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Abstract

Background: Crude glycerol coming from biodiesel production is an attractive carbon source for biological produc-
tion of chemicals. The major impurity in preparations of crude glycerol is methanol, which is toxic for most microbes.
Development of microbes, which would not only tolerate the methanol, but also use it as co-substrate, would
increase the feasibility of bioprocesses using crude glycerol as substrate.

Results: To prevent methanol conversion to CO, via formaldehyde and formate, the formaldehyde dehydrogenase
(FLD) gene was identified in and deleted from Yarrowia lipolytica. The deletion strain was able to convert methanol to
formaldehyde without expression of heterologous methanol dehydrogenases. Further, it was shown that expression
of heterologous formaldehyde assimilating enzymes could complement the deletion of FLD. The expression of either
3-hexulose-6-phosphate synthase (HPS) enzyme of ribulose monosphosphate pathway or dihydroxyacetone synthase

sensitive Afld] strain.

(DHAS) enzyme of xylulose monosphosphate pathway restored the formaldehyde tolerance of the formaldehyde

Conclusions: In silico, the expression of heterologous formaldehyde assimilation pathways enable Y. lipolytica to
use methanol as substrate for growth and metabolite production. In vivo, methanol was shown to be converted to
formaldehyde and the enzymes of formaldehyde assimilation were actively expressed in this yeast. However, further
development is required to enable Y. lipolytica to efficiently use methanol as co-substrate with glycerol.
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Background
Yeast Yarrowia lipolytica is a non-pathogenic obligate aer-
obe which has potential for many industrial applications,
such as production of organic acids, aroma compounds,
enzymes and lipids [1, 2]. Y. lipolytica is or has been used
in commercial processes for production of, e.g. single cell
proteins (SCP), citric acid, erythritol, omega-3-eicosapen-
taenoic acid (EPA) and lysosomal enzymes [3, 4].
Recently, Y. lipolytica has come up as an appealing host
for applications which use crude glycerol as a carbon
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source [5, 6]. Crude glycerol is a by-product of biodiesel
production, in which lipids are chemically transesterified
using small alcohols, such as methanol or ethanol [7, 8].
In the process, glycerol is produced at the level of roughly
10 wt% of the main product biodiesel (fatty acid methyl
esters). Depending on the details of the process, different
levels of other by-products such as alcohols, salts, heavy
metals and water are present in the glycerol fraction [9].
For chemical conversion of crude glycerol, purification
of the substrate is required. Bioconversion allows the use
of crude glycerol without further purification [10-12].
Oleaginous yeasts can be used to produce microbial oils
from crude glycerol, thus enhancing the feasibility of the
biodiesel process [10]. In addition, these yeasts could be
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used for the conversion of crude glycerol to higher value
chemicals such as different fatty acids or biopolymer
components [13, 14].

Besides water, the major impurity in crude glycerol is
methanol, which is known to have inhibitory effects on
microbial growth [15, 16]. The methanol concentration
varies considerably from batch to batch, but it can be
relatively high. In the study by Thompson and He [17],
methanol contents up to 37.5 (wt)% were found in crude
glycerol. Although methanol can be removed by evapo-
ration, it requires energy and thus the process would be
more efficient if the micro-organism tolerated the metha-
nol. Recently, Iyyappan et al. used an adaptation strategy
to increase the methanol tolerance of an Aspergillus niger
strain for production of malic acid from crude glycerol
[18]. In the most desirable process, however, the organ-
ism would not only tolerate methanol, but also use it as a
co-substrate with glycerol.

Native methanol-utilising microbes oxidise methanol
to formaldehyde, which can either be dissimilated to car-
bon dioxide or assimilated to biomass. Methanol oxida-
tion is catalysed by methanol dehydrogenases, which are
divided to three classes based on their electron acceptors
(reviewed by [19]). Prokaryotes use either NAD or PQQ-
dependent methanol dehydrogenases while eukaryotic
(yeast) methanol dehydrogenases use oxygen as the elec-
tron acceptor. The NAD dependent methanol dehydro-
genases (EC 1.1.1.244) of gram positive methylotrophic
bacteria have been successfully expressed in Corynebacte-
rium glutamicum and Escherichia coli [20, 21]. In addition,
the alcohol oxidase (EC 1.1.3.13) from yeast Pichia pastoris
was recently introduced to Saccharomyces cerevisiae [22].

Methanol oxidation leads to formaldehyde production
inside cells. Formaldehyde, which is produced also in other
cellular processes, is highly cytotoxic and thus all organ-
isms possess formaldehyde detoxification pathways [23].
The detoxification of formaldehyde can happen enzymati-
cally, but a common mechanism is a non-enzymatic bind-
ing of formaldehyde to thiol or pterin [23, 24]. After the
non-enzymatic step, formaldehyde is further converted by
enzymatic mechanisms. In yeasts (both methylotrophic
and non-methylotrophic), formaldehyde is detoxified
through a glutathione-dependent pathway. Glutathione-
bound formaldehyde is oxidised to carbon dioxide by the
actions of formaldehyde dehydrogenase (FLD; EC 1.2.1.1)
and formate dehydrogenase (FDH; EC 1.2.1.2) [25-27].

