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Signaling pathways contributing
to the transcriptional response
to alkalinization in Komagataella
phaffii: role of the transcription
factors Crz1 and Rim101
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Promoters able to respond to moderate alkalinization in the industrially relevant yeast Komagataella
phaffii have been proposed as a tool for the design of novel methanol-free platforms for heterologous
protein expression. However, the molecular bases of such response are unknown. We identify here
the transcription factors Crz1 and Rim101 in K. phaffii and use CRISPR/Cas9 techniques to create
single and double mutant strains. While crz1 cells are strongly sensitive to Ca?* ions, mildly sensitive
to alkaline pH and hypertolerant to SDS, rim101 cells are markedly hypersensitive to Na* and Li*
ions, to alkaline pH and to SDS. RNA-seq analysis revealed that mutation of RIM101 affects 55% of
alkaline pH-responsive genes, whereas lack of Crz1 alters only 11% of these. Thirty-eight genes are
co-regulated by both Crz1 and Rim101. The PMC1 vacuolar Ca?*-ATPase is regulated by Crz1, whereas
the ENA2 Na*-ATPase, the PHO89 and PHO84 phosphate transporters, and diverse genes involved in
iron homeostasis are Rim101-dependent. These effects were confirmed by proteomic analyses after

3 h of alkalinization. Therefore, Rim101 appears as a major player in the transcriptional response to
alkalinization and, together with Crz1, they account for nearly 60% of the alkaline pH transcriptional
response in K. phaffii.
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The yeast Komagataella phaffii (formerly Pichia pastoris) is widely used for heterologous protein production
because of its ability to grow in defined media at high cell density, to carry out eukaryotic posttranslational
modifications, and to secrete efficiently the produced proteins to the medium!2. In addition, suitable genetic
modification tools have been developed in the last few years for this organism>*. The promoter of the AOX1
gene (pAOX1), which is responsible for most of the alcohol oxidase activity and allows this organism to grow on
methanol as a carbon source, has been widely employed to drive expression of recombinant proteins. Despite
its undoubtable advantages, using this promoter implies growing the cells on methanol as carbon source,
which poses several constraints besides its toxicity and flammability®-8. These limitations have encouraged the
development of methanol-free expression systems, such as pTHII1 that is activated by thiamin starvation’,
or pGTHI, repressed on glycerol and induced by glucose addition'®!!. In addition, alternative methods for
modulation of pAOXI not involving the use of methanol have been devised'>!’. Finally, some authors have
focused on the identification of orthologous promoters from related methylotrophic yeasts, such as Hansenula
polymorpha'“.

Most yeasts, including K. phaffii, grow preferentially at acidic pH, and shifting the pH of the medium slightly
above neutrality (pH 7.8-8.2) triggers a robust adaptive rewiring of gene expression. This response has been
characterized in detail in several species, such as Saccharomyces cerevisiae, Candida albicans, and Aspergillus
nidulans'>~1°, for which the major signaling pathways leading to regulation of gene expression in response to
alkalinization have been revealed. In contrast, the inventory of alkali-inducible genes in K. phaffii has only been
recently reported?® and how this yeast integrates and orchestrates its transcriptomic response under high pH
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stress remains unknown. It is worth noting that a recent report highlighted the use of promoters inducible by
moderate alkalinization as a simple and suitable method to induce expression of proteins of industrial interest?!.
Therefore, it seems essential to expand our understanding of how K. phaffii responds to alkalinization and to
elucidate the signaling pathways involved in such response.

Two C2H2 zinc-finger transcription factors, PacC/Rim101 and Crz1 (Calcineurin responsive zinc finger 1),
are important components of the stress responses, including alkalinization, in diverse fungi. For instance, in the
filamentous fungus Aspergillus nidulans, the vast majority of alkali-inducible genes are under the control of PacC,
which is activated by a two-step limited proteolytic process. The first cleavage occurs in response to the alkaline
pH signal and is mediated by the signaling protease PalB. This commits PacC to a second, pH-independent
cleavage, to yield the functional PacC?? form (27 KDa) that recognizes 5-GCCARG-3’ consensus promoter
sequences?. In S. cerevisiae, Rim101 would play the role of PacC in A. nidulans. However, in this case Rim101
is activated by a single alkaline pH-stimulated proteolytic cleavage near the C-terminus®%. In addition, most
of its downstream effects would be indirect and mediated by the repression of the expression of Nrg1%°, which
in turn acts as a transcriptional repressor by binding to T/ACCCC sequences®. Rim101 is also an important
transcriptional component of the response to alkalinization in C. albicans?.

Crzl plays a key role in adaptation to diverse stress conditions in many fungi?>?%. Alkalinization triggers
an almost immediate increase in intracellular calcium?>* that activates the protein phosphatase calcineurin.
Dephosphorylation of Crzl by calcineurin promotes the transit of the transcription factor (TF) to the nucleus,
where it contributes to the activation of a substantial number of genes”‘”. In S. cerevisiae, these include the
ENAI Na*-ATPase, the PHO89 Na*-Pi transporter, and the VCX1 and PMCI calcium transporters.

The work presented here is a first attempt to uncover possible signaling pathways controlling expression of
alkaline-regulated genes in K. phaffii. Our approach has been 1) to identify the putative homologs of the PacC/
Rim101 and Crz1 transcription factors, 2) to create single and double loss-of-function mutant strains for these
genes, and 3) to carry out a phenotypic characterization, plus a transcriptomic and proteomic profiling of these
mutant strains. Our results indicate that the genes PAS_chr3_0625 and PAS_chr2-2_0202 would encode the
functional homologs of Rim101 and Crzl, respectively, and that in K. phaffii the role of Rim101 in adaptation to
alkaline pH is more relevant than that of Crzl.

Results

Identification of Rim101 and Crz1 candidates in K. phaffii

BLASTp analysis on the K. phaffii proteome using the S. cerevisiae Crz1 (YNL027W) and Rim101 (YHL027W)
proteins identified in each case several proteins whose identity with the query sequences was below an e-value
of 107 (Supplementary Table S2). All of them were zinc-finger-containing C2H2-type transcription factors, and
the similarity region was in all cases circumscribed to the mentioned DNA binding domain. The top hits were the
ORF PAS_chr2-2_0202 (C4R2J3) for ScCrzl and the ORF PAS_chr3_0625 (C4R535) for ScCRim101. However,
even in these cases EMBOSS Needle pairwise alignments showed a limited overall identity level (23.2% identity;
37.3% similarity for Crz1, and 22.5% identity; 33.2% similarity for Rim101), indicating high sequence diversity
outside the zinc finger domains (Supplementary File S1). Comparison of C4R535 with A. nidulans PacC yielded
an even lower overall conservation level (identity 18.3%, similarity 28.3%).

