanol metabolism (AOX1, DAS1, PEX5, MXRI).
The samples for the transcript level analysis were
obtained by growing the mutant strains and the wild-type in
liquid cultures on minimal medium with limiting glucose to
avoid glucose repression in the pre-culture and then shifting
the cultures to 2% glucose, 2% glycerol, 1% methanol or 2%
ethanol for 5 h to have an induction on either glucose, glyc-
erol, methanol, and ethanol, respectively. Cells were then
harvested and RNA was extracted for qRT-PCR (Fig. 4A).
The promoters of the genes selected for the transcript
level analysis were screened in silico by Matlnspector
(Genomatix, Germany) for the presence of the CSRE motif
representing the binding site of Cat8 and Sip4. All of the
promoters of the selected genes were shown to possess at
least one predicted CSRE motif, most of them having more
than two of these motifs. In particular, the CRCI and the
AOX1 promoter possesses one CSRE, while the ICLI and
PEXS5 promoters have two CSREs, the MLSI, MXR1, and
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On glucose and glycerol, no significant difference in tran-
script levels of the selected genes was observed in the dif-
ferent Cat8 mutant strains compared to the wild-type (data
not shown).
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«Fig.2 Influence of CATS8-1 and CATS-2 overexpression and dele-
tion on carbon source utilization. A Growth rates of the CATS8-1 and
CATS-2 overexpression mutants and the K. phaffii wild-type (WT)
on YNB without thiamine with 2% glucose, 2% glycerol and 1%
ethanol. B Growth curves of the CAT8-1 and CATS8-2 overexpression
mutants and the WT on YNB without thiamine with 2% glycerol. C
Growth rates of car8-14, cat8-2A and the WT on 2% glucose, 2%
glycerol, 1% methanol and 1% ethanol. D Growth curves of car8-14,
cat8-2A, the double knock-out car8-1A cat8-2A and the WT on 1%
ethanol. E Growth curves of car8-14A, cat8-24, the double knock-out
cat8-1A cat8-2A and the WT on YP+2% acetate. F Growth curves of
cat8-14, cat8-2A, the double knock-out car8-1A cat8-2A and the WT
on YNB +2% acetate. Error bars represent the standard deviations of
three to four independent biological samples each measured in tech-
nical triplicates. The statistically significant differences compared
to the WT are indicated with asterisks (Student’s ¢ test; *p <0.05,
*#p <0.01, ***p <0.001)

On ethanol, the expression of the two gluconeogenic
genes FBPI and PCK1 (PP7435_Chr3-0309 and PP7435_
Chr1-1542 encoding fructose-1,6-bisphosphatase and phos-
phoenolpyruvate carboxykinase, respectively) were similar
to that of the wild-type in the different mutant strains, show-
ing that Cat8-1 and Cat8-2 are not involved in the regu-
lation of these two genes (Fig. 4B). In cat8-14A, cat§8-2A,
and in the cat8-1Acat8-24 double knock-out mutant, the
transcript levels of three genes involved in ethanol assimila-
tion, ADH2 (PP7435_Chr2-0821, encoding alcohol dehy-
drogenase II), ACSI (PP7435_Chr2-0505, encoding acetyl-
coenzyme A synthetase I) and ALD4 (PP7435_Chr2-0787,
encoding aldehyde dehydrogenase IV) were all decreased
(Fig. 4B), showing that both Cat8-1 and Cat8-2 are involved
in the regulation of the expression of these three genes. The
expression of two genes from the glyoxylate shunt, /CLI
(PP7435_Chrl-1123, encoding isocitrate lyase) and MLSI
(PP7435_Chr4-0820, encoding malate synthase), was
decreased in cat8-1A and in the cat8-1Acat8-2A double
knock-out mutant but not in cat8-2A when compared to the
wild-type. Therefore, only Cat8-1 seems to be necessary for
the activation of these genes from the glyoxylate shunt in
K. phaffii. For two genes from the carnitine shuttle, YAT2
(PP7435_Chr3-0432, encoding cytosolic carnitine acetyl
transferase) and CRCI (PP7435_Chr2-0377, encoding car-
nitine carrier I), the expression was decreased in cat8-24
and in the cat8-1Acat8-2A double knock-out mutant but
not in cat8-1A when compared to the wild-type. Therefore,
Cat8-2 seems to be necessary for the activation of these
genes from the carnitine shuttle. Additionally, the expression
of three genes important for methanol assimilation, AOX1
(PP7435_Chr4-0130, encoding alcohol oxidase I), DASI
(PP7435_Chr3-0352, encoding dihydroxyacetone synthase
I) and PEX5 (PP7435_Chr2-0195, encoding a peroxisomal
membrane receptor) was assessed in the TF mutant strains
on ethanol, but no specific regulation pattern was observed
(Supplementary figure S2): due to the very weak expression
of these genes on ethanol, the small differences observed in