In methylotrophic organisms, there exists formaldehyde
assimilation pathways in addition to formaldehyde dis-
similation pathways. In methylotrophic prokaryotes, the
conversion of formaldehyde to biomass components occur
either through the serine cycle or the ribulose monophos-
phate pathway (RuMP) [28, 29]. In the serine cycle of alpha-
proteobacteria, formaldehyde is converted to methylene
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tetrahydrofolate either enzymatically or via a non-enzymatic
reaction. Methylene tetrahydrofolate condenses with glycine
to form serine. Glycine is then regenerated through a series
of enzymatic reactions thus closing the cycle (reviewed by
[30]). The RuMP pathway for formaldehyde assimilation is
widespread in prokaryotes [29]. In the first step of the path-
way, formaldehyde is condensed with ribulose-5-phosphate,
a reaction catalysed by 3-hexulose-6-phosphate synthase
(HPS, (EC 4.1.2.43) [31]. The resulting 3-hexulose-6-phos-
phate is then converted to fructose-6-phosphate by 6-phos-
pho-3-hexuloisomerase (PHI, EC 5.3.1.27) [32].

Methylotrophic eukaryotes utilise the xylulose
monophosphate pathway (XuMP) for formaldehyde
assimilation [33]. The enzymes of the XuMP pathway are
located in peroxisomes along with the methanol oxidis-
ing enzyme [34]. In the XuMP pathway, dihydroxyac-
etone synthase (formaldehyde transketolase, EC 2.2.1.3)
condenses formaldehyde with xylulose-5-phosphate
forming dihydroxyacetone and glyceraldehyde-3-phos-
phate. In both RuMP and XuMP pathways, the pentose
monophosphates are regenerated through transaldolases
and transketolases in a manner similar to the Calvin cycle
and the pentose phosphate pathway [29, 34].

The aim of this study was to explore the methanol and
formaldehyde assimilation pathways in the oleaginous
yeast Y. lipolytica to enable the efficient use of crude glyc-
erol as a substrate for fermentation processes. First, the
whole pathway from methanol to biomass was assessed
by metabolic modelling. Then, formaldehyde assimilation
pathways of both prokaryotic and eukaryotic origin were
introduced into Y. lipolytica and their functionality in
this yeast was studied. In addition, a sequence search was
conducted for finding active HPS enzymes for formalde-
hyde assimilation in eukaryotic hosts.

Results

Selection of metabolic pathways for methanol utilisation

in Yarrowia lipolytica

Methanol utilisation requires two steps: first, the metha-
nol is converted to formaldehyde and second, formal-
dehyde is assimilated to central carbon metabolism. We
reasoned that the first step could be performed by native
alcohol dehydrogenases present in Y. lipolytica. This
reaction, which utilises NADH as a co-factor, is highly
temperature-dependent. We thus calculated the reaction
thermodynamics in conditions which Y. lipolytica can
grow.

The calculation of the Gibbs energy of reaction at tem-
peratures other than the standard temperature 25 °C
requires the enthalpy, the entropy, and the tempera-
ture-dependent heat capacity of reaction. These ther-
modynamic parameters are typically obtained from
experimental data. However, the literature data for
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formaldehyde is inconsistent due to the experimental
difficulties arising from the spontaneous hydration of
formaldehyde to methylene glycol [35]. This prompted a
thorough analysis and reconciliation of the available ther-
modynamic data (see Additional file 1: Document S1).
The reconciled value for the standard Gibbs energy of
formation for the equilibrium mixture of formaldehyde
and methylene glycol (i.e. partially-hydrolysed formalde-
hyde) is concluded to be 130.54 kJ/mol £ 3.3 kJ/mol (see
Additional file 1: Document S1 for details). The equilib-
rium concentration of partially-hydrolysed formalde-
hyde, in the alcohol dehydrogenase reaction medium
having 0.5 M methanol, was estimated at 28 °C, 30 °C,
and 50 °C based on the reconciled data to be 34, 40, and
170 pM, respectively.

To compare the feasibility of heterologous formalde-
hyde assimilation pathways, three different pathways,
namely RuMP, XuMP and Serine cycle, for metabolism
of formaldehyde were separately added to the genome
scale metabolic model iNL895 for Y. lipolytica (Fig. 1,
Additional file 2: Document S2). In addition, alcohol
dehydrogenase reaction (r_0181) was allowed to make
the conversion between methanol and formaldehyde.
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The model was optimised for growth or for triacylglyc-
erol production while methanol (6 cmol/CDW/h) was
allowed as the only carbon source. The results showed
that all three formaldehyde assimilation pathways
allowed the model to use methanol as a sole carbon
source for growth and for TAG production (Table 1).

