Supporting information

Yarrowia lipolytica, Komagatoella phaffii and secretory proteins: recombinant laccase as a case study

Constance Kellera*, Rocio Cozmara*, Miguel Alcaldeb, Patrick Fickersa

aTERRA Teaching and Research Centre, Gembloux Agrobiotech, University of Liege, Belgium.
bDepartment of Biocatalysis, Institute of Catalysis, CSIC, 28049 Madrid, Spain

Corresponding author:  
Patrick Fickers
TERRA Teaching and Research Centre, Gembloux Agrobiotech, University of Liege, Belgium

* The two authors contributed equally. 






Supporting information A: plasmid and the strain construction, cultures conditions and enzyme assay

Molecular biology techniques 
E. coli was grown at 37°C in Luria-Bertani medium (LB), supplemented with antibiotics as follows: 100 µg mL-1 ampicillin, 50 µg mL-1 kanamycin. Golden gate assembly was as described elsewhere (Celinska et al., 2018). Vector TopoBluntII was from Invitrogen (Waltham, Massachusetts, United States). Q5 High-Fidelity DNA polymerase (New England Biolabs, Ipswich, Massachusetts, United States) was used for PCR amplification with annealing temperature of 65 °C and elongation time of 2 min. Restriction enzymes (NotI, BsaI) and DNA ligase were from New England Biolabs. DNA fragments were purified from agarose gels using a NucleoSpin Gel and a PCR clean-up kit (Machery-Nagel, Düren, Germany). Plasmid purification was made using the NucleoSpin Plasmid EasyPure kit (Macherey-Nagel). Quantitative PCR (qPCR) were performed as described elsewhere (Bustos et al 2024) Primer pairs LacqPCR-F/LacqPCR-R that hybridized withing the LacVader coding sequence, and ACT-F/ACT-R specific for actin gene used as a reference were used (Table S1). Total RNA was extracted using the NucleoSpin RNA Plus kit (Machery-Nagel). qPCR was performed using the Luna Universal qPCR Master Mix and the Step OnePlus Real-Time PCR system (Thermo Scientific). SanpGene software (Dotmatics) was used for in silico plasmid construction and primer design.

Culture media
BMD1 medium contained 100 mM potassium phosphate buffer pH 6.0, 3.5 g/L yeast nitrogen base without amino acids, 400 μg/Lbiotin and 10 g/L D-glucose. BMM2 medium contained 100 mM potassium phosphate buffer pH 6.0, 3.5 g/L yeast nitrogen base without amino acids, 400 μg/L biotin and 2% methanol (v:v). BMM10 medium contained 100 mM potassium phosphate buffer pH 6.0, 3.5 g/L yeast nitrogen base without amino acids, 400 μg/L biotin and 10% methanol(v:v). YNBDCu medium contained 50 mM potassium phosphate buffer pH 6.8, 1.7 g/L yeast nitrogen base w/o NH4SO4 and amino acid, 20 g/L glucose, 5 g/L NH4Cl 5 g/L, 2 g/L casamino acids, 0.1 mM CuSO4 0.1.

Yeast culture
Cultures were performed in 24-square deepwell plates (Enzyscreen, Bennebrroek, The Netherland) at an oxygen transfer rate in the range of 30-40 mmol O2 l-1 h-1, which is similar to that typically achieved in stirred tank reactors (Duetz et al 2000, Duetz and Witholt, 2004). Culture of Y. lipolytica strains were performed in 1.5 ml of medium YNBDCu. K. phaffii was first grown in 550 mL of BMD1. ﻿Ater 36h of growth, the first induction was carried out with 700 µL of BMM2. Second and third inductions were performed at 48 and 60h by adding 215 µL of BMM10. All cultures were inoculated at an initial OD 600 nm of 0.5 from a 24h precultures in the same media. Sampling volume was equal to 150 mL.