expression were not considered significant. Additionally the
expression levels of MXR1 (PP7435_Chr4-0490) were inves-
tigated. MXR1 expression on ethanol was approximately
60% of the expression on methanol, and was found to be
approximately two-fold higher in all cas8 deletion strains on
ethanol (Supplementary figure S2).

Similar to what we observed on ethanol, on methanol we
also found the necessity of Cat8-1 for the activation of /CLI
and MLS]I, the two genes of the glyoxylate shunt, and the
dependence of ACSI and ALD4 on both TFs (Fig. 4C, D).
No impact of the knock-outs on the other analyzed genes
was observed after induction by methanol. In addition, we
observed an increase in transcript levels for all the analyzed
genes in the CATS-2 overexpression mutant, but except
for ACSI and ALD4 there was no significant difference
in expression seen in cat8-2A (Fig. 4C). ICLI1 and MLSI
expression is also increased in the CATS-1 overexpression
strain, albeit to a lower level than reached by CATS-2 over-
expression (Fig. 4C). Also on methanol, there was no impact
of any of the Cat8 mutants on the methanol utilization genes
(Supplementary figure S2).

The CAT8-2 gene expression is autoregulated
by the Cat8-2 protein

In K. lactis and S. cerevisiae, the Cat8 protein regulates the
expression of Sip4, and Sip4 autoregulates the activity of
its own promoter (Mehlgarten et al. 2015). In both species,
Cat8 transcription factor binding sites (TFBS) are predicted
in the SIP4 promoter regions (Supplementary Figure S3).
In order to analyze a possible regulation of the CATS-1 and
CATS-2 genes by the Cat8-1 and Cat8-2 proteins in K. phaf-
fii, eGFP reporter strains were generated. The eGFP gene
was expressed under the control of the CATS-1 and CATS-2
promoters, respectively. These constructs were transformed
into the different knock-out mutants (cat8-14, cat8-2A and
cat8-1Acat8-2A) and the wild-type. The obtained strains
were cultivated on a minimal medium with limiting glucose
and then shifted to either 2% glucose, 2% glycerol, 1% meth-
anol or 2% ethanol for induction. After 5 h induction, the
eGFP fluorescence was measured by flow cytometry (Fig. 5).