Methanol tolerance of the wild type Yarrowia lipolytica
strain

The effect of methanol on the growth of wild type Y.
lipolytica VTT C-00365 was tested in microtiter plate
scale-experiments. Cells were grown on 0.2 M glycerol
in the presence of different concentrations of metha-
nol (0, 0.1, 0.25, 0.5, 0.75 and 1 M) (Fig. 2). Under
these conditions, addition of 0.1 M or more methanol
reduced the maximal growth rate on glycerol statisti-
cally significantly (two-way anova, p <0.01). Addition of
1 M methanol led to growth rate which was approxi-
mately 33% of the maximal growth rate without metha-
nol. We also tested the widely used Y. lipolytica W29
strain, but the growth on glycerol was affected already
on 0.1 M methanol to the extent that the growth rates
could not be reliably calculated (data not shown).
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Table 1 Calculated in silico growth rate and yield for triacylglycerol (TAG) with methanol (6 C-mol g DW™’

h~") used

as substrate and the heterologous pathways RuMP, XuMP and Serine cycle added to the model

Optimised for growth

Optimised for triacylglycerol (TAG)

Growth rate Oxygen demand

Yield Oxygen demand

(1/h) (mmol/cmol methanol) (mol/mol methanol) (mmol/cmol methanol)
RuMP 0.13 0.74 0.50 0.74
XuMP 0.11 0.89 0.50 0.74
Serine cycle 0.08 1.02 0.49 0.76
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Fig. 2 Methanol tolerance of wild type Yarrowia lipolytica V1T
C-00365. The data is derived from three independent experiments

Identification and deletion of formaldehyde
dehydrogenase gene

To prevent formaldehyde dissimilation, the formalde-
hyde dehydrogenase gene was deleted from strain VIT
C-00365. The formaldehyde dehydrogenase gene of Y.
lipolytica was not previously known and was identified
based on homology to S. cerevisiae formaldehyde dehy-
drogenase SFA1. The protein predicted to be encoded by
open reading frame YaliOF09603 had 70% identity with
SFA1 and was the only candidate for a formaldehyde
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dehydrogenase gene of Y. lipolytca. YaliOF09603 was
named fld1 and deleted from VITTC-00365 strain to gen-
erate the formaldehyde dehydrogenase deletion strain
Afld1. The growth of this strain on 0.2 M glycerol was
affected by the addition of 0.1-0.2 mM formaldehyde
and completely abolished by addition of 0.5 mM formal-
dehyde. The growth of wild type strain was only affected
by formaldehyde concentration above 1 mM (Fig. 3). In
addition, the deletion of FLD led to reduced growth even
without the supplementation of formaldehyde in the
growth medium.

Conversion of methanol to formaldehyde

To address the first step in the methanol utilisation path-
way, the ability of Y. lipolytica VTT C-00365 to produce
formaldehyde from methanol with endogenous alcohol
dehydrogenases was tested. For assessing the produc-
tion of formaldehyde from methanol, wild type and Afld1
strains were incubated at +28 °C in minimal medium
containing 0.5 M methanol as the only carbon source
(Fig. 4). After 140 min, a formaldehyde concentration of
30 uM was detected with the formaldehyde dehydroge-
nase deletion strain.

Formaldehyde production from methanol is thought
to be due to the activity of alcohol dehydrogenases. The
measured alcohol dehydrogenase activity with metha-
nol as substrate was 0.4—1 mU/mg total soluble pro-
tein in wild type Y. lipolytica cells while with ethanol as
substrate, the activity was 40—-80 mU/mg total soluble
protein.
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Fig. 4 Extracellular formaldehyde concentration after addition of
0.5 M methanol

Formaldehyde tolerance of the strains expressing HPS
enzyme of ribulose monophosphate pathway or DHAS
enzyme of xylulose monophosphate pathway
Formaldehyde conversion by enzymes of either RumP or
XuMP pathways was tested by expressing these enzymes
in a centromeric plasmid in the Afld1 strain. To avoid
the possibility of native, peroxisomal, localisation of
DHAS enzyme of the XuMP pathway, this enzyme was
expressed both with and without the peroxisomal target-
ing sequence. The rational behind this was to ensure that
methanol and formaldehyde-assimilating enzymes would
both be localised in cytosol of Y. lipolytica.