Plasmid construction 
The primers sequence used for PCR are listed in Table S1. The fusion constructs containing the pre-pro-a peptide and the LacVader mature DNA sequence was generated by overlap extension PCR in two steps to eliminate the internal BsaI site present in the laccase coding sequence. In the first step, two PCR reactions were performed using primer pairs Lac01b/Lac04 and Lac03/Lac02, with plasmid pJRoC30 as the template. The resulting 0.6-kb and 1.1-kb fragments were purified and used as templates in a second PCR with primers Lac01b/Lac02. The resulting 1.75-kb fragment was cloned into a TopoBluntII vector and sequence-verified using M13 primers. This construct was designated RIP528 (aPre-Pro-Lacc, Fig. S1). Primers Lac01b and Lac02 were designed to introduce D (AATG) and E (TCTA)-type overhangs, respectively.
The LacVader mature sequence was amplified from plasmid RIE528 using primers Lac05/Lac02. The resulting 1.5-kb fragment was cloned into a TopoBluntII vector and sequence-verified. This construct was designated RIE529 (Lacc biobrick, Fig. S1). Primer Lac05 was designed to introduce an X (TGCC)-type overhang.
The aPro-LacVader fusion was amplified from plasmid RIE528 using primers Lac06/Lac02. The resulting 1.75-kb fragment was cloned into a TopoBluntII vector and sequence-verified. This construct was designated RIE530 (aPro-Lacc biobrick, Fig. S1). Primer Lac06 was designed to introduce an X-type overhang.
The Lip2Pro-LacVader fusion was amplified from plasmid RIE528 using primers Lac07/Lac02. The resulting 1.75-kb fragment was cloned into a TopoBluntII vector and sequence-verified. This construct was designated RIE531 (Lip2Pro-Lacc biobrick, Fig. S1). Primer Lac07 was designed to introduce an X-type overhang and the Lip2Pro sequence.
For Golden Gate assemblies, the following vectors were used: GGE146 (promoter PTEF-4UAS), GGE020 (LIP2 transcriptional terminator, LIP2tt), GGE083 (URA3 marker), GGE029 (backbone vector GB3), GGE255 (Lip2-NotI-up), and GGE254 (Lip2-NotI-down). These were combined with GGV0063 (Yps3Pre), GGV0069 (Lip2Pre), GGV0071 (SoAmyPre), RIP532 (aPre), RIE529 (Lacc biobrick), RIE530 (aPro-Lacc biobrick), or RIE532 (Lip2Pro-Lacc biobrick). The detailed assembly protocol was described previously (Celinska et al., 2017, 2018). The resulting constructs are summarized in Table S2. The integrity of all constructs was confirmed by DNA sequencing (Whole plasmid sequencing, EuroFins, Germany). 

	Table S1: Primers

	Strain 
	Sequence 5’-3’

	Lac01B
	GGGGGTCTCTAATGAGATTTCCTTCAATTTTTACTGATGTTTTATTCGC

	Lac02
	CCCGGTCTCTTAGATCAGAGGTCGCTGGGG

	Lac03
	CTGTGACGGACTCAGGGGTCCG

	Lac04
	CGGACCCCTGAGTCCGTCACAG

	Lac05
	GGGGGTCTCTTGCCGAATTCAGCATTGGGCCAGTCG

	Lac06
	GGGGGTCTCTTGCCGCTCCAGTCAACACTACAACAGAAG

	Lac07
	GGTCTCTTGCCCTCCCTTCCCCCATCACTCCTTCTGAGGCCGCAGTTCTCCAGAAGCGAGAATTCAGCATTGGGCCAGTCG

	pTEF-Fo
	GCGTAGGGTACTGCAGTCTG

	Lac-Rev
	GAAGGGCACGGATCCAGTAG

	LacqPCR-F
	ATGCGACCCGAATTACACGT

	LacqPCR-R
	GAAGGGCACGGATCCAGTAG

	ACT-F
	TCCAGGCCGTCCTCTCCC

	ACT-R
	GGCCAGCCATATCGAGTCGCA

	BsaI site is in bold, Lip2Pro sequence is underline
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Fig S1: Schematic representation of the constructed expression systems obtained by Golden Gate (GG) assembly. Abbreviations are as follow: PTEF, promoter pTEF-4UA (GGE146); Pre, presequence (aPre, Yps3Pre, Lip2Pre or SoAmyPre); Lacc, LacVader laccase encoding gene; LIP2tt; LIP2 transcriptional terminator.




	Table S1. Escherichia coli strains used in this study.

	Strain name (plasmid)
	Plasmid, genotype,
(integration locus)
	Source/Reference

	A1 (GGE029)
	backbone vector GB3, overhang A:M (GCCT-TGCG)
	Celinska et al 2018

	A3 (GGE083)
	URA3 marker, overhangs B:C (AGGT-ACGG)
	Celinska et al 2018

	B1 (GGE146)
	promoter pTEF-4UAS, overhangs C:D (ACGG-AATG)
	Celinska et al 2018

	D12 (GGE020)
	LIP2tt, overhangs E:L (TCTA:GAGT)
	Celinska et al 2018

	E12 (GGE254)
	Lip2-NotI-down, overhangs L:M (GAGT-TGCG)
	Celinska et al 2018

	E11 (GGE255)
	Lip2-NotI-up, overhangs A:B (GCCT-AGGT)
	Celinska et al 2018

	GGE0063 (GGV0063)
	Yps3Pre, overhangs D:X (AATG-TGCC)
	Celinska and Nicaud 2019

	GGE0069 (GGV0069)
	Lip2Pre, overhangs D:X (AATG-TGCC)
	Celinska and Nicaud 2019

	GGE0071 (GGV0071)
	SoAmyPre, overhangs D:X (AATG-TGCC)
	Celinska and Nicaud 2019

	RIE528 (RIP528)
	TopoBluntII vector, apre-apro-LacVader, overhangs D:E (AATG-TCTA)
	This work

	RIE529 (RIP529)
	TopoBluntII vector, LacVader, overhangs X:E (TGCC- TCTA)
	This work

	RIE530 (RIP530)
	TopoBluntII vector, aPro-LacVader, overhangs X:E (TGCC- TCTA)
	This work