Nonetheless, we examined these sequences for the presence of structural determinants that might provide
hints about a functional relationship with Crz1 and Rim101 proteins. As shown in Fig. 1 and Supplementary File
S1, C4R535 displays a putative NLS signal adjacent to the N-terminal DNA binding domain region similar to
those present in Aspergillus nidulans PacC and S. cerevisiae Rim101 proteins. In addition, a presumed signaling
protease sequence box flanked by three YPX[LI] motifs (YPTI and YPQI) can be also identified. Finally, a likely
processing protease site (SRKR) can be found at positions 315-318. Therefore, we considered plausible that PAS_
chr3_0625 would encode the Rim101 protein (C4R535) in K. phaffii. As far as C4R2]3 is concerned, a putative
NLS/NES sequence can be predicted to be adjacent to the C-terminal C2H2 regions. An equivalent sequence
was characterized in S. cerevisiae and can be identified in C. albicans (Fig. 1). PAS_chr2-2_0202 (C4R2]3) also
contains Serine-rich regions (SRR), found also in S. cerevisiae and C. albicans, whose phosphorylation affects
nuclear-cytosolic localization. Remarkably, a PIIKVL sequence is found in C4R2]J3 at positions 239-243 that
closely resembles the PxIXIT motif (PIISIQ in ScCrz1) that mediates binding of the TF to calcineurin®. Thus, we
presumed that PAS_chr2-2_0202 might encode the K. phaffii Crzl. From now on, PAS_chr3_0625 will be named
RIM101 (or KpRIM101) and PAS_chr2-2_0202 will be named CRZI (or KpCRZ]I).

Generation and phenotypic analysis of single and double transcription factor K. phaffii
mutants
To gain further insight into the functional role of the proteins encoded by these two genes, we designed sgRNAs-
containing vectors and constructed a set of mutant strains by CRISPR/Cas9-mediated mutagenesis as described
in Materials & Methods. The specific genotype of these strains is presented in Table 1. We sought to characterize
the different strains generated by taking as reference known phenotypes for these mutations in other fungi.
For each gene, two strains carrying different mutations (Table 1) were tested on medium containing glycerol
as carbon source. As shown in Fig. 2A, when cells were challenged with CaCl,, crzI mutants showed a strong
growth defect whereas rim101 cells displayed a wild-type phenotype. Double rim101 crzl mutant cells behaved
as single crzl mutants. None of the mutations affected the tolerance profile of the wild-type strain to MnCl,
(Supplementary Fig. S1). While strains lacking Crz1 did not differ from the wild-type strain in their tolerance
to NaCl, rim101 mutants displayed a marked salt sensitivity and failed to grow above 0.6 M NaCl. Cells carrying
mutations in both transcription factors were indistinguishable from the single rim101 mutants.

Exposure to moderate alkaline pH (pH 7.8) affected only slightly crzI mutants but resulted in a pronounced
growth defect in the rim101 strains. This differential effect was less evident at higher pHs (pH 8.2), at which both
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Fig. 1. Schematic depiction of the structural features of the transcription factors studied in this work. The
cartoons represent A. nidulans PacC (AnPacC), Rim101 from S. cerevisiae (ScCRim101), and the putative
KpRim101 (C4R535), as well as Crz1 from S. cerevisiae (ScCrz1), C. albicans (CaCrz1), and the proposed
KpCrzl (C4R535). The different features are taken from the literature, from searches in the Prosite database®’,
and our own comparison of the sequences. The assignations to the K. phaffii proteins are tentative, based

in sequence similarities. C2ZH2 DBD, C2H2-type zinc finger DNA binding domain; NLS, NES, Nuclear
localization (export) signal; SRR, Ser-rich region; CN, calcineurin.

Strain Background | Genotype sgRNA | Clone | Description

Deletion of one "A" (at position 559). Causes change of amino

PJA-001 X-33 crz1-A559 Indel 1| 1.1 acid sequence after residue 186 and premature stop at codon 201

Insertion of one "A" (at position 560). Causes change of amino

- * - -
PJA-002 () | X-33 crz1-560 Indel 1 13 acid sequence after residue 186 and premature stop at codon 206
PJA-003 X.33 crz1-A10 Indel 8 | 2.1 D§letlon of one "C (at position 10). Causes change of amino
acid sequence after residue 3 and premature stop at codon 33
. Deletion of one "C” (at position 117). Causes change of amino
PJA-007 X33 rim101-A117 Indel 26 | 5.1 acid sequence after residue 40 and premature stop at codon 46
. Insertion of “AC” (after position 119). Causes change of amino
- * - -
PJA-008 () | X-33 rim101-119 Indel 26 | 5.2 acid sequence after residue 40 and premature stop at codon 47
. Insertion of one "A" (at position 599). Causes change of amino
PJA-010 X33 rim101-599 Indel 4 | 6.1 acid sequence after residue 201 and premature stop at codon 209
PJA-011 PJA-001 crz1-A559 rim101-119 | Indel 26 | 1A Insertion of “AC” (after position 119). Causes change of amino

acid sequence after residue 40 and premature stop at codon 47

crzl-A559 Deletion of one "A" (at position 118). Causes change of amino

*

PJA-012 (%) | PJA-001 rim101-A118 Indel 26 | 1.B acid sequence after residue 40 and premature stop at codon 46
crzl-A559 Deletion of one "A" (at position 599). Causes change of amino

PJA-013 PJA-001 rim101-A599 Indel 4 | 2. acid sequence after residue 200 and premature stop at codon 206

Table 1. Strains generated in this work. (*) strains not characterized in this work.

crzl and rim101 single mutants exhibited similarly intense growth defects. The overall profile of the combination
of both mutations suggested an additive effect. We also tested the effect of these mutations on the tolerance to
lithium cations. As shown in Fig. 2A, the mutation of CRZI caused a very mild growth defect in the presence
of the cation, whereas this defect was more prominent in cells carrying the rim101 mutations. The combination
of both mutations aggravated the growth defect, suggesting again an additive behavior. Finally, we tested the
tolerance of c¢rzl and rimI0l mutants to the anionic detergent sodium dodecyl sulfate (SDS). As shown in
Fig. 2B, the mutation of CRZ1 yielded cells slightly hypertolerant to SDS. In contrast, cells mutated for RIM101
exhibited a dramatic growth defect that was evident at SDS concentrations as low as 0.025%. Interestingly, the
tolerance of the double mutant to SDS approached that of the crz1 strain, indicating that the lack of Crz1 largely
counteracts the absence of Rim101. It must be noted that we analyzed two independent mutant strains for each
gene carrying different mutations. Because their behavior was virtually indistinguishable in all tests performed,
it can be assumed that the observed phenotypes are caused by loss of function of the targeted protein and not
by off-target changes.
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Fig. 2. Phenotypic characterization of KpCrzl and KpRim101 single and double mutant strains. Strains PJA-
001 (crzI-1.1), PJA-003 (crzI-2.1), PJA-007 (rim101-5.1), PJA-010 (rim101-6.1); PJA-011 (crzl rim101-1A) and
PJA-013 (crzl rim101-2B) were grown as indicated in Materials and Methods in YPGly medium containing the
indicated compounds or adjusted to the specific pHs. Growth in liquid cultures (A) was recorded after 18-20 h,
and the mean + SEM from at least six independent cultures is presented (in most cases deviations are small
enough as to be hidden by the symbols). Agar plates (B) were documented after 3 days at 28 °C.

Phenotype profiling was also done in cells grown on glucose as carbon source (Supplementary Figure S2).
Overall, we found similar behaviors, with minor quantitative differences affecting the crzI strains, which were
slightly more sensitive to alkaline pH and calcium and displayed even higher tolerance to SDS compared to the
wild-type strain. Full rescue of the extreme SDS sensitivity of the rim101 mutants by the additional mutation of
CRZ]1 was also observed in cells grown on YPD.