The formaldehyde tolerance was tested by growing
the strains in the presence of 0.1, 0.2, 0.5, 1 and 5 mM
formaldehyde, using 0.2 M glycerol as a carbon source.
While the Afld1 strain cannot tolerate 1 mM formalde-
hyde, it was observed that expression of HPS enzyme
from B. methanolicus was able to rescue the formalde-
hyde tolerance to wild type level (Fig. 5a). In addition,
the expression of DHAS enzyme from Candida boidi-
nii, with or without peroxisomal targeting sequence, led
to a small increase in the formaldehyde tolerance com-
pared to Afld1 strain (Fig. 5b). Because the removal of
peroxisomal targeting sequence is not always enough to
change the localisation of a protein, the strains were fur-
ther tested in the presence of oleic acid that induces per-
oxisomes. Upon peroxisomal induction by oleic acid, the
effect of either type of DHAS enzyme on the formalde-
hyde tolerance was not anymore observed (Fig. 5c).

Expression of HPS and PHI enzymes of RuMP pathway in Y.
lipolytica

As the B. methanolicus Hps was shown to rescue the for-
maldehyde tolerance of the Afld1 strain to the wild type
level, the RuMP pathway was chosen to be investigated
further. The reaction thermodynamics does not favor
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methanol oxidation in conditions where Y. lipolytica is
grown. Thus, a strong pull from HPS reaction would be
beneficial for the pathway to work efficiently and a highly
active HPS would be required.

To find optimal HPS enzyme candidates, a sequence
search was conducted. Known and predicted mem-
bers of the orotidine 5-monophosphate decarboxylase
(OMPDC) protein family, to which HPS enzymes belong
to, were used as seeds, and candidate enzymes were
retrieved (Fig. 6).

The predicted sequences were found to be highly simi-
lar and all of prokaryotic origin. Nine candidate genes
were selected from different branches of the tree and
expressed on a centromeric plasmid in the widely used
laboratory strain Polf. In addition, optimised and non-
optimised versions of the B. methanolicus HPS enzyme
were expressed along with empty vector as controls.
Seven out of 10 HPS candidates were actively expressed
in Y. lipolytica and the activity of all top 5 candidates was
in the same level (~ 0.1-0.15 U/mg protein) (Fig. 7). None
of the candidates exceeded the activity of B. methanolicus
HPS. Other kinetic properties could, however, differ, but
the enzymes were not characterised further.

Yarrowia lipolytica optimised HPS and PHI enzymes
from B. methanolicus were integrated in the FLD locus
of the VTT C-00365 strain. The activities of the enzymes
in crude cell extracts were 0.15£0.02 U/mg protein and
9.0 £ 2 U/mg protein for HPS and PHI, respectively.

The integrant strain was cultivated in bioreactors in the
presence of 0.5 M methanol using either yeast extract or
glycerol as a co-substrate. Formaldehyde was produced
during the cultivations (Additional file 3: Document S3),
but methanol conversion to biomass was not observed
under these conditions.

To test if increased copy number would increase
the activity of prokaryotic HPS in a eukaryotic host, B.
methanolicus Hps was expressed in a multicopy vector
in S. cerevisiae. This expression lead to specific activity
of 2.0 £0.07 U/mg protein while the centromeric expres-
sion in S. cerevisiae gave 0.06 =0.001 U/mg protein.

Discussion
Methanol was converted to formaldehyde by Yarrowia
lipolytica with blocked formaldehyde catabolism path-
way and formaldehyde was converted to less toxic inter-
mediates by the action of heterologous HPS or DHAS
enzymes of ribulose monophosphate (RuMP) and xylu-
lose monophosphate (XuMP) pathways. However, the
use of methanol as carbon source for growth was not
observed.

As formaldehyde is a toxic and highly reactive com-
pound, detoxification pathways for it are found in all
known organisms [23]. In yeasts, the detoxification
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Fig.5 Growth in the presence of 1 mM formaldehyde. a HPS strains, b DHAS strains, ¢ DHAS strains with peroxisomal induction, d DHAS strains

pathways for formaldehyde include glutathione depend-
ent formaldehyde dehydrogenase [25]. The formaldehyde
dehydrogenase gene was identified from Y. lipolytica
genome based on the S. cerevisiae sequence. The dele-
tion of this gene lead to reduced formaldehyde tolerance.
However, the formaldehyde tolerance of this strain was
not completely abolished, suggesting that other enzy-
matic reactions for formaldehyde detoxification may take
place in Y. lipolytica. These might be, e.g. side activities of
aldehyde dehydrogenase as in Corynebacterium glutami-
cum [36].

The formaldehyde dehydrogenase deficient Y. lipo-
lytica was able to convert methanol to formaldehyde,
most likely by the action of endogenous alcohol dehy-
drogenases. Formaldehyde production from methanol
was observed in two different set ups, in shake flasks
without additional carbon source and in bioreactors with
glycerol or yeast extract as co-substrate. It has been pre-
viously shown that alcohol dehydrogenases of non-meth-
ylotrophs are able to use methanol as substrate in vitro
[37]. Further, experiments with C. glutamicum and
Pseudomonas putida have shown that the native alcohol
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dehydrogenases of these organisms can oxidise methanol
also in vivo [20, 38].

