Universiteit

4 Leiden
The Netherlands

The interplay between transport and metabolism in fungal itaconic acid
production

Hosseinpour Tehrani, H.; Geiser, E.; Engel, M.; Hartmann, S.K.; Hossain, A.H.; Punt, P.J.; ... ;
Wierckx, N.

Citation

Hosseinpour Tehrani, H., Geiser, E., Engel, M., Hartmann, S. K., Hossain, A. H., Punt, P. J,, ...
Wierckx, N. (2019). The interplay between transport and metabolism in fungal itaconic acid
production. Fungal Genetics And Biology, 125, 45-52. d0i:10.1016/j.fgb.2019.01.011

Version: Accepted Manuscript
License: Leiden University Non-exclusive license

Downloaded from: https://hdl.handle.net/1887/85668

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/85668

The interplay between transport and metabolism in fungal itaconic acid production

Hamed Hosseinpour Tehrani'* Elena Geiser'#, Meike Engel?, Sandra K. Hartmann?, Abeer H. Hossain?, Peter J. Punt?,
Lars M Blank! & Nick Wierckx*13

fThese authors contributed equally to this manuscript

*to whom correspondence should be addressed

LiAMB - Institute of Applied Microbiology, ABBt — Aachen Biology and Biotechnology, RWTH Aachen University,
Worringerweg 1, 52074 Aachen, Germany

2Dutch DNA Biotech B.V, Utrechtseweg 48, 3704 HE, Zeist, The Netherlands

3 Institute of Bio- and Geosciences IBG-1: Biotechnology, Forschungszentrum Julich, 52425 Jiilich, Germany
4BioSC, c/o Forschungszentrum Jlich, 52425 Jiilich, Germany

Address for correspondence:
Prof. Dr. Nick Wierckx

Phone: +49 246161 85247

Fax: +49 246161 2710

email: n.wierckx@fz-juelich.de
Author copy

This is the pre-peer reviewed version of the following article: Hosseinpour Tehrani, H., E. Geiser, M. Engel, S.K.
Hartmann, A. Hossain, P. Punt, L.M. Blank, N. Wierckx. 2019. The interplay between transport and metabolism in
fungal itaconic acid production. Fungal Genet. Biol. 25:45-52, which has been published in final form at
https://doi.org/10.1016/j.fgbh.2019.01.011.

Abstract

Besides enzymatic conversions, many eukaryotic metabolic pathways also involve transport proteins that
shuttle molecules between subcellular compartments, or into the extracellular space. Fungal itaconate
production involves two such transport steps, involving an itaconate transport protein (Itp), and a
mitochondrial tricarboxylate transporter (Mtt). The filamentous actinomycete Aspergillus terreus and the
unicellular basidiomycete Ustilago maydis both produce itaconate, but do so via very different molecular
pathways, and under very different cultivation conditions. In contrast, the transport proteins of these two
strains are assumed to have a similar function. This study aims to investigate the roles of both the
extracellular and mitochondrial transporters from these two organisms by expressing them in the
corresponding U. maydis knockouts and monitoring the extracellular product concentrations. Both
transporters from A. terreus complemented their corresponding U. maydis knockouts in mediating itaconate
production. Surprisingly, complementation with Mtt of A. terreus (At_MfsA) led to a partial switch from
itaconate to (S)-2-hydroxyparaconate secretion. Apparently, the export protein from A. terreus has a higher
affinity for (S)-2-hydroxyparaconate than for itaconate, even though this species is classically regarded as
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an itaconate producer. Complementation with At MttA increased itaconate production by 2.3-fold
compared to complementation with Um-Mttl, indicating that the mitochondrial carrier from A. terreus
supports a higher metabolic flux of itaconic acid precursors than its U. maydis counterpart. The biochemical
implications of these differences are discussed in the context of the biotechnological application in
U. maydis and A. terreus for the production of itaconate and (S)-2-hydroxyparaconate.
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1. Introduction