RNA-seq analysis reveals that lack of Crz1 and Rim101 differentially affects the
transcriptional response to alkalinization in K. phaffii

Our RNA-seq experiments showed that alkalinization of the medium to pH 8.0 elicited a strong and fast
transcriptional response resulting in 732 differentially expressed genes (DEGs) in wild-type cells (log2 Fold
Change>1 or<-1, p-value<0.01). Among these, 396 genes were induced and 340 were repressed at least at one
time-point, whereas only four genes were induced or repressed depending on the time-point. The response was
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very fast (Fig. 3A and B, and Supplementary Table S3), with almost half of the induced genes (192) showing a
peak after 15 min of the shift to alkaline pH. The overall response largely confirmed the previously reported one?’,
with a marked upregulation of genes required for ribosomal biogenesis and metabolism of sulfur-containing
amino acids, including SULI, CYS3, MUPI or MET10 (Fig. 3C). Conversely, a clear downregulation of genes
involved in cellular respiration, such as those required for the electronic transport chain and energy-producing
metabolic pathways was observed (Fig. 3C). We also detected (Supplementary Table S3), characteristic profiles
observed in K. phaffii and other yeasts in response to alkalinization, such as a positive effect on iron, copper and
zinc uptake and metabolism (FREI, FET4, SIT1, CTRI and ZRT1).

Phosphate metabolism-related genes were also affected by alkalinization. To gain insight into this effect, we
took advantage of the recent publication of the transcriptomic response of K. phaffii to phosphate starvation.
We selected from this report the 70 genes that showed at least a twofold change (at p-value<0.01) upon Pi
starvation and compared their behavior with our data in response to alkaline pH. As shown in Fig. 4A, from
the 33 genes induced in response to Pi scarcity, 25 were also induced by alkalinization. As expected, among
them there were genes belonging to the PHO regulon, such as PHO89, PHO5, PHO80, PHO81 and PHO4-2.
Interestingly the P-type ATPases ENA2 and PMCI were also co-induced (Supplementary Table S4). In addition,
among the 37 genes repressed by the lack of Pi, 28 genes were also repressed by high pH. This subset was
slightly enriched for genes encoding membrane transporters, such as ZRT2 and PHO84-2 (PAS_chr3_0141) and
ribosomal genes. Interestingly, we could identify 8 genes that were induced at low Pi but repressed at high pH, as
well as 11 genes that were repressed by Pi starvation but were induced by high pH (Fig. 4A). The latter subset was
enriched in genes related to the metabolism of sulfur-containing amino acids (SULI, CYS3, MUP1, MET17 and
MET1I0) and included the copper (CTRI) and zinc (ZRT1) plasma-membrane transporters. An already reported
effect of alkalinization in K. phaffii is the activation of the gene encoding the Na*-Pi Pho89 transporter, in
contrast with the remarkable inhibition of the two putative H*-Pi transporter genes PHO84-1 (PAS_chr4_0337)
and PHO84-2 (PAS_chr3_0141). As shown in Fig. 4B, the effect is dramatic in the latter case. It is worth noting
that PHO84-2 is also downregulated by low phosphate.

To obtain an overall view of the effect of the crzl and rim101 mutations we filtered the list of 732 genes
differentially expressed at least at one time point in the wild-type strain to generate a list of 691 genes with data
for all time-points. We then added the changes observed for the mutants at 15, 30, and 60 min in comparison
with the wild-type strain at time zero and subjected the data to clustering analysis. Figure 5 shows the heat map
obtained, where defined clusters showing changes in the response specifically associated with the mutations are
identified. For instance, clusters A and B show genes strongly (A) and moderately (B) repressed in wild-type
and crzI cells, but largely unaffected by mutation of RIM101. Cluster C includes genes induced in the wild-type
strain but not in crzI or rim101 cells. Finally, cluster D contains genes mostly affected by the rim101 mutation.

The effect of these mutations in the absence of stress (t=0) was very minor, with 31 and 22 differentially
expressed genes in crzI and rim101 cells, respectively, and roughly equal number of induced and repressed genes
(Supplementary Table S5). Among the 16 genes repressed by the absence of Crz1, it is worth noting PAS_chr2-
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Fig. 3. Overall picture of the response of wild-type cells to alkalinization. (A) Number of differentially
expressed genes (DEGs), up-regulated or down-regulated (log2 Fold Change>1 or<-1 and p-value<0.01) at
different times after alkalinization. (B) Number of genes showing the stronger expression change (peak) for
each time: early (15 min), intermediate (30 min) and late (60 min). (C) Gene Ontology analysis of the genes
induced or repressed at a given time after alkalinization.
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Fig. 4. Comparison of the responses to alkalinization and phosphate starvation. (A) The behavior of the
70 DEGs upon 24 h of phosphate starvation that showed at least a twofold change at p-value <0.01°® was
compared with the response to alkaline pH. (B) Time course of the response of the K. phaffii high-affinity
phosphate transporters after alkalinization (circles) and after 24 h of phosphate starvation (triangles).

2_0271 (TOH1) and PAS_chr1-4_0696 (BMT3). TOHI encodes a GPI-anchored cell wall protein with putative
glucan endo-1,3-B-D-glucosidase activity, and BMT3 is one of the four putative f-mannosyltransferases found
in the K. phaffii genome and the only one that is induced by alkaline pH and is affected by the crzI mutation.
Mutation of rim101 resulted in 11 genes with lower-than-normal expression. Interestingly, four of them encoded
plasma membrane transporters. Two of them are related to transition metal transport: PAS_chr3_0516 (ZRT1),
which encodes a high-affinity zinc transporter, and PAS_chr3_0662 (SITI-1), coding for a ferrioxamine B
transporter. The other two are the phosphate transporters PAS_chr2-1_0235 (PHOS89), and PAS_chr4_0337
(PHOS84-1). Three genes were affected by lack of both transcription factors: BMT3 was strongly repressed, and
two RNA helicases PAS_chr2-1_0709 and PAS_chr3_0344 were induced.

We also carried out comparisons between the wild-type strain and both mutants at the same time after
induction at pH 8.0. As shown in Fig. 6A and Supplementary Table S5, from the 732 DEGs, 368 (50%) were
altered by the mutation of RIM101 alone, whereas the expression of 44 (6%) was dependent only on Crzl.
Alkali-regulated expression of 38 genes (5%) was affected by both mutations. Finally, 282 genes (39%) showed
changes in expression that were quantitatively maintained in both mutant strains. Therefore, their regulatory
properties are unknown. Among the 38 genes whose expression was influenced by both transcription factors
(Fig. 6A) over 40% were repressed in the crzI mutant but induced in the rim101 strain (denoted as “DownUp” in
the figure). As a conclusion, we observed that the number of genes under the control of Rim101 in response to
alkalinization largely exceeds (406 DEGs) those regulated by Crz1 (82), indicating a more prevalent role of the
former (Supplementary Table S5).