Three pathways for formaldehyde assimilation were
compared in silico by metabolic modeling. As the
metabolism of methanol was the ultimate target, the

calculations were conducted with the assumption
that methanol would be converted to formaldehyde
by methanol dehydrogenase reaction. The pathways
could not be clearly prioritised based on the mod-
eling and thus it was decided that one prokaryotic
and one eukaryotic pathway would be tested. Ribulose
monophosphate pathway was chosen as the prokaryotic
option due its simplicity compared to serine cycle and
because it has been already shown to work in several
heterologous hosts [20, 21, 38].

As the methanol conversion to formaldehyde is highly
thermodynamically challenging in mesotrophic con-
ditions, a strong pull from formaldehyde-converting
enzyme is optimal. Thus, we wanted to ensure that the
HPS enzyme chosen for expression would be highly
active in eukaryotic host. Completely novel HPS enzymes
were searched for and several active ones were found.
However, none of them were more active than the
enzyme of B. methanolicus, which has been used in pre-
vious studies. This was probably due to the fact that all
the known HPS enzymes are relatively similar and thus
the ability of the algorithm to find different types of
enzymes is limited.
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The expression of B. methanolicus HPS enzyme from a
centromeric vector was found to rescue the formaldehyde
tolerance of the formaldehyde dehydrogenase deficient
strain to wild-type level and also the following enzyme,
PHI, converting 3-hexulose-6-phosphate to fructose-6P,
was expressed in an active form in Y. lipolytica. However,
although both methanol-formaldehyde and formalde-
hyde-F6P reactions parts of the pathway were functional
when studied separately, no methanol consumption was
observed when providing it alone or together with glyc-
erol or yeast extract. The pathway could benefit from
higher activity of HPS enzyme, which could be achieved
by multicopy expression. Y. lipolytica does not pos-
sess multicopy plasmids, but insertion to for example
rDNA or long terminal repeat loci could be an option to
increase expression levels [39]. In addition, boosting of
pentose phosphate pathway could enable more efficient
recycling of carbon to ribulose-5-phosphate, one of the
substrates of HPS enzyme.

Introducing synthetic methylotrophy to other organ-
isms has not been simple either. Introduction of methylo-
trophic pathways to E. coli, C. glutamicum and P. putida
has resulted in relatively modest methanol consumption
[20, 21, 38]. During the course of this study, Whitaker
et al. (2017) published the first results where function of
heterologously expressed methanol assimilation pathway
was shown to lead to biomass production from methanol
in E. coli at 37 °C [40]. The key element in the methanol
assimilation was a methanol dehydrogenase with bet-
ter enzymatic characteristics (low K, for methanol) for
methanol oxidation in the temperature where the heter-
ologous host thrives.

Recently, the RuMP pathway from B. subtilis was also
tested in S. cerevisiae [22], although without codon opti-
misation, but similarly to our results the expression did
not result in growth on methanol and was not studied
further. However, S. cerevisiae was engineered for metha-
nol utilisation by introducing the eukaryotic methylo-
trophic pathway from Pichia pastoris to S. cerevisiae [22].
It was shown that expression of alcohol oxidase (AOX),
catalase (CAT), dihydroxyacetone synthases (DAS1/2),
and dihydroxyacetone kinase (DAK) from P pastoris
resulted in consumption of methanol by S. cerevisiae. It
has been shown that in P. pastoris, the whole pathway of
methanol assimilation, including the enzymes required
for pentose phosphate recycling, exists in the peroxi-
somes, and the compartmentalisation of formaldehyde
assimilation and dissimilation is crucial for growth on
methanol in methylotrophic yeasts. Interestingly, the
compartmentalisation did not seem to be a problem in S.
cerevisiae [22].

In our study, the expression of DHAS enzyme from
XuMP pathway had only small effect on the formaldehyde
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tolerance of the formaldehyde dehydrogenase deficient
strain. Interestingly, there was no difference in the per-
oxisomal and cytosolic targeting of the DHAS enzyme.
In addition, the induction of peroxisomes by oleic acid
abolished the effect of rescuing the formaldehyde toler-
ance of AFLD strain. This suggests that both versions of
DHAS enzyme were targeted to peroxisomes despite the
removal of the predicted C-terminal signal sequence,
which is not uncommon [41]. On glycerol, where the
number of peroxisomes is low, some DHAS enzyme
would remain in cytosol. On oleic acid, where the num-
ber of peroxisomes per cell is considerable larger than on
glycerol [42], all the DHAS enzyme would have been in
peroxisomes. Thus, the enzyme would have been unable
to act on cytosolic formaldehyde.