In all strains and on all the carbon sources, the eGFP
fluorescence was lower when the eGFP gene was under the
control of the CATS-1 promoter P75 ; compared to when
the eGFP gene was under the control of the CATS-2 pro-
moter P75, (compare axes in Fig. 5A, B), in accordance
with the differences in transcript levels measured by qRT-
PCR (Fig. 3B). With the CATS-1 promoter, no significant
difference was observed in the fluorescence levels of the
different strains on the different carbon sources (Fig. SA).
Thus, the expression of CATS-1 does not seem to be affected
by neither Cat8-1 nor Cat8-2. With the CATS-2 promoter in
the wild-type, the eGFP fluorescence was lower on glucose
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Fig. 3 Influence of the carbon source on CATS8-1 and CATS-2 gene
expression. A Transcript levels of CATS-1 and CATS-2 in the K. phaf-
fit wild-type CBS7435 induced on different carbon sources. Gene
expression levels were normalized to the reference gene ACTI and
quantified relative to the levels on glucose (set to 1.0) for each carbon
source. B Expression strength of CATS-1 and CATS-2 in the K. phaffii
wild-type CBS7435 on glucose, glycerol, ethanol and methanol rela-
tive to the ACT! gene. Error bars represent the standard deviations
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Fig.4 Influence of CATS-1 and CATS-2 overexpression and knock-
out on transcript levels of selected genes in K. phaffii induced on eth-
anol and methanol. A Scheme of the sampling for the transcript level
analysis. Transcript levels of selected genes in CAT8-1_OE, CATS-
2_OE, cat8-14, cat8-2A and the double knock-out car8-1Acat8-2A
induced on 2% ethanol (B) or on 1% methanol (C, D), determined
by qRT-PCR. Gene expression levels were normalized to the refer-

ence gene ACTI and quantified relative to wild-type (WT) levels (WT
set to 1.0, red line). D Shows a zoom into C. Error bars represent
the standard deviations of two independent biological samples each
measured in technical triplicates in two independent experiments. The
statistically significant differences compared to the WT are indicated
with asterisks (Student’s ¢ test; <>p <0.01, *p<0.001)
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Fig.5 Influence of CATS8-1 and CATS-2 deletions on CATS-1
and CATS-2 promoter activity. Relative fluorescence units (RFU)
obtained for A P75 ,-GFP and B P,75.,-GFP (1000 bps upstream
of the respective CAT8 gene fused to eGFP as reporter gene) in wild-
type CBS7435 and the knock-out mutants cat8-1A, cat8-2A and cat8-
1Acat8-2A. All strains carrying the eGFP reporter construct as well

and glycerol than on ethanol and methanol (Fig. 5B), which
fits to the results obtained for the transcript level analysis
of the CATS-2 gene on these four carbon sources (Fig. 3A).
In the cat8-1A mutant, the eGFP levels under control of
P75, were similar to the ones measured in the wild-type
on each of the four carbon sources (Fig. 5B). However, in the
cat8-2A and cat8-1Acar8-2A mutants, the eGFP levels under
control of P75, were higher than the ones of the wild-
type on glucose, glycerol, ethanol, and methanol (Fig. 5B).
Therefore, it seems that Cat8-1 is not regulating the expres-
sion of CATS-2, but that the Cat8-2 protein is repressing/
autoregulating its own promoter on all tested carbon sources.

The Mig1-2 transcription factor is involved
in regulating CAT8-2 expression

The transcription of CAT8 was described to be regulated by
the transcription factor Migl in S. cerevisiae (Carlson 1999;
Schiiller 2003). Correspondingly, there are 4 predicted Migl
transcription factor binding sites upstream of S. cerevisiae
CATS8 (Supplementary Figure S3). K. phaffii possesses two
gene homologs of this transcription factor, termed MIGI-1
(PP7435_Chr4-0661) and MIG1-2 (PP7435_Chr1-1325). To
investigate whether Migl-1 and Migl-2 are involved in the
transcriptional regulation of CATS-1 and CATS-2 in K. phaffii,
their transcript levels were analysed in knock-out and overex-
pression strains of the two Mig transcription factors (Ata et al.
2017). The Migl-1 and Mig1-2 mutant strains were first culti-
vated on minimal medium with limiting glucose until ODgy,
reached 4, and then transferred to 2% glucose, 2% glycerol,
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as a non-transformed negative control were grown in biological trip-
licates on minimal media with limiting glucose and then shifted to
glucose, glycerol, ethanol or methanol for 5 h. The eGFP fluorescence
was measured by flow cytometry. Mean values and standard deviation
for the three biological replicates are presented

1% methanol or 2% ethanol for induction. After 5 h induction,
samples were processed and the transcript levels of CATS-1
and CATS8-2 were measured in the different strains induced on
the different carbon sources (Fig. 6).