Itaconic acid can be used as a bio-based building block for the synthesis of a large number of chemicals and
polymers. In 2004, the U.S. Department of Energy declared itaconic acid as one of the top 12 bio-based
platform chemicals with high biotechnology potential (Werpy, 2004). Nowadays, it is mainly used in the
production of synthetic fibers, for coatings, thickeners, anti-scaling agents in water treatments, and in the
pharmaceutical sector (Geilen et al., 2010; Klement & Buchs, 2013; Okabe et al., 2009; Weastra, 2014;
Willke & Vorlop, 2001). It’s role as central mammalian immunoregulator has recently been reported
opening novel uses, e.g., in the treatment for autoimmune conditions (Bambouskova et al., 2018). Itaconate
can also be converted by fungi into the chiral lactone (S)-2-hydroxyparaconate (Geiser et al., 2016; Stodola
et al., 1945). The functional groups within this product can be further manipulated in many directions to
access a multitude of high-value and novel fine chiral chemicals with a wide range of potential applications
ranging from medicine to pesticides to quantum computing (Brandt et al., 2017; Mori & Fukamatsu, 1992).
The unicellular basidiomycete Ustilago maydis and the filamentous actinomycete Aspergillus terreus both
naturally produce itaconate (Fig. 1). In both organisms, the genes enabling itaconate biosynthesis are
clustered and co-regulated (Geiser et al., 2015; Li et al., 2011). The biosynthetic pathway starts with the
transport of cis-aconitate from the mitochondria to the cytosol by a mitochondrial tricarboxylate transporter,
encoded by Um_mttl or At_mttA (Geiser et al., 2016; Geiser et al., 2015; Steiger et al., 2016). Both
transporters are assumed to do so by antiport exchange with cytosolic malate (Jaklitsch et al., 1991). In
U. maydis MB215, this transport poses the rate-limiting step in itaconate production, since overexpression
of mttl leads to a strong increase in itaconate production (Geiser et al., 2015). In contrast, overexpression
of mttA has no significant impact on itaconate production by A. terreus LYT10 (Huang et al., 2014),
although heterologous overexpression of mttA, along with cadA, did have a positive impact on itaconate
production in Aspergillus niger (Li et al., 2011; van der Straat et al., 2014). In A. terreus, the cytoplasmic
cis-aconitate is converted directly to itaconate by a cytosolic cis-aconitate decarboxylase (cadA) (Bonnarme
etal., 1995; Dwiarti et al., 2002; Kanamasa et al., 2008). In contrast, U. maydis first isomerizes cis-aconitate
to trans-aconitate by a cytosolic aconitate-6-isomerase (Adil). This trans-aconitate is subsequently
decarboxylated to itaconate by a trans-aconitate decarboxylase (Tadl) (Geiser et al., 2015).

Recently, Geiser et al. (2016) demonstrated that in U. maydis, itaconate is further converted to
(S)-2-hydroxyparaconate by an itaconate P450 monooxygenase (Cyp3). The latter is the lactone of
L-itatartarate, which is also found in the supernatants of U. maydis (Guevarra & Tabuchi, 1990a; Guevarra
& Tabuchi, 1990b). Some A. terreus strains have also been reported to produce these products (Guevarra &
Tabuchi, 1990a; Jadwiga & Diana, 1974), likely through a similar P450 enzyme encoded by the cypC gene
directly adjacent to the itaconate gene cluster (Geiser et al., 2016; Steiger et al., 2013). However,
(S)-2-hydroxyparaconate production is not reported for strains such as A. terreus NRRL 1960 or A. terreus
DSM 23081 (Krull et al., 2017; Kuenz et al., 2012), possibly because these strains were selected by
screening for high itaconate production leading to the selection of a defect in cypC expression. Both
U. maydis and A. terreus possess a major facilitator superfamily transporter, encoded by Um_itpl and
At_mfsA, which are assumed to be itaconate exporters (Geiser et al., 2016; Hossain et al., 2016; Li et al.,
2011). Overexpression of mfsA in A. terreus and A. niger led to an increase in itaconate production (Huang
et al., 2014; Li et al., 2011), while itp1 overexpression in U. maydis did not increase production (Geiser et
al., 2016). However, in light of the fact that both itaconate and (S)-2-hydroxyparaconate are produced via
the same pathway, and that the gene clusters of both organisms only contain one gene encoding a cytosolic
exporter, it is reasonable to assume that both products are secreted by the same protein.
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Fig. 1. Comparison of the itaconate and (S)-2-hydroxyparaconate biosynthesis pathways of U. maydis and
A. terreus.