Conclusions

Wild type Yarrowia lipolytica strain VI'T C-00365 was
shown to tolerate methanol and thus it emerges as a
novel potential host organism that can use crude glyc-
erol as a carbon source. By blocking the formaldehyde
dissimilation pathway from this strain, it was shown that
methanol is converted to formaldehyde, most likely by
the action of native alcohol dehydrogenases.

The formaldehyde dehydrogenase deletion strain was
used as tool to study heterologous pathways for formal-
dehyde assimilation in Y. lipolytica. The aim was to intro-
duce into this yeast, a pathway which would assimilate
the formaldehyde instead of dissimilating it to carbon
dioxide. The RuMP pathway enzymes for formaldehyde
assimilation were, indeed, expressed in an active form in
this strain, but more work is needed to enable methanol
utilisation in crude glycerol streams.

Methods

Strains and plasmids

Yarrowia lipolytica strains VI'T C-00365 and W29 were
obtained from the VTT culture collection (http://cultu
recollection.vtt.fi). Strain Polf (MATA ura3-302 leu2-
270 xpr2-322 axp2-deltaNU49 XPR2:SUC2), deriva-
tive of W29, was obtained from ATCC (https://www.
atcc.org). In addition, S. cerevisiae CEN.PK2-1D (VW-
1B; MATq, leu2-3/112 MAL2-8cSUC2) [43] was used as
the host strain for HPS expression. Escherichia coli strain
DHb5a [44] was used as the bacterial cloning host.

The expression plasmids were built using the MoClo
yeast expression kit [45], Table 2. The parts for Y. lipo-
lytica were constructed based on the rules for the
MoClo kit. All heterologous genes were ordered as
synthetic genes or gene fragments from Geneart
(Thermo Fisher Scientific Geneart, Germany) and
IDT (Integrated DNA Technologies, USA), Table 3.
The gene sequences were optimised for Y. lipolytica or
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Table 2 Expression plasmids constructed in this study
Plasmid name Expression cassette (promoter-gene-terminator) Selection
marker for Y.
lipolytica
pLif_075 pTpil-MgHpsPhi-tTef1 Hygromycin
pLif_085 pFbal-CbDhas_tTdh3 Hygromycin
pLif_086 pFba1-CbDhas_syt*-tTdh3 Hygromycin
pLif_115 pTpil-BmHps-tTef1-pTdh3-BmPhi-tPgk Hygromycin
plif_164 pScPgk1-BmHps_Sc-tScAdh1 Leucine
pLif_165 pScPgk1-BmHps_Sc-tScAdhT Leucine
pLif_166 pFbal-BgHps-tTdh3 Leucine
plif_167 pFbal-BpHps-tTdh3 Leucine
pLif_168 pFbal-BsHps-tTdh3 Leucine
plLif_169 pFbal-HmHps-tTdh3 Leucine
pLif_170 pFbal-LeeHps-tTdh3 Leucine
pLif_171 pFbal-LbHps-tTdh3 Leucine
pLif_172 pFbal-BgHps-tTdh3 Leucine
pLif_173 pFbal-MvHps-tTdh3 Leucine
pLif_174 pFbal-RtHps-tTdh3 Leucine
pLif_175 pFbal-BmHps_native-tTdh3 Leucine
pLif_176 pFbal-BmHps-tTdh3 Leucine

pLif_165 is a multicopy vector, all other plasmids are centromeric vectors

2 Cytosolic version of CbDhas was created by omitting the three C-terminal amino acids from the protein

S. cerevisiae, depending on the expression host. The
optimisation was done either by Geneart or by using
the Optimizer-software [46].

The integration and deletion cassettes were also built
by using the MoClo kit. For the integration of Bacillus
methanolicus HPS and PHI enzymes to the formaldehyde
dehydrogenase (FLD) locus, the RuMP expression cas-
sette from pLif 115 was combined with the nourseotricin
selection marker and 1 kb flanking sequences surround-
ing the FLD open reading frame. For the FLD deletion
cassette, the RuMP expression cassette was replaced by a
40 bp spacer sequence from the MoClo-kit.

Native Y. lipolytica promoters and terminators were
either ordered as synthetic gene blocks or amplified from
genomic DNA of the strain VTT C-00365 with primers
compatible with the MoClo kit. For centromeric expres-
sion, native CEN/ARS68 [47] was amplified by PCR
from genomic DNA. In addition, flanking sequences and
marker cassettes for hygromycin, nourseotricin and leu-
cine were either obtained as synthetic gene fragments
or constructed with the MoClo kit. The sequences of all
gene elements are presented in Additional file 4: Table S1.
All components of the S. cerevisiae plasmids, other than
the HPS and the PHI open reading frames, originated
from the MoClo kit.

Transformations of Y. lipolytica and S. cerevisiae were
done using Frozen-EZ yeast transformation kit II (Zymo
Research, USA).