	RIE531 (RIP531)
	TopoBluntII vector, Lip2Pro-LacVader, overhangs X:E (TGCC- TCTA)
	This work

	RIE532 (RIP532)
	pEX-K168-aPre from S. cerevisiae, synthetic DNA, overhangs D:X (AATG-TGCC)
	This work

	RIE534 (RIP534)
	GG assembly, aPre-LacVader
	This work

	RIE535 (RIP535)
	GG assembly, Yps3Pre-LacVader
	This work

	RIE536 (RIP536)
	GG assembly, Lip2Pre-LacVader
	This work

	RIE537 (RIP537)
	GG assembly, SoAmyPre-LacVader
	This work

	RIE538 (RIP538)
	GG assembly, aPre-aPro-LacVader
	This work

	RIE539 (RIP539)
	GG assembly, Yps3Pre-aPro-LacVader
	This work

	RIE540 (RIP540)
	GG assembly, Lip2Pre-aPro-LacVader
	This work

	RIE541 (RIP541)
	GG assembly, SoAmyPre-aPro-LacVader
	This work

	RIE542 (RIP542)
	GG assembly, aPre-Lip2Pro-LacVader
	This work

	RIE543 (RIP543)
	GG assembly, Yps3Pre-Lip2Pro-LacVader
	This work

	RIE544 (RIP544)
	GG assembly, Lip2Pre-Lip2Pro-LacVader
	This work

	RIE545 (RIP545)
	GG assembly, SoAmyPre-Lip2Pro-LacVader
	This work

	RIE546 (RIP546)
	pJRoC30, pPDF-aPre-aPro-LacVader.
	This work

	All Golden Gate constructs contained in addition to the Pre-(Pro)-LacVader fusion the following biobricks A1, A3, B1, D12, E11 and E12.



Y. lipolytica strain construction and verification
Y. lipolytica RIY146 strain was transformed by the lithium acetate method (Barth and Gallardin, 1996). The LacVader expression cassettes were released from the corresponding plasmids by NotI digestion and gel purified. Transformants were selected on YNBG plates after 48 h incubation at 28 °C. To verify the genotype of the yeast transformants, colony PCR were performed using ﻿ Phire Plant Direct PCR Master Mix (Thermo Scientific) with primers pTEF-Fo and LacRev that anneal in the pTEF and Lacc region, respectively. 

K. phaffii strain construction and verification
For the expression of LacVader in K. phaffii, the strain BG11 and the plasmid pBSY5Z, containing the expression cassette under the control of the PDF promoter, were kindly provided by Bisy (Graz, Austria). An initial screening to select the best-performing transformants was conducted in deep-well plates. Individual colonies were used to inoculate 250 µL BMD medium per well. These cultures were grown for 60 hours at 28°C with shaking at 340 rpm and 80% humidity. Following this growth phase, protein expression was induced by the addition of 250 µL of BMM2. To sustain expression, cultures were further fed with 50 µL of BMM10 at 70, 82, and 106 hours post-inoculation. All media used for induction in the deep-well plates were supplemented with 0.1 mM CuSO₄.

Laccase activity
Laccase activity was determined as described elsewhere (Mate et al., 2013) using ABTS as a substrate (0.5 mM in 100 mM sodium acetate buffer pH 4.5; ﻿molar extinction coefficient of ABTS at 420 nm of 36 000 M-1.cm-1).


Supporting information B: Integration consistency check among constructed strain

To assess the consistency of the copy number of the LacVader cassette integration at the LIP2 locus, two randomly selected transformants per construct were cultivated in triplicate in deep-well plates containing YNBCu medium, and the laccase activity was measured in triplicate after 48 h of growth. Specific laccase activity was then calculated from the corresponding biomass values and expressed as units per gram of cell dry weight (U·gDCW⁻¹). When the nine activity values obtained for each transformant were within a comparable range (i.e., without significant differences) for both transformants, it was assumed that the LacVadder cassette copy number was identical and most likely equal to one. Indeed, the probability of independent multicopy integration at the same copy number in two randomly chosen transformants is low, especially when transformant selection is based on auxotrophy (here for uracil with URA3 marker). As shown in Fig. S2, the specific laccase activities were consistent for both transformant across all tested strains, except for the Lip2Pre-LacVader construct. In this case, activities of 6.8 ± 4.1 U·gDCW⁻¹ and 26.1 ± 7.3 U·gDCW⁻¹ were obtained, suggesting that one transformant carried two copies of the LacVadder expression cassette. For subsequent experiments, the Lip2Pre-LacVader transformant with the lower laccase activity was selected, while for all other constructed strains, one transformant was selected at random.
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Figure S2: Assessment of gene integration consistency. For each construct, two transformants were cultivated in biological triplicates for 48h. The laccase activity was determined in triplicate and specific laccase activity calculated from the corresponding biomass. For both transformants per constructed strain, nine values are given.



Supporting information C: Biomass at 72 h of culture
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Figure S3: Biomass after 72 of growth of the different Y. lipolytica strains grown in deepweel plate in YNBCu medium in triplicate. Box represents the minimal and maximal value obtained. Black dots represent the obtained values. 
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