Although the functions of the transporters involved in the production of itaconate and its derivative
(S)-2-hydroxyparaconate are likely similar in both U. maydis and A. terreus, the differences in their protein
sequence, and their underlying biosynthetic pathways, may affect their specific activity and/or substrate
affinity. In addition, the mechanism of (S)-2-hydroxyparaconate transport has thus far not been investigated.
Thus, the aim of this study is to characterize these transporter proteins in the unicellular fungus U. maydis
and to investigate their influence on the production of itaconate and (S)-2-hydroxyparaconate.

2. Experimental procedures

2.1.Strains and culture conditions

All strains used in this work are listed in

Table. 2. To constitutively express the transporter genes mttA (ATEG_09970) and mfsA (ATEG_09972)
in Ustilago maydis, these genes were synthesized in vitro (GeneArt Life Technologies, Regensburg,
Germany). Since U. maydis tends to pre-maturely polyadenlylate heterologous mMRNA (Zarnack et al.,
2006), the sequence was di-codon optimized via the dicodon optimizer (http://dicodon-
optimization.appspot.com/). Repeats of >8 bp length were manually edited. The full synthetic sequences are

shown in the supplemental data D1 and D2. The synthesized genes were subcloned into vector



pETEF_GFP_CBX_QO018 (Sarkari et al., 2014; Spellig et al., 1996) using BamHI and Notl restriction sites
resulting in the plasmids pETEF_CbxR_At mttA and pETEF_CbxR_At mfsA (Fig. S1). The constructs
were confirmed by sequencing by Life Technologies, Germany. Plasmids were transformed via protoplast
transformation according to Schulz et al. (1990) and transformants were selected for resistance against
carboxin . Integration of mttA and mfsA was verified by PCR and single integration was confirmed via
southern blotting resulting in the strains listed in

Table. 2.

Shaking cultures of U. maydis mutants were performed in System Duetz® (24 Well plates) with a filling
volume of 1.5 mL (d = 50 mm, n = 300 rpm, T = 30°C and @ = 80 %) (Duetz et al., 2000). The screening
medium contained 50 g L glucose, 0.8 g L* NH4CI, 0.2 g L™t MgSOQ4-7H;0, 0.01 g L FeSO4-7H:0, 0.5
gL?! KH,POs, 1 mL L vitamin solution, 1 mL L trace element solution, and as buffer various
concentrations of 2-(N-morpholino) ethanesulfonic acid (MES) and 33 g L™ CaCOs3 (Geiser et al., 2016).
Cultures were parallel inoculated into multiple microtiter plates (System Duetz® 24 well plates) and for each
sample point a complete plate was taken as sacrificial sample in order to ensure continuous oxygenation.
Controlled batch cultivations were performed in a New Brunswick BioFlo® 110 bioreactor (Eppendorf,
Germany) with a total volume of 1.3 L and a working volume of 0.5 L. All cultivations were performed in
batch medium containing 200 g L glucose, 4 g L™ NH4Cl, 0.2 g Lt MgSO4-7H,0, 0.01 g L FeSO4-7H,0,
0.5g Lt KH,PO4, 1 g L yeast extract (Merck Millipore, Germany), 1 mL L vitamin solution, and 1 ml L-
! trace element solution. During cultivation, pH 6.0 was maintained by automatic addition of 10 M NaOH
and the dissolved oxygen tension (DOT) was kept constant at approximately 80 % saturation by automatic
adjustment of the stirring rate (700—1200 rpm). The bioreactor was aerated with an aeration rate of 1 L min
1 (2 vwm), while evaporation was limited by sparging the air through a water bottle. The temperature was
set at 30°C. The bioreactor was inoculated to a final ODego 0f 0.75 with washed cells from an overnight
culture in 50 mL screening medium.

2.2. Analytical methods

Cell densities were measured by determining the absorption at 600 nm with an Ultrospec 10 Cell Density
Meter (Amersham Biosciences, Chalfont St Giles, UK).