As shown in Fig. 6B, the effect of the crzl mutation was more prominent at earlier time-points, with 60
DEGs (52 repressed), whereas this figure decreased to 40 (31 repressed) at 30 min, and to 17 (11 repressed) after
60 min. In contrast, the lack of Rim101 resulted in 80 DEGs after 15 min (only 30 repressed) but increased to 288
DEGs at 30 min (202 repressed) and produced 152 DEGs (80 repressed) after 60 min of shifting to alkaline pH.
On the other hand, the main effect of the crzl mutation is a decrease in mRNA production, suggesting that the
main physiological role of the transcription factor is that of gene induction in response to stress. On the contrary,
the lack of Rim101 has mixed effects: at short time there is a prevalence of induced genes; at 30 min the main
effect is a down-regulation, and at 60 min, positive and negative effects are mostly balanced.

We then searched in the upstream region of the 60 DEGs at 15 min in the crzl mutant for the presence of
predicted Crzl consensus binding sequences. Similarly, we searched for Nrgl/Nrg2 and Rim101 sites in the
288 DEGs sites at 30 min in the rim101 mutant. These points were selected because they provided the largest
datasets in each case. As shown in Fig. 6C, nearly 70% of the genes downregulated in crzI cells include at least
one predicted Crzl-binding site, which was a 38% excess over the ones upregulated, and a 29% excess over
three sets of 200 randomly selected genes. Analysis with the SIA algorithm revealed a significant enrichment of
Crz1 sites in comparison with the random sequences (p-values from 9.4E-5 to 2.3E—4). Similarly, 44% of genes
downregulated in rim101 cells contained presumed Nrgl/Nrg2 sites (compared to 33% in the random genes),
but only 23% included Rim101-binding sites. Interestingly, only ~25% of the genes upregulated in rim101 cells
included Rim101 sites, close to that found in downregulated or randomly selected genes. SIA analysis also
revealed a significant enrichment in Nrgl sites (p-value 5.1 to 9.0E-04) but not in Rim101 sites. These results
suggest that the effect of the rim 101 mutation could be mediated by an Nrgl-like protein. The closest protein to S.
cerevisiae Nrgl encoded in K. phaffii (BLASTp p-value 3.5E—-27) is the PAS_chr3_1242 gene product (C4R618),
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Fig. 5. Clustering analysis of the changes in the expression of wild-type, crzI and rim101 strains after
alkalinization. A set of 691 DEGs with data for all time-points in the wild-type was enriched with the data for
the crz1 and rim101 mutants showing a log2 fold change in comparison with the wild-type at time 0. Data was
hierarchically clustered (Euclidean distance, average linkage) with Gene Cluster v.3.0%* and clusters visualized
using Java TreeView*’. The zoomed images correspond to specific clusters containing genes that are discussed
in the text. The intensity of the expression change can be inferred by comparison with the enclosed scale (log2
values). The color scale was capped at+7 to facilitate visualization of less prominent changes.
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Fig. 6. Differential impact of the crzI and rim101 mutations on the transcriptional profile. (A) Distribution of
the DEGs according to their dependence only on Crzl, only on Rim101, on both transcription factors (“Co-
regulated”), and not affected by any of the mutations (“Unknown”). For the 38 co-regulated genes, “Updown”
denotes genes upregulated in crzl cells and downregulated in the rim101 strain, whereas “DownUp” indicates
the opposite situation. (B) DEGs for each mutation were extracted by comparison with the wild-type strain at
each time point. (C) A search for predicted Crz1, Nrgl/Nrg2, and Rim101 consensus sites was performed at
the RSAT site using the Quick Scan algorithm onto the YEASTRACT database as described in Materials and
Methods. Search for Crzl was made on the upstream sequences of the 52 downregulated and 8 upregulated
genes in the crzI mutant at T'=15 min (see panel A). Search for Rim101 and Nrg1/Nrg2 sites was made onto
the 202 downregulated and 86 upregulated genes in the rim101 mutant at T =30 min. “Random” represent
the mean + SEM of the number of genes found with predicted sites for each specific TF in three independent
sets of 200 upstream sequences randomly extracted from the K. phaffii GS115 genome. (D) Changes in NRGI
expression gene upon alkalinization in wild-type, crzl and rim101 strains. The light-yellow strip delimits

the + 1 log2 fold change region and symbols with dark border denote changes with p-value<0.01.

albeit it only exhibits an overall identity of 29.1% (40.6% similarity). Interestingly, we observe (Fig. 6D) that the
expression of this putative K. phaffii NRGI gene is repressed in response to alkalinization in wild-type cells, but
not in the Rim101-deficient strain. Interestingly, this repression is potentiated in the crzl mutant after 15 and
30 min of alkalinization.

Cellular functions affected by lack of Crz1 and Rim101 in response to alkalinization
Figure 7 shows the expression profile of diverse genes of interest in crzI and rim101 cells compared with the wild-
type strain. Panel 7A shows 3 genes encoding proteins functionally related to calcium homeostasis or function.
PMCI (PAS_chr1-1_0117) encodes a likely vacuolar calcium-transporting ATPase, FRQI (PAS_chrl-1_0170)
encodes an N-myristoylated calcium-binding protein, and PAS_chr4_0802 (YCX1), codes for a protein that
contains a sodium/calcium exchanger membrane region domain. All three appear to be positively regulated by
Crz1, since their expression decreases, moderately for PMCI and FRQI and more abruptly for YCX1 in the crzl
mutant, while remains unaltered in rim1I01 cells. Notably, PMRI, which encodes a Golgi Ca%* ATPase, was not
induced by alkalinization. As shown in Fig. 4B, alkalinization affects differently the expression of genes encoding
high-affinity phosphate transporters (inducing PHO89 but repressing PHO84-1 and, particularly, PHO84-2).
We show here (Fig. 7B) that mutation of rim101 blocks the activation of PHO89 and prevents the decrease in
PHO84-1 and PHO84-2 mRNAs. None of these genes are affected by the absence of Crzl. We also observed
the participation of Rim101 in the regulation of the P-type Na* ATPase transporter ENA2 (PAS_chr1-1_0428),
since the mutation of the transcription factor fully blocks the induction of the gene in response to alkalinization
(Fig. 7C). In contrast, lack of Rim101 promotes the expression of PAS_chr3_0409, likely encoding the Nhal Na*/
H* antiporter, required for sodium and potassium efflux through the plasma membrane. Again, both genes were
insensitive to the crzI mutation.

As mentioned above, alkalinization has a wide influence in the expression of genes required for transition
metals homeostasis, such as iron, copper and zinc. Figure 7D shows that the mutation of RIM101 has a profound
effect on the expression of a subset of these genes, reducing or fully blocking the expression of SIT1-1 (PAS_
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chr3_0662), encoding a siderophore transporter, FET4 (PAS_chr2-2_0009), a low affinity Fe?* transporter,
and ZRT1 (PAS_chr3_0516), the plasma membrane high affinity zinc transporter. It is worth noting that FET4
was also slightly (but significantly) induced in the CRZI mutant. In contrast, the lack of Rim101 potentiated
the expression of another subset of metal-related genes. Thus, the components of the reductive iron pathway
FET3 and FTRI were no longer repressed. This positive effect was particularly strong for FRE2-1 and FRE3,
encoding iron/copper reductases. The low-affinity zinc transporter ZRT2, which was repressed moderately by
alkalinization was also derepressed in the rimI01 mutant. The expression of other metal-related genes induced
by alkalinization, such as FREI, FRE6 and FRES (iron/copper reductases), CTH]I (a putative transcription factor
that regulates iron-related gene expression) or CTRI (the high affinity copper transporter) were not affected
by mutation of RIM101 or CRZI1. Alkaline-repressed genes, such as FRAI (involved in negative regulation of
transcription of the iron regulon), or SMF2 (a putative divalent metal ion transporter) were also unaffected.
Curiously, the expression of PAS_chr2-1_0012, encoding a siderophore transporter related to S. cerevisiae SIT1
and ARN1/2, which was undetectable in wild-type cells and rim101 mutants, could be detected in Crz1-deficient
cells upon alkalinization (Supplementary Table S5).