Culture conditions

Small scale cultivations were performed with Bioscreen
microtiter plate cultivator (Growth Curves Ltd, Finland).
Synthetic minimal medium (yeast nitrogen base with-
out amino acids), containing 5 g/L (0.04 M) (NH,),-SO,
and with addition of selected carbon source was used in
all small scale cultivations. The following Bioscreen set-
tings were used: temperature + 30 °C, continuous shak-
ing, maximum speed, measurement interval 30 min, filter
420-580 nm.

Bioreactor cultivations were performed in 15-unit
bioreactor (Medicel, Finland) in the defined minimal
medium described by Verdyun et al. [48], with 5 g/L
(0.05 M) glycerol or 10 g/L yeast extract and 16 g/L
(0.5 M) methanol as carbon source. BDH silicon antifoam
was used to prevent foaming of the cultures. The cul-
ture conditions were as follows: 200 mL volume, pH 5.0,
+ 30 °C and with 0.5 vvm air.

Enzyme activity assays

Enzyme activities were measured as units (U) per mg
of total soluble protein. One U was defined as the activ-
ity which converts one pmol substrate per min. Enzyme
activities were measured from cell extracts prepared by
disrupting the yeast cells with glass beads in 100 mM
sodium phosphate buffer, pH 7.6, supplemented with
Complete protease inhibitor cocktail (Roche Applied Sci-
ence, USA). The protein concentration of the extracts was
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Gene Name NCBI accession number Origin Optimised by/with Optimised for
Dhas CbDhas AAC83349 Candida boidinii Geneart Y. lipolytica
Hps BmHps WP_003349277 Bacillus methanolicus Geneart Y lipolytica
Hps BmHps_native WP_003349277 Bacillus methanolicus Not optimised Y. lipolytica
Hps BmHps_Sc WP_003349277 Bacillus methanolicus Geneart S. cerevisiae
Phi BmPhi ElN79730 Bacillus methanolicus Geneart Y. lipolytica
Phi BmPhi_Sc EIJ79730 Bacillus methanolicus Geneart S. cerevisiae
HpsPhi phusion MgHpsPhi AB034913 Mycobacterium gastri Geneart Y. lipolytica
Hps BgHps WP_053604812 Bacillus gobiensis Optimizer Y. lipolytica
Hps BpHps WP_040374929 Bacillus psychrosaccharolyticus Optimizer Y. lipolytica
Hps BsHps ASB91925 Bacillus subtilis Optimizer Y. lipolytica
Hps HmHps WP_020225866 Holdemania massiliensis Optimizer Y. lipolytica
Hps LeeHps WP_028376164 Leeuwenhoekiella sp Hel_l_48 Optimizer Y. lipolytica
Hps LbHps WP_034981480 Lactobacillus wkB10 Optimizer Y. lipolytica
Hps MaHps BAA83096 Methylomonas aminofaciens Optimizer Y. lipolytica
Hps MvHps WP_031433509 Methylomarinum vadi Optimizer Y. lipolytica
Hps RtHps WP_045855207 Raoulterra terrigena Optimizer Y lipolytica

determined with Bio-Rad Protein Assay (Bio-Rad Labo-
ratories, USA), using immunoglobulin G as the standard.

Methanol dehydrogenase and 6-phospho-3-hexulose
isomerase were assayed using Konelab Arena 20XT auto-
mated analyser (Thermo Scientific, Finland) at 30 °C and
340 nm. Methanol dehydrogenase (EC 1.1.1.244) reac-
tion mixture contained 100 mM Tris—HCl, pH 9.5, 5 mM
MgSO, and 0.5 mM NAD. The reaction was started by
adding methanol or ethanol to a final concentration of
500 mM. 6-phospho-3-hexulose isomerase (EC 5.3.1.27)
reaction mixture contained 50 mM sodium phosphate
buffer, pH 7.6, 5 mM MgCl,, 5 mM ribose-5-phosphate,
2.5 mM NADP, 5 U/mL phosphoribose isomerase (PRI)
(Sigma-Aldrich, USA), 5 U/mL glucose-6-phosphate
dehydrogenase (G6PDH) (Sigma-Aldrich, USA), 5 U/
mL phoshoglucose isomerase (PGI) (Sigma-Aldrich,
USA) and ~0.01 U of recombinant 3-hexulose-6-phos-
phate synthase (HPS) purified from E. coli overproduc-
ing Methylomonas aminofaciens HPS. The reaction was
started by adding formaldehyde to a final concentration
of 5 mM.