The ammonium concentration in the culture supernatant was measured by a colorimetric method according
to (Willis et al., 1996) using salicylate and nitroprusside.

Itaconate, (S)-2-hydroxyparaconate, and glucose in the supernatants were analyzed in a Beckmann Coulter
System Gold High Performance Liquid Chromatography (Beckmann Coulter GmbH, Germany) with an
Organic Acid Resin 300 x 8 mm column (CS-Chromatography, Germany), a differential refractometer LCD
201 (MELZ, Germany) and UV/VIS detector (Thermo Fischer, Germany). As eluent 5 mM H>SO4 with a
flow rate of 0.6 mL min* and a temperature of 40°C was used. All samples were filtered with Rotilabo®
syringe filters (CA, 0.20 um, @ 15 mm) and afterwards diluted 1:5 with 5 mM H,SO4. All components were
identified via retention time and UV/RI quotient compared to corresponding standards. All values are the
arithmetic mean of at least two biological replicates. Error bars indicate the deviation from the mean for n
=2, if n > 2 error bars indicate the standard error of the mean.



For (S)-2-hydroxyparaconate standards, samples of previous studies were used, where (S)-2-
hydroxyparaconate was synthesized and purified (Geiser et al., 2016). Since the purity (~70%) of these
samples is not exactly known, indicated (S)-2-hydroxyparaconate values should be taken as rough estimates
only.

Table. 2. U. maydis strains used in this study

Strain designation Resistance Reference
Ustilago maydis DSM17144 (Hewald et al., 2005)
(Ustilago maydis MB215)
Ustilago maydis MB215 AUm_mttl Hygromycin (Geiser et al., 2015)
Ustilago maydis MB215 AUM_mtt1+Peer Um_mttl Hygromycin (Przybilla, 2014)
Carboxin
Ustilago maydis MB215+PeefUm_mttl Carboxin this study
Ustilago maydis MB215 AUmM_mtt1+Pewet At_mttA Hygromycin this study
Carboxin
Ustilago maydis MB215+Peet At mttA Carboxin this study
Ustilago maydis MB215 AUm_itpl Hygromycin (Geiser et al., 2015)
Ustilago maydis MB215 AUM_itp1+Peer Um_itpl Hygromycin (Przybilla, 2014)
Carboxin
Ustilago maydis MB215+PeefUm_itpl Carboxin (Geiser et al., 2015)
Ustilago maydis MB215 AUM_itp1+Peter At mfsA Hygromycin this study
Carboxin
Ustilago maydis MB215+Pes At_mfsA Carboxin this study

3. Results and discussion

3.1.Comparing the role of Itpl from U. maydis and MfsA from A. terreus in itaconic acid
production

Both Ustilago maydis and Aspergillus terreus can oxidize itaconate to (S)-2-hydroxyparaconate, but they
each only carry one gene encoding an Mfs-type cytoplasma membrane transporter in their itaconate gene
clusters. In order to compare the exporters of these two genera in the same biological background, both
At_mfsA from A. terreus and Um_itp1l from U. maydis were expressed under control of the Pewr promoter in
U. maydis MB215 AUm_itp1l. The At_mfsA gene was dicodon-optimized to enable expression in U. maydis
(Zarnack et al., 2006). To ensure comparability, the constructs were integrated into the ip-locus and single
copy insertions were selected by diagnostic PCR and Southern blot analysis. Subsequently, in targeted single
copy transformants, itaconate and (S)-2-hydroxyparaconate production, glucose consumption, and ODsno
were analyzed in order to elucidate the role of the exporters encoded by At _mfsA from A. terreus and