Proteomic profiling after long-term alkalinization

To evaluate the persistence of the alkaline pH response at the protein level and the influence of the examined
mutations, we collected cells after 3 h from cultures growing at pH 5.5 or shifted to pH 8.0. Samples were processed
for proteomic analysis as described in Material and Methods. Analysis of the data showed 136 differentially
expressed proteins (|log2FC|= 1 with a p-value <0.05, Supplementary Table S6. Of these, 101 showed increased
levels above the threshold whereas 35 were repressed. RNA-seq data provided transcriptomic information for
122 of these proteins (89 induced and 33 repressed). Forty-five induced proteins corresponded to genes that
were also detected as transcriptionally induced (Fig. 8A). This set of proteins showed enrichment in plasma and
vacuolar membrane components, as well as enzymes involved in polyphosphate metabolism (Fig. 8A), including
several phosphate-related proteins (Pho81, Pho5, Vtc4, Vtc2, Pho4-2, Pho89), the iron-related Fre2-1 and Sit1-1,
and the ion transporters Pmc1 and Ena2, as well as the transcription factor Rim101. Thirty-five induced proteins
did not correspond with genes detected transcriptionally altered, whereas nine proteins were induced but their
genes were repressed at least at one time. Two striking examples of the latter were Nitl (C4QZG3), a nitrilase
able to hydrolyze nitrile compounds into carboxylic acids and ammonia, and Pho84-1, one of the two putative
H*-Pi transporters. On the other hand, only 11 of the 33 proteins with decreased levels were also detected as
transcriptionally repressed (Fig. 8A). These included several enzymes involved in amino acid metabolism (Gdh3,
Mepl, Ugal, Carl, Fepl and Arol0), as well as the Pho84-2 H*-Pi transporter. Most proteins with decreased
levels (21) did not show altered gene expression. Only in one case (Ifm1, the translation initiation factor IF-2)
the amount of protein decreased while the mRNA was upregulated, although this latter effect was transient and
occurred only after 15 min of alkalinization.
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Fig. 8. Comparison of the differentially expressed proteins after alkalinization found by proteomics with
their mRNA variations. (A) The behavior of the 122 differentially expressed proteins (|log2FC|> 1, with a p-
value <0.05) for which RNA-seq data was available is represented. Gene Ontology results for each comparison
is included. (B) Effect of the crzI and rim101 mutations in the level of proteins under standard growth
conditions (pH 5.5, left panel) or after 3 h of alkalinization (pH 8.0, right panel). The proteins affected by at
least one of the mutations are distributed according to their dependence on the transcription factors. “Up-
Down” indicates induced in crzI cells but repressed in the rim101 mutant. “Down-Up” denotes the opposite
situation.

Effects of crz1 and rim101 mutations on the proteome

We first investigated the effect of the crzI and rim101 mutations on the proteome in cells growing at standard pH
(5.5). We found 116 proteins affected by at least one of the mutations (Supplementary Table S6 and Fig. 8B). Of
them, 35 were affected only by the crzI mutation (15 downregulated and 20 upregulated), whereas 43 were only
Rim101-dependent. Of these, 24 were found at lower levels (including Gasl1-2, a 1,3-B-glucanosyltransferase,
and two proteins, Sitl-1 and Fre2-1, involved in iron metabolism) and 19 in higher amounts. The expression of
38 proteins was altered by both mutations, with 25 showing upregulation in both mutants, and 11 downregulated
in parallel. Only in one case was the protein upregulated in crzl cells and downregulated in the rim101 mutant
(C4R2T9, the inositol-3-phosphate synthase Inol) or vice versa (C4R5K5, the a-1,2-mannosyltransferase
Mnn2-3).

Then, we compared the changes in protein amounts under standard growth conditions and after alkaline pH
treatment in wild-type, rim101, and crz1 cells (Supplementary Table S6 and Fig. 8B). In this case, to capture more
subtle changes in regulation, we reduced the threshold for selection to |log2|>0.6. Among the 136 differentially
expressed proteins, we detected 31 with valid data for all three strains that were not affected by the mutations.
From the remaining, 70 were affected by the lack of Crzl: 20 with higher levels and 50 with decreased levels
(in the latter case all proteins were induced by alkalinization). A total number of 87 proteins showed altered
levels in the rim101 mutant, with 41 increasing and 46 decreasing their amounts. Interestingly, the number of
proteins affected by both mutations (co-regulated) exceeded those altered only in the single mutants (55 vs 47).
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Fig. 9. The behavior of selected proteins in response to alkalinization in crzI and rim101 mutants. The change
in protein amounts for cells growing for 3 h at pH 8.0 vs pH 5.5 determined from the proteomics experiments
was plotted for wild-type, crzl and rim101 mutants. Plots show the behavior of proteins involved in Na* or
Ca?* transport (A), related to iron and zinc metabolism (B) or phosphate homeostasis (C). The asterisks denote
that there is no data for Pho89 in the mutant strains.

Thirty-three proteins were downregulated in both crzI and rim101 cells upon alkalinization. This figure is about
threefold higher than that observed in cells at pH 5.5 (compare left and right panels in Fig. 8B).

Figure 9 shows the behavior of selected proteins upon alkalinization in the wild-type and mutant strains. The
increase for Ena2 Na*-ATPase was not affected by the lack of Crz1 but fully blocked in the rim10I1 mutant. On
the contrary, expression of Pmc1 was decreased in the crzl strain but augmented in Rim101-deficient cells. We
also observed accumulation of the iron-related Fet3, Ftr1, Fre2-1 and Sitl-1 proteins after alkalinization. Their
levels did not change in crz1 cells, but clearly increased (Fet3, Ftrl, Fre2-1) or decreased (Sit1-1) in the rim101
mutant. In all these cases the dependence (or lack of) from the transcription factors closely mimics that observed
in the RNA-seq experiments. Finally, the proteomic analysis confirmed the accumulation of Pho89, although no
data could be collected for the mutant strains. Depletion of Pho84-2 was also confirmed (compare with Fig. 4B)
as well as its derepression observed in rimI01 cells (Fig. 7B). Interestingly, while the PHO84-1 mRNA declines
with alkalinization (Supplementary Table S3 and Fig. 4B), the protein accumulates moderately after 3 h, albeit
the depressing effect of the rim101 mutation is still observed both at the mRNA and protein levels.
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Discussion

We recently reported the transcriptional response of K. phaffii strain GS115 to moderate alkalinization*® and
presented evidence for the usefulness of alkaline pH-regulated promoters to drive the expression of heterologous
proteins without the need for the use of methanol as carbon source?!. It seems evident that elucidating the
pathways that connect alkaline signaling with the derived transcriptional response could be very useful not only
to understand the stress response mechanisms in K. phaffii, but also to improve expression platforms using such
regulatable promoters. The transcription factors Crz1l and Rim101 are known to be main mediators of stress
responses (including alkaline pH) in many fungi, often acting in a concurrent way*!-4%. Therefore, we decided
to address the possible role of these transcription factors on ionic stress in general and on the adaptation to
alkalinization of the environment in particular. However, in K. phaffii these factors were assigned only based on
limited sequence similarity and not yet functionally characterized. Indeed, the similarity of the top hits identified
by Blastp analysis using the Crz1 and Rim101 proteins from S. cerevisiae as bait was restricted to the presumed
C2H2-type DNA binding region. This was not surprising, as previously reported for Crzl orthologues?. Even
so, the scrutiny for common specific structural features whose functional role was experimentally determined in
other fungi, such as S. cerevisiae and A. nidulans, reinforced our assignation (Fig. 1).