The CATS-1 transcript levels were similar to that of the
wild-type in all mutant strains and on all carbon sources
(Fig. 6). Therefore CATS-1 does not seem to be regulated by
neither Migl-1 nor Migl-2 in the conditions studied. The
expression of CATS-2 on the other hand is around 30-fold
higher in the migl-2A mutant than in the wild-type on glu-
cose (Fig. 6A) and clearly down-regulated on glycerol in the
MIGI-2_OE mutant (Fig. 6B). Indeed, there are 5 predicted
Mig1-TFBS upstream of CATS-2, but only one very distant
Migl1-TFBS in the 1000 bps upstream of CATS-1 (Supple-
mentary figure S3). Finally, the expression of CATS-2 is
also lower than in the wild-type on ethanol in the MIGI-2_
OF mutant (Fig. 6C) and not affected at all on methanol
(Fig. 6D). CATS-2, therefore, seems to be repressed in the
presence of Migl-2 on glucose and glycerol, but not on etha-
nol unless MIGI-2 is artificially overexpressed. Transcript
levels of genes regulated by Cat8-1 and Cat8-2 were also
measured in the Migl-1 and Mig1-2 mutant strains, but no
significant difference was observed compared to the wild-
type (Supplementary figure S4).

Investigation of Cat8-1 and Cat8-2
post-translational activation

Cat8 and Sip4 are both activated through phosphorylation in
S. cerevisiae: Cat8 was shown to be phosphorylated by the
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Fig.6 Influence of MIGI-1 and MIGI-2 deletion and overexpression
on CATS-1 and CATS-2 transcript levels. Transcript levels of CATS-
I and CATS-2 in migl-1A, MIG1-1_ OFE, migl-2A and MIGI-2_OE
mutants induced on A glucose, B glycerol, C ethanol or D metha-
nol relative to wild-type strain were determined by qRT-PCR. Gene
expression levels were normalized to the reference gene ACT! and

yeast homolog of AMPK, the Snfl kinase complex (Char-
bon et al. 2004; Randez-Gil et al. 1997), whereas Sip4 was
shown to be phosphorylated by both the Snfl kinase com-
plex (Lesage et al. 1996; Vincent and Carlson 1999) and
the Ssn3 kinase (Vincent et al. 2001). Thus, to assess the
necessity of post-translational activation of Cat8-1 and/or
Cat8-2 in K. phaffii, three kinases were selected for dele-
tion: Snfl, Snfl-2 (both homologs of ScSnfl, encoded by
PP7435_Chr2-0772 and PP7435_Chr1-0450, respectively),
and Ssn3 (homolog of ScSsn3 encoded by PP7435_Chrl-
1091). The generation of the SNFI-2 and SSN3 knock-out
mutants was successful, but unfortunately, no transformants
deleted for SNFI could be obtained.

The growth of the snfl-2A and ssn3A deletion strains,
as well as the K. phaffii wild-type, was assessed in liquid

quantified relative to wild-type levels (WT set to 1.0, red line) for
each carbon source. Error bars represent the standard deviations of
with two independent biological samples each measured in techni-
cal triplicates in three independent experiments. The statistically sig-
nificant differences compared to the WT are indicated with asterisks
(Student’s 7 test; ***p <0.001)

cultures with YNB containing either 2% glucose, 2% glyc-
erol, 1% ethanol or 1% methanol (Supplementary figure
S5). No difference was observed between the specific
growth rates of the snfl-2A knock-out mutant and the ones
of the wild-type on the four-carbon sources tested. How-
ever, the specific growth rate of the ssn3A deletion strain
is lower than that of the wild-type on glucose (0.26 h™! for
ssn3A and 0.31 h™! for the wild-type), but not on glycerol,
ethanol nor methanol (Supplementary figure S5). These
results suggest that the two kinases Snfl-2 and Ssn3 are
not necessary for activation of Cat8-1 and Cat8-2 on
ethanol.
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Fig.7 Comparison of the Cat8-Sip4 regulatory networks in S. cerevi-
siae, K. lactis and K. phaffii. Schematic representation of the regu-
lation by the transcription factors Cat8 and Sip4 for selected genes.