Um_itpl from U. maydis in the corresponding U. maydis deletion strain (MB215 AUm_itpl) (Fig. 2A, D,
C, F). Surprisingly, although the expression of At_mfsA did lead to a slight itaconate production, it did not
fully restore the production of U. maydis AUm_itp1 to the level of the wildtype (Fig. 2A). In contrast, the
control strain U. maydis AUm_itp1+PeefUm_itpl produced 1.4-fold more itaconate than the wildtype (Fig.
2A). Conversely, AUM_itp1+PeertUm_itpl produced less (S)-2-hydroxyparaconate than the wildtype, while
AUM_itp1+PeterAt_mfsA produced 1.7-fold more (S)-2-hydroxyparaconate than the wildtype (Fig. 2 D). The
P450 monooxygenase encoded by cyp3 converts itaconate to (S)-2-hydroxyparaconate in the cytoplasm
(Geiser et al., 2016). The fact that complementation with both transporters significantly elevate the
extracellular concentration of both products in comparison to the AUm_itpl deletion strain indicates that
Um_Itpl and At_MfsA can both transport itaconate as well as (S)-2-hydroxyparaconate. However, when
both products are produced simultaneously, our data suggests that competitive inhibition between these
metabolites takes place, with Um_Itp1l having a higher affinity for itaconate, and At_ MfsA favoring (S)-2-
hydroxyparaconate (Table. 1) (Fig. 2B, E).

An explanation for the low concentration of (S)-2-hydroxyparaconate produced by AUm_itpl+PeefUm_itpl
compared to the wildtype could be that the overexpression of Um_Itpl with the strong and constitutive
promoter Peer enables a more efficient secretion of itaconate, thereby lowering its concentration in the
cytoplasm. This would lower the substrate concentration of Cyp3, reducing the (S)-2-hydroxyparaconate
production rate as long as the enzyme is not operating under substrate-saturating conditions. The reverse
effect likely occurs in U. maydis AUm_itpl+PeeAt_mfsA, resulting in higher itaconate and lower
(S)-2-hydroxyparaconate concentrations in the cytoplasm, thereby increasing Cyp3 activity. In this way,
product export and the metabolic rates of the branched production pathway are inherently linked. Although
this is likely an important driver for product specificity in the natural habitats of U. maydis and A. terreus,
it may be less relevant in optimized itaconate production strains, which don’t produce
(S)-2-hydroxyparaconate. However, it does suggest that the Kn, value of At MfsA for itaconate is higher
than that of Um_Itpl. If this is indeed the case, the resulting elevated cytosolic itaconate concentration could
lead to product inhibition of CadA or Tadl, suggesting that Um_Itp1l could be a better itaconate exporter
even if (S)-2-hydroxyparaconate is not produced.



s 3] >
LW

itaconate (g L‘l)
w
L
. -1
itaconate (g L )
-1
glucose (g L)

i T T 1 T T T 1 T T T
0 24 48 72 96 0 24 48 72 96 0 24 48 72 96
time (h) time (h) time (h)

O
m
M

)
~
o

1

)
N
o>
>
3

L
bRk e e
oNB® O ®
TR S R ST

L

.

®

ODgoo

ydroxyparaconate (g
ydroxyparaconate (g

0.8
0.6 0.6
0.4 A 0.4
5 0.2 /F—A/ S 02 A/‘\,\HH
£ 0.0 K T = 0.0 L 4 T T 1 T T T 1
0 24 48 72 96 0 24 48 72 96 0 24 48 72 96
time (h) time (h) time (h)
o wr Aum _itp1 <A Aum _itp1+P Um _itp1 W= AUm _itp1+P,AT_mfsA @ P, At_mfsA - P, Um_itpl

Fig. 2. Acid production and growth of various U. maydis strains expressing itaconate transport proteins.
Itaconate (A-B), (S)-2-hydroxyparaconate (D-E), and glucose concentration (C), as well as growth (ODeyo)
(F) of itpl / mfsA expressing mutants in comparison to wildtype and AUm_itp1 controls during System
Duetz® cultivation in screening medium. Error bars indicate the standard error of the mean (n=4).

3.2.Comparing the role of Mttl from U. maydis and MttA from A. terreus in itaconic acid
production

In order to quantitatively compare mitochondrial transporters in the same biological background, both
At_mttA from A. terreus and Um_mttl from U. maydis were expressed under control of the Pewr promoter in
U. maydis MB215 AUm_mttl in the corresponding U. maydis deletion strain (MB215 AUm_mttA) as
described above for mfsA. Both constructs complemented the itaconate producing phenotype of the