This was further strengthened by phenotypic examination of various single and double mutants created by
CRISPR/Cas9. Mutation of KpCRZ1I resulted in strong sensitivity to calcium cations, a phenotype that has been
observed in CRZI or CrzA mutants in many fungi, such as S. cerevisiae®>*S, C. albicans**¥’, A. nidulans’>*%,
or Neurospora crassa® and is, therefore, considered a landmark of the functional absence of Crzl. In contrast,
we did not detect sensitivity to Na* nor to Mn?* cations, phenotypes that have been observed in S. cerevisiae®
and C. albicans*’. However, it has been reported that mutation of CrzA in A. nidulans affects Mn?2* tolerance
but has little or null effect when cells are challenged with NaCI*>*®. Our Crz1-deficient strains did not show
noticeable growth defect in the presence of LiCl. There is no agreement on this phenotype for this mutation
in other fungi. In fact, sensitivity to Li* has been described for S. cerevisiae®>® but for C. albicans the reports
are contradictory*>*48, and the mutant in A. nidulans appears to be insensitive to Li* cations®’. The Kpcrzl
mutants are somewhat sensitive to alkaline pH. Again, this is not a common trait in fungi, since the mutation
(in contrast to that of calcineurin) barely affects tolerance in S. cerevisiae*® but strongly impairs growth in A.
nidulans®. Reports for C. albicans are contradictory, showing sensitivity?’ or no effect’®. Therefore, although
certain phenotypes derived from lack of Crzl can vary from species to species, those reported here for the K.
phaffii mutant are largely coincident with our assignation.

Mutation of KpRIM101 resulted in marked sensitivity to Li* and Na* cations. Sensitivity to lithium was
somewhat exacerbated by the additional mutation of KpCrzl, suggesting independent pathways. The RIM101
mutants were also strongly sensitive to alkaline pH and SDS. All these phenotypes were coherent with the reported
evidence for rim101 mutants in S. cerevisiae'>1=53, C. albicans>*~>%, and C. neoformans®. In contrast with reports
in S. cerevisiae®®, mutation of KpRIM101 did not influence tolerance to calcium ions, albeit it slightly increased
the sensitivity to the cation when combined with the KpcrzI mutation. The double mutants were also somewhat
more sensitive to alkalinization than the single ones, suggesting again independent regulatory pathways.

The most striking phenotype was a noticeable increase in tolerance to the ionic detergent SDS in the Kpcrzl
mutants, which contrasts with the sensitivity described in many fungi, such as S. cerevisiae®, and C. albicans?.
Studies in S. cerevisiae have uncovered a large number of mutations related to diverse cellular functions that
render cells sensitive to SDS*. The sensitivity of the rim101 mutant could be explained, at least in part, by
the decreased levels of the 1,3-beta-glucanosyltransferase Gas1-2 or the lipid metabolism-related proteins Ipkl
(Inositol-pentakisphosphate 2-kinase) and Inol (inositol-3-phosphate synthase) revealed by our proteomic
analysis. However, we could not extract from our data any clue to justify the tolerance to SDS provided by the
mutation of CRZ1 in K. phaffii. In any case, it is remarkable that, whereas the single rim101 mutant was strongly
sensitive to SDS (no growth at 0.05% SDS) the double mutants were almost as tolerant as the strains lacking Crz1.
This implies that, within this context, the lack of Crzl counteracts the absence of Rim101, suggesting opposite
functions. Such genetic interaction is surprising because, in general, concurrent or independent functions have
been attributed to these transcription factors in fungi. However, a recent example of opposite transcriptional
regulation for Crzl (positively) and Rim101 (negatively) have been reported for PHR2 (a putative homolog of K.
phaffii GAS1-1), in C. albicans®!.

Our transcriptomic analysis indicates that the number of genes whose expression is altered in rim101 cells
exceeds in about fivefold that of found in the crz1 strain. Thus, Rim101 exerts a wider control on gene regulation
in response to alkalinization than Crzl. This finding aligns with the more pronounced effect of the rim101
mutation on alkaline pH tolerance. We also show that the Crz1-sensitive response appears early (15 min) after
alkalinization. This would fit with the almost immediate entry of calcium upon alkalinization reported for S.
cerevisiae and C. albicans?®>* and the fast binding of Crz1 to specific promoters found in S. cerevisiae*°2%, In
contrast, the main effect of the lack of Rim101 function is delayed, becoming more evident after 30 and 60 min,
thus suggesting an indirect effect. As mentioned in the Introduction, in S. cerevisiae, activation of Rim101 in
response to alkalinization leads to repression of Nrgl, which in turn allows the expression of a subset of alkali-
inducible genes?>. We detect an enrichment for Nrgl-binding sites (but not for Rim101 consensus sequences)
in the promoter of genes that are no longer upregulated by high pH in the rimI101 mutant. In addition, we
observe that alkalinization results in the rapid downregulation of Nrgl that is prevented by mutation of RIM101
(Fig. 6D). Interestingly, analysis of the NRGI promoter allows identifying a Rim101 consensus site at position
—211/-205 (p-value 7.4E-5), as well as a Crz1 site (p-value 4.8E-5) which might explain the increased repression
observed in the crzI mutant upon alkalinization.