Discussion

In this work, we studied the functions of two transcrip-
tion factors named Cat8-1 and Cat8-2 in K. phaffii, which
were identified as homologs of the transcription factor
Cat8 from S. cerevisiae based on sequence similarity (Valli
et al. 2016). These two TFs showed differential expression
on methanol (Prielhofer et al. 2015) but were otherwise
uncharacterized.

K. phaffii Cat8-2 is a Sip4-like protein

The Cat8 and Sip4 homologous protein sequences used in
the phylogenetic analysis showed a conserved DNA bind-
ing- and Leucine-zipper dimerization domain, but have a
high variation for the rest of the sequences. Based on the
inferred phylogenetic tree, the Cat8-1 protein sequence
from K. phaffii was confirmed to be a Cat8 homolog,
whereas Cat8-2 is more closely related to Sip4 protein
homologs. While S. cerevisiae SIP4 was not able to com-
plement the loss of K. phaffii Cat8-2, we identified some
common features (see Figs. 4, 7) shared by Cat8-2 and
Sip4 in the regulation of non-fermentable carbon sources
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Arrows in green indicate transcriptional activation, whereas lines in
dark grey indicate transcriptional repression. Elevated repression or
derepression is indicated by light grey lines with red crosses

in K. phaffii, S. cerevisiae and K. lactis. Taken all our
findings together, Cat8-2 can be considered a Sip4-like
protein in K. phaffii.

Role of Cat8-1 and Cat8-2 in the regulation
of ethanol utilization

When shifted to a gluconeogenic carbon source, yeast cells
undergo a massive reprogramming of their gene expression,
including genes involved in gluconeogenesis, the glyoxylate
cycle, and tricarboxylic acid cycle. Ethanol is metabolized
by an alcohol dehydrogenase (encoded by ADH?2) to acet-
aldehyde, which is subsequently converted into acetate by
aldehyde dehydrogenase (ALD). Acetate is then transformed
into acetyl-Coenzyme A by acetyl-CoA synthetase (ACS) in
the cytoplasm. Then, acetyl-CoA must be transferred to the
mitochondria for the production of energy (Schmalix and
Bandlow 1993; Stemple et al. 1998). Two pathways exist to
transport acetyl-CoA into the mitochondria: (1) acetyl-CoA
is converted into glyoxylate cycle intermediates which are
transported to the mitochondria (Palmieri et al. 1997) and
(2) acetyl-CoA is converted into acetylcarnitine, which is
transported into mitochondria via the carnitine shuttle. In
addition to the carnitine shuttle and the glyoxylate cycle,
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gluconeogenesis is fundamental for the growth of non-fer-
mentable carbon sources: it is essential for the production of
glucose-6-phosphate, which is crucial for cell growth (Bar-
nett and Entian 2005).

Both Cat8-1 and Cat8-2 were shown to be essential for
the growth of K. phaffii on ethanol (Fig. 2), specifically,
both transcription factors are required for the activation of
ADH2, ALD4 and ACS]I, three genes encoding enzymes
important for assimilation of ethanol (Fig. 4A). But while
Cat8-1 seems to be necessary for the activation of the gly-
oxylate cycle (by regulating MLSI and ICLI), Cat8-2 seems
to be necessary for the activation of the carnitine shuttle
(by regulating YAT2 and CRCI). In contrast, the gluconeo-
genic genes FBPI and PCK1I are not regulated by neither
Cat8-1 nor Cat8-2 (Fig. 4). Furthermore, we could show
that the CATS-2 gene is clearly repressed in the presence of
the Migl-2 transcription factor (a homolog of S. cerevisiae
Migl) on glucose and to a lesser extent also on glycerol
(Fig. 6), and repressed/autoregulated by the Cat8-2 protein
on glucose, glycerol, ethanol, and methanol (Fig. 5).