3-Hexulose-6-phosphate synthase (HPS) activity was
determined in a discontinuous assay by measuring the
disappearance of formaldehyde. The reaction mixture
contained 100 mM sodium phosphate buffer, pH 7.6,
5 mM MgCl,, 5 mM formaldehyde, 5 mM ribose-5-phos-
phate and 17 U/mL phosphoribose isomerase (Sigma-
Aldrich, USA). The mixture was preincubated at 37 °C for
15 min, at 30 °C for 5 min and the reaction was started by
addition of crude cell extract. Samples were taken every
60 s and mixed with 0.1 M HCl solution to stop the enzy-
matic activity. The formaldehyde concentration in the

samples was determined with NASH assay [49]. Briefly,
the sample dilutions were mixed with freshly made
NASH assay mixture containing 2 M ammonium acetate,
50 mM acetic acid and 20 mM acetylacetone. The mix-
ture was incubated 1-2 h at room temperature and meas-
ured at 412 nm with Varioskan mictrotiter plate reader
(Thermo Fischer Scientific, USA). 5-500 uM formalde-
hyde solutions were used to prepare the standard curve.

Formaldehyde production experiments

For formaldehyde production assay, yeast cells were
grown in 2 mL of yeast peptone (YP)-medium, con-
taining 0.2 M glycerol for 24 h (428 °C, 250 rpm, 80%
humidity), washed with synthetic minimal medium and
suspended in 2 ml volume of the same medium at OD,
of 10. The experiment was started by the addition of
methanol to a final concentration of 0.5 M. During the
experiment, the cells were kept in the incubator (428 °C,
250 rpm, 80% humidity). Every 15 min 200 uL samples
were withdrawn and centrifuged for 1 min at 15,000xg.
Supernatants were analysed for formaldehyde concentra-
tion with NASH reagent as described in HPS assay.

Sequence search for new HPS candidates

To identify potential genes encoding 3-hexulose-6-phos-
phate synthases (HPS), a protein BLAST search against
the NCBI nr database (E-value < 1le—5; http://blast.ncbi.
nlm.nih.gov) was carried out using seventeen query
sequences for known and predicted members of the
orotidine 5’-monophosphate decarboxylase (OMPDC)
protein family. The query sequences used were; Mycobac-
terium gastri HPS (QILBW4), Salmonella typhimurium
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HPS (Q8ZMP9), Bacillus methanolicus HPS (I3DZRO),
Methylomonas aminofaciens HPS (Q48907), E. coli
3-keto-L-gulonate-6-phosphate decarboxylase (P39304;
PDB1KV8), Human Uridine 5-monophosphate synthase
(P11172; PDB2EAW), Vibrio cholerae serotype Ol puta-
tive HPS (Q9KMSS8; PDB3IEB), Metallosphaera sedula
OMPDC (A4YI54; PDB3VE7?), Leishmania infantum
OMPDC (A4HWV2; PDB3QW3), Toxoplasma gondii
OMPDC (B6KBHY; PDB4M]Z), E. coli OMPDC (P08244;
PDBIEIX), Plasmodium falciparum OMPDC (QS8IJH3;
PDB2F84), Streptomyces avermitilis OMPDC (Q827Q5;
PDB3V75), Saccharomyces cerevisiae OMPDC (P03962;
PDB1DQW), Plasmodium yoelii yoelii putative OMPDC
(Q7RPE4; PDB2AQW), Plasmodium berghei putative
OMPDC (Q4Z4C3; PDB2FDS), and Methanothermobac-
ter thermautotrophicus OMPDC (026232; PDB1DV?7)
(the identifiers refer to UniProt, the Universe protein
resource, available at http://www.uniprot.org/ and, if
available to PDB, the Protein Data Bank, available at
http://www.rcsb.org/pdb/home/home.do). To remove
redundancy among the retrieved sequences they were
clustered using BLASTclust (http://blast.ncbi.nlm.nih.
gov) to groups in which members are at most 90% iden-
tical to each other. After clustering and addition of the
query sequences and manually selected sequences, a set
of 576 sequences remained which were aligned to the
orotidine 5’-monophosphate decarboxylase Pfam motif
(PF00215) using HMMER (http://hmmer.janelia.org/).
Sequences that were not full-length aligned to the Pfam
(PF00215) motif were removed. Phylogenetic tree recon-
struction was performed using the Tree Builder of the
Geneious program version 5.5.3 with default parameters
using the Neighbour-Joining algorithm.

Modeling

The Y. lipolytica metabolic model iNL895 [50] was used
in all calculations. The model is based on the S. cerevisiae
models iMM904 [51], iN800 [52], and consensus model
4.36 [53]. The current consensus model of S. cerevisiae
at the time when this work was conducted was yeast 7.6.
The Y. lipolytica model iNL895 was modified based on
the newest S. cerevisiae model and other literature (Addi-
tional file 2: Document S1).

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540694-019-0090-9.

Additional file 1: Document S1. Reconciliation of thermodynamic data
for formaldehyde.

Additional file 2: Document S2. Modification to genome scale model
iNL895.
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Additional file 3: Document S3. Extracellular metabolites analysed from
bioreactor cultivations.

Additional file 4: Table S1. Sequences of synthetic gene fragments and
those of PCR oligos for amplification of promoters, terminators and ARS.
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