The analysis of transcriptomic and proteomic data helps explaining some phenotypes derived from the
mutation of the transcription factors. Pmcl is a vacuolar Ca?* ATPase involved in depleting cytosol of Ca?* ions
required for normal Ca?* tolerance and whose expression is mediated by Crzl in S. cerevisiae>>*>146* and C.
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albicans33345, We observe that expression of PMCI is impaired in the crz1 strain in response to alkalinization,

suggesting that PMCI expression in K. phaffii is regulated by Crzl. Therefore, it is reasonable to assume that
the sensitivity to calcium observed in our crzl strain could be attributed, at least in part, to the decrease in the
levels of Pmcl. Interestingly, we did not observe alterations in expression of PMR1, the P-type ATPase required
for Ca?* and Mn?* transport into Golgi, which was reported to be dependent on calcineurin in S. cerevisiae®.
On the other hand, ENA ATPases are well-known as primary elements to expel toxic monovalent cations and as
key determinants for alkaline tolerance in diverse fungi®®®’. We show here that crzI mutants are barely affected
by Li*, Na*, or alkaline pH, but that rimI01-deficient cells are rather sensitive to all three stressful conditions.
Consistently with this phenotype, we also observe that the induction of Ena2, the sole Na*-ATPase encoded
in K. phaffii, is largely abolished in the Rim101 mutant, but not in crzlI cells (Figs. 7C and 9A). Work in S.
cerevisiae has shown that ENAI presents a complex regulation in response to alkaline pH stress that involves
calcineurin/Crzl as well as Rim101/Nrgl and Snfl/Nrgl-mediated pathways?>%-70, Similarly, in C. albicans
ENA2 is induced by alkalinization, and this induction is, at least in part, dependent of Rim101%7. However, it is
known* that in C. albicans alkalinization triggers an immediate calcium influx®®, and that ENA2 is also induced
by calcium?? thus suggesting that Crz1 could also be involved in the regulation of the Na*-ATPase in this fungus.
In contrast, our observation that upon alkalinization the control of ENA2 in K. phaffii seems to be independent
of Crzl and largely dependent on Rim101 is reminiscent of the scenario in A. nidulans, where the expression
pattern of the main ATPase isoforms, EnaB and EnaA, are completely inhibited in a mutant expressing a non-
functional PacC protein’!.

Early work on S. cerevisiae and C. albicans showed that alkalinization of the medium led to the induction
of genes involved in phosphate uptake and metabolism, including the high-affinity H*-Pi cotransporter
PHO84?74244 Induction of PHO84 in S. cerevisiae was found to be fully dependent on Pho4*, but Rim101-
independent?®. As described above, K. phaffii appears to encode two possible Pho84 transporters. We observe
that both are repressed by alkalinization at the mRNA level (Fig. 4B) and that repression is relieved by mutation
of RIM101 (Fig. 7B). However, our proteomic data indicates that 3 h after alkalinization, Pho84-2 remains
repressed but the levels of Pho84-1 appear to be somewhat increased, suggesting that the transcriptional
repression of this specific isoform might be released later in time. In any case, the effect of the RIM101 mutation
is also observed at the protein level for both isoforms (Fig. 9C). Examination of public datasets reveals that
repression of PHO84 by alkaline pH is not exclusive of K. phaffii. In A. nidulans, at least one of the two possible
PHOB84 genes (AN1612) is repressed’?. Another interesting example is found in fission yeast. SPAC23D3.12 and
SPBC8E4.01c are S. pombe genes encoding putative Pho84 proteins: while the former is upregulated by alkaline
pH, the latter is repressed”’. A possible explanation for this disparate behavior could be the pH-dependency of
these proteins for efficient phosphate import. Thus, Pho84 transporters from S. cerevisiae and C. albicans are still
efficient slightly above neutrality’*”>. Nonetheless, it could be possible that specific Pho84 isoforms expressed
in certain fungi could be useless (or even detrimental) above neutrality, thus being an advantage avoiding their
expression. However, this hypothesis would not explain why K. phaffii PHO84-2 was also found repressed upon
phosphate starvation under acidic conditions®.

As mentioned above, K. phaffii PHO89 encodes a high-affinity Na*-Pi symporter that is induced by phosphate
starvation’®. We confirm here our previous observation?” that the gene is also induced by alkalinization. It is
worth noting that, in addition to alkalinization, K. phaffii ENA2 is induced by Pi starvation as well*®7®. This
coordinate regulation is reminiscent of that described in S. cerevisiae and would be explained by the necessity of
removing toxic Na* ions introduced by Pho89 when this transporter becomes a relevant player for the import of
phosphate””. We also show here that the induction of PHO89 is fully blocked by mutation of RIM101 but not by
that of CRZ1 (Supplementary Table S3 and Fig. 7B). In this line, a Rim101-dependent response to alkalinization
was also described for C. albicans PHO89 (C4_01940W_A)?’. However, our results are somewhat surprising,
since we previously identified in the PHO89 promoter two putative Crzl-binding sites whose combined
mutation drastically decreased the expression of a PHO89-GFP reporter®. Clearly, a deeper analysis of this
interesting promoter is required, given its possible usefulness in the design of alkaline pH-induced heterologous
expression platforms?!.

In conclusion, here we characterize the functional and transcriptional relevance in the response to alkaline pH
of the K. phaffii Crz1 and Rim101 transcription factors. As far as we know, this is the first study on the functional
roles of these transcription factors in this industrially relevant fungus. We show that Rim101 plays a major role
in high pH tolerance and is a key player in the transcriptional response to alkalinization. However, a substantial
number of alkaline pH responsive genes (about 40%) are not under the control of these transcription factors.
An example is HSP12, whose promoter has been successfully tested for alkaline pH-induced production of
secreted phytase®!. A deeper understanding of the molecular mechanisms governing gene regulation in response
to alkalinization will aid both in tailoring host cells for higher pH tolerance and in designing hybrid synthetic
alkaline pH-regulatable promoters, as recently reported for S. cerevisiae’®, for improved protein expression in
methanol-free systems.

Materials and methods

Recombinant DNA techniques

The DH5a Escherichia coli strain was used for plasmid host and grown at 37 °C in LB medium supplemented with
hygromycin B (100 pg/ml) when needed for plasmid selection. E. coli transformation and standard recombinant
DNA techniques were performed as described”®. Transformation of yeast cells by electroporation was carried out
as in® with a Gene Pulser electroporator (Bio-Rad).
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Generation of K. phaffii mutants

Introduction of different mutations in the ORFs of PAS_chr2-2_0202 (KpCRZ1)and PAS_chr3_0625 (KpRIM101)
was accomplished by CRISPR/Cas-mediated gene disruption as described in®!. Briefly, two different single-guide
RNAs (sgRNAs) were constructed for each gene by overlap extension PCR using oligonucleotides described
in Supplementary Table S1 and Q5 DNA polymerase (New England Biolabs). The constructs, flanked by Bpil
restriction sites, were purified by agarose gel electrophoresis and cloned by a Golden Gate assembly reaction into
the vector BB3cH_pGAP_23*_pLAT1_Cas9%:32, This vector contains the S. cerevisiae CEN6/ARS4 sequence to
allow episomal maintenance in K. phaffii, expresses hCas9 from the LATI promoter, and can be selected in the
presence of hygromycin (Addgene # 104907). The Cas9 target sequences were chosen using the CHOPCHOP
v3 web toolbox®?.

The different constructs (Supp. File 1) were introduced into K. phaffii strain X-33 by electroporation and
plated on YPD agar containing hygromycin (200 pg/ml). Initial colonies were streaked out twice on selective
YPD agar plates, and genomic DNA from three isolated colonies was amplified using oligonucleotides listed
in Supplementary Table S1. The amplification fragments were sequenced to identify the nature of the mutation
generated in each clone. Positive clones were grown in liquid YPD for 48 h, re-inoculated in YPD and grown for
24 h, and finally deposited in patches on YPD plates with or without hygromycin, to identify clones cured for the
vector. Finally, selected mutants were confirmed again by sequencing the mutated genomic locus. The double
mutants were made by transformation of strain PJA-001 (crzI1-A559) with constructs p907-SgRNA-Rim101(4)
and p907-SgRNA-Rim101(26) and were selected as above. The specific genotype of these strains is shown in
Table 1.