Altogether, we can observe three major differences in the
regulation of genes for ethanol utilization by Cat8/Cat8-1
and Sip4/Cat8-2 in the three yeast species S. cerevisiae, K.
lactis and K. phaffii (Fig. 7): (1) Cat8 is involved in the regu-
lation of the gluconeogenesis in S. cerevisiae but neither
in K. lactis nor in K. phaffii, (2) the expression of Sip4 is
activated by Cat8 in S. cerevisiae and K. lactis but not in
K. phaffii, and (3) the dissimilar importance of Cat8 and
Sip4 in the different yeasts: although the same set of genes
are targeted by Cat8/Sip4 and Cat8-1/Cat8-2 (except for the
gluconeogenesis genes), the specific TF regulating the indi-
vidual genes varies in the different species.

Regulation of the gluconeogenesis

In S. cerevisiae, Cat8 and Sip4 are involved in the regulation
of genes of the gluconeogenesis, therefore knocking out the
genes encoding these two TFs results in a growth defect
on glycerol (Hedges et al. 1995; Rahner et al. 1996). In K.
phaffii as well as in K. lactis, when CATS-1 and CATS-2 (or
CATS8 and SIP4) are knocked-out, there is no impairment of
the growth on glycerol. In addition, transcript level analysis
in K. phaffii showed that CATS-1 and CATS-2 deletions did
not have a major influence on FBPI and PCKI expression
on any of the tested carbon sources (Fig. 4 for ethanol and
methanol, not shown for glucose and glycerol). Therefore,
the regulation of gluconeogenesis seems to be achieved by
a different regulatory network in K. phaffii compared to S.
cerevisiae. One TF that could potentially play an impor-
tant role in such a regulatory network is Rds2, which was
shown to have partially overlapping functions with Cat8 in
S. cerevisiae and to be a major regulator of gluconeogen-
esis. Specifically, Rds2 was shown to directly activate the

expression of the gluconeogenic genes while repressing the
negative regulators of this pathway, possibly through binding
of the CSREs (Soontorngun et al. 2007). To our knowledge,
the homolog of Rds2 in K. phaffii (PP7435_Chr2-1080) was
not studied so far but could be involved in the regulation of
gluconeogenesis in this yeast.

Activation of SIP4 expression by CAT8

In both S. cerevisiae and K. lactis, Cat8 has an important
role in activating Sip4 expression on ethanol. Despite the
fact that both CATS-1 and CATS8-2 promoters carry three and
two CSRE motifs, respectively (Supplementary File 2), this
phenomenon is not observed in K. phaffii, suggesting that
rewiring of the regulatory network of the carbon metabolism
has happened somewhere during evolution.

Direct targets of CAT8 and SIP4 vary in the different yeast
species In S. cerevisiae, Cat8 is the main activator for the
growth of gluconeogenic carbon sources. In fact, the SIP4
deletion mutants do not exhibit any growth defect on any
carbon source tested so far (Lesage et al. 1996), and the role
of ScSip4 is still unclear. ScCat8, on the other hand, was
shown to activate the expression of genes from gluconeo-
genesis, the glyoxylate cycle, the ethanol assimilation path-
way, and the carnitine shuttle. In K. lactis, Cat8 activates the
expression of Sip4 but does not seem to directly activate the
expression of genes important for the growth of gluconeo-
genic carbon sources. Instead, KI/Sip4 is important for the
regulation of the glyoxylate cycle and the carnitine shuttle.
In K. phaffii, some genes seem to be specifically regulated
only in the presence of either Cat8-1 or Cat8-2, while oth-
ers seem to be overlapping targets of these two TFs. Indeed,
Cat8-1 seems to be necessary for the activation of the genes
from the glyoxylate cycle on ethanol, acetate, and metha-
nol, while Cat8-2 seems to be important for the activation of
genes from the carnitine shuttle on ethanol. As only cat8-14,
but not cat8-24, showed clearly reduced growth on acetate,
it seems that on acetate the glyoxylate cycle is the major
active pathway for acetyl-CoA shuttling. In addition, Cat8-1
and Cat8-2 are both involved in the regulation of ADH?2,
ALD4 and ACSI, three genes important for the conversion
of ethanol to acetyl-CoA (Fig. 4), although the contribution
of each TF for the regulation of these three genes remains
to be investigated.

Cat8-1 and Cat8-2 possibly recognize different
subsets of CSRE motifs

It was shown in S. cerevisiae that mutant CSREs show dif-
ferential activation by Cat8 and Sip4 (Roth et al. 2004). In
addition, the purified DNA binding domain of the TF Rds2
was shown to bind to the CSREs of the PCK/ and FBPI
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promoters (Soontorngun et al. 2007). It was hypothesized
that these three TFs bind subsets of CSREs with diverg-
ing affinities, which would allow for the regulation of
both distinct and common target genes. This phenomenon
could also be present in K. phaffii: transcript-level analy-
sis showed that on methanol in the CATS-2 overexpres-
sion strain, there are increased transcript levels of YAT2
and CRCI as well as ICLI and MLS1, two genes mainly
regulated by Cat8-1, whereas in the CATS-1 overexpres-
sion, there is an increase only in JCLI and MLS] transcript
levels (Fig. 4). This suggests that Cat8-1 and Cat8-2 could
each have specific binding sites, but that, when Cat8-2
is present in high amounts, like on methanol and when
strongly overexpressed, Cat8-2 could also bind a motif
otherwise specific for Cat8-1. However, further experi-
ments such as chromatin immunoprecipitation (ChiP)
assay need to be performed in the future to investigate the
specific DNA binding sites of Cat8-1 and Cat8-2.

In S. cerevisiae, ADH2 (Walther and Schiiller 2001) and
ACS]I (Kratzer and Schiiller 1997) were reported to be syn-
ergistically activated by Cat8 and Adrl. The sole homolog
of Adrl in K. phaffii is termed Mxrl (methanol expression
regulator 1) due to its function as activator of methanol
utilization genes such as AOX! (Lin-Cereghino et al. 2006;
Kranthi et al. 2010). While Mxrl1 is essential for the uti-
lization of methanol, mutants lacking Mxr1 are still able
to grow on other carbon sources including ethanol, albeit
with a prolonged generation time (Lin-Cereghino et al.
2006). Mxrl has recently also been implicated with the
regulation of ACS/ of K. phaffii grown on acetate in com-
plex YP-containing media (Sahu and Rangarajan 2016).
Expression levels of MXR1 are approximately 40% lower
on ethanol than on methanol, and there is some indication
that Cat8-1 and Cat8-2 are involved in repressing MXRI
expression on ethanol (Supplementary Figure S2), how-
ever, we do not know if this is due to direct binding of the
TFs to the CSRE present in the MXR! promoter region
or not. Additionally, there seems to be some regulatory
effect of the overexpression of one transcription factor on
the expression of the other on methanol, but the increased
MXRI levels were not reflected by higher levels of Mxrl
target genes such as AOX1, DASI or PEX5 (Supplementary
Figure S2). This fits the recent observation that integra-
tion of at least one ScCat8-TFBS into the AOXI promoter
was needed in order to make the promoter responsive to
ethanol (Ergiin et al. 2020). Vice versa, no effect of Mxrl
overexpression on P, p,,,-GFP (Ergiin et al. 2019) was seen
on ethanol. Future research should be directed towards the
interrelation of Cat8-1 and Cat8-2 with the Adrl-homolog
Mxrl and other carbon-source responsive transcriptional
regulators in K. phaffii.
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Mechanisms of activation of Cat8 family members

In the presence of glucose, expression of CAT8 and SIP4 is
inhibited by the TF Mig1 and the Ssn6/Tup1 corepressor com-
plex in S. cerevisiae (Carlson 1999; Schiiller 2003). K. phaf-
fii possesses two homologs of ScMigl: Migl-1 and Migl-2.
These two TFs were previously shown to be involved in the
regulation of the methanol metabolism in K. phaffii: derepres-
sion of AOX1 was observed in migl-1A and migl-1Amigl-2A
knock-out strains on glycerol (Wang et al. 2017), and the
genes of the methanol metabolism, as well as the peroxisomes
biogenesis pathway, were upregulated on glycerol in migl-
1Amigl-2A (Shi et al. 2018). Finally, Migl-1 and Migl-2
localized in the nucleus of cells grown on glucose or glycerol,
but when K. phaffii cells were transferred to methanol, Mig1-1
and Mig1-2 predominantly localized to the cytoplasm (Wang
etal. 2017).

In our experiments, we observed repression of CATS-2 on
glucose and glycerol by Mig1-2, but not on the two alcohols.
No activation of the Cat8-2 target genes was observed in the
Migl-1 and Mig1-2 deletion strains, which can be explained
by the involvement of further TFs in the regulation of these
genes on glucose and/or glycerol.

We furthermore wanted to assess the necessity of post-
translational activation of Cat8-1 and/or Cat8-2, since Cat8
and Sip4 are both activated upon phosphorylation by the Snfl
and/or the Ssn3 kinases in S. cerevisiae (Charbon et al. 2004;
Randez-Gil et al. 1997; Lesage et al. 1996; Vincent and Carl-
son, 1999; Vincent et al. 2001). The homolog of ScSsn3 and
the two putative homologs of ScSnfl present in K. phaffii,
Snfl, and Snf1-2, were therefore selected for deletion. Unfor-
tunately, the generation of the SNF1 knock-out mutant was
not successful. Since disruption of Snfl was also not possible
in the approach by Shen et al. (Shen et al. 2016), we think
Snfl to be essential in K. phaffii under the investigated condi-
tions. Additionally, Snfl was already reported to be essential
in other non-Saccharomyces yeast species (Hedbacker and
Carlson 2008).

No difference was seen in the growth of the snfl-2A and
ssn3A deletion strains compared to the wild-type on ethanol
(Supplementary figure S4), hence these two kinases do not
seem to play a major role in the regulation of ethanol utiliza-
tion in K. phaffii, and are also probably not involved in the
activation of Cat8-1 and Cat8-2 on this carbon source. Further
investigations regarding the post-translational modifications of
Cat8-1 and Cat8-2 would be necessary in order to elucidate if
they are indeed activated via phosphorylation in K. phaffii, as
observed for S. cerevisiae.
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Conclusions

The present study elucidated the requirement of the two Cat8
homologs Cat8-1 and Cat8-2 for activation of the ethanol
assimilation pathway in K. phaffii, and their differential
involvement in regulating the carnitine shuttle and the gly-
oxylate shunt, respectively. Phylogenetic analysis places
Cat8-2 among the Sip4-like proteins. However, different to
S. cerevisiae and K. lactis, CATS-2 expression is not regu-
lated by the Cat8-1 TF, but autoregulated by its own gene
product. Furthermore, CATS8-2 is repressed in the presence
of Mig1-2 on glucose. Despite their transcriptional induction
on both ethanol and methanol, no direct impact on metha-
nol utilization genes could be observed in the Cat8 mutant
strains. Interestingly, however, the CSRE motif, which was
shown to be recognized by Cat8 and Sip4 in S. cerevisiae
and K. lactis, was predicted by MatInspector to be present in
around 90% of the total promoters in K. phaffii (Supplemen-
tary material 3). Contrary to what is described for car8A and
sip44 in S. cerevisiae, knocking-out CATS-1 and CATS-2
also influences the ability of K. phaffii to tolerate osmotic
stress and cell wall damaging agents (Supplementary figure
S6). These results suggest that these two TFs might have
additional targets and a broader role in K. phaffii, both of
which remain to be investigated.
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