Phenotypic characterization of crz1, rim101 and crz1 rim101 mutants

Strains were tested for an array of phenotypes in both liquid and solid media, usually YPGly or YPD (YP with
2% glycerol or 2% glucose as carbon source, respectively). For characterization in liquid medium, exponential
cultures were inoculated at OD,=0.004 in 300 pl of the specific medium in Bioscreen honeycomb microplates
(#9502550) and cultured for 18-24 h with vigorous shaking in an IKA-Schuttler MTS-2 orbital shaker at 900
strokes/min and 28 °C. For phenotyping in solid media, cultures were diluted to an OD, of 0.05 and two
fivefold dilutions were further prepared. Three pl of each dilution were spotted on the appropriate plates and
grown for the indicated times prior documentation.

RNA preparation and transcriptomic analysis

Total RNA was prepared from control and alkaline pH-treated (pH 8.0) cells growing on YP with glycerol (2%
v/v) as carbon source) as described in%’, except that each RNA sample was prepared from 50 ml cultures. Three
independent cultures for wild-type and crzl mutant (strain PJA-001) cells, and two for the rim101 strain (PJA-
007) were prepared. The RNA concentration in the samples was determined by Qubit assay (ThermoFisher)
and the RNA integrity by capillary electrophoresis (Agilent Bioanalyzer System). Messenger RNA (mRNA) was
purified from total RNA using poly-T oligo-attached magnetic beads and the first strand cDNA was synthesized
using random hexamer primers. After synthesis of the second strand, the material was end repaired, and
subjected to A-tailing, adapter ligation, size selection, and amplification. Upon purification, the final libraries
were checked with Qubit and real-time PCR for quantification and with the Agilent Bioanalyzer System for size
distribution detection.

Libraries were pooled and sequenced with an Illumina platform at Novogene. After base calling, the average
of Q30 or higher quality (Phred scale) was 93.8% (ranging from 92.2 to 95.7%). Raw data was filtered to remove
reads containing adapters, over 10% of undetermined bases or reads with too many low quality (Q) bases, to yield
an average of 42.9 million of clean reads per sample. Reads (fastq files) were mapped onto the K. phaffii GS115
GCA_000027005.1 assembly with the Bowtie2 software v2.5.3% in local / sensitive mode, yielding an average of
92.3% of mapped reads. SAM files were loaded onto the SeqMonk software v1.48.1 (https://www.bioinformatic
s.babraham.ac.uk/projects/seqmonk/), and mapped reads were counted using the RNA-Seq pipeline on mRNA
features. Differentially expressed genes with respect to time zero or among the same time-point for the different
strains were identified using the built-in EdgeR package, selecting the multiple testing correction option®>. Genes
with a p-value<0.01 and a log2 fold-change <—1 or > 1 were selected for further analysis. Functional annotations
were obtained from NCBT’s “Feature Table” of the GCA_000027005.1 assembly and enriched with the additional
information generated in?**®. The RNA-seq data has been deposited into the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE297128.

Proteomics analysis

For proteomics analysis of the effect of alkalinization, the K. phaffii wild-type, crz1, and rim101 strains employed
for transcriptomic analysis were grown overnight on YPGly medium. Then, cultures were diluted in 50 ml of
fresh YPGly medium at an OD, of 0.2 and growth was resumed until an OD, of about 0.6 was reached. Two
25 ml-aliquots were centrifuged for 4 min at 1000xg at room temperature and supernatants were discarded.
One aliquot was resuspended in 25 ml of YPGly medium plus 50 mM TAPS pH 5.5 (control cells) and the other
aliquot was resuspended in 25 ml YPGly medium supplemented with 50 mM TAPS adjusted to pH 8.0 (alkali-
stressed cells). After 180 min of incubation, cells were transferred to 50 ml tubes pre-chilled on ice, centrifuged
for 4 min at 1000xg at 4 °C, and supernatants were discarded. Cell pellets were washed with 500 ul cold water and
transferred to 1.5 ml tubes pre-chilled on ice. After a brief centrifugation (2 min at 1000xg, 4 °C), supernatants
were discarded, and tubes were snap frozen in liquid nitrogen and stored at —80 °C. For cell lysis, 500 pl of
lysis buffer (20 mM Tris-HCI pH 7.5, 100 mM NaCl, 10 mM MgClz, 1% Triton X-100, 1 mM dithiothreitol
(DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.8 U/ul RNasin Plus RNase inhibitor (Promega), 0.04
U/ul Turbo DNase (Invitrogen), EDTA-free protease inhibitor cocktail (Roche) and PhosSTOP phosphatase
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inhibitor cocktail (Roche)) and the same volume of 0.5 mm diameter glass beads (BioSpec) were added directly
to the cells. Cells were lysed on an orbital shaker (VXR basic Vibrax, IKA) at 2200 rpm for 15 min at 4 °C. Cell
debris, unbroken cells, and glass beads were pelleted by centrifugation at 2000xg for 2 min at 4 °C. Supernatants
were collected in fresh 1.5 ml tubes pre-chilled on ice and centrifuged at 8000xg for 2 min at 4 °C. Finally,
supernatants were further clarified by centrifugation at 8000xg for 10 min at 4 °C.

Sample preparation and data-independent acquisition (DIA) LC-MS/MS was performed as described
in Supplementary File S1. The acquired raw files were searched using SpectroNaut (Biognosys, Schlieren,
Switzerland, v19.0, default settings) against a K. phaffii database (UP000000314, consisting of 5073 protein
sequences, downloaded from Uniprot on 2024/04/22) and 393 commonly observed contaminants. The
following search criteria were used: full tryptic specificity was required (cleavage after lysine or arginine
residues, unless followed by proline); three missed cleavages were allowed; carbamidomethylation (C) was set
as fixed modification; oxidation (M), N-acetlyation (N-term) were applied as variable modifications. The raw
quantitative data was further statistically analyzed using MSstats®’. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository® with the dataset
identifier PXD064682.

Other techniques

Gene Ontology analysis was performed with g:Profiler’ using the K. phaffii GS115 data from the Ensemble
Genomes fungi database and the default settings. The search for predicted Crzl, Nrgl/Nrg2, and Rim101
consensus sites was performed at the RSAT site by extracting the upstream —800/-1 sequences relative to the
initiating ATG (allowing overlapping with adjacent CDS) from the K. phaffii GS115 genome (GCF_000027005.1_
ASM2700v1) and using the Matrix Scan algorithm® onto the fungal YEASTRACT database. A p-value of
10~* was set as selection threshold. In addition to the lists of genes generated in our RNA-seq analysis, three
independent sets of 200 upstream sequences randomly extracted from the K. phaffii GS115 genome were
analyzed as a reference set. The sequences were also analyzed using the SEA (Simple Enrichment Analysis) tool
from the MEME suite”! running against the randomly selected upstream sequences. Pairwise protein alignments
were made with the EMBL-EBI EMBOSS Needle software with default options (https://www.ebi.ac.uk/jdispatc
her/psa/emboss_needle).

Data availability

The transcriptomics datasets generated during the current study are available at the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE297128. Mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD064682. Other data generated or analyzed during this study are included in this
published article (and its Supplementary Information files). Additional data related to this study is available from
the corresponding author on reasonable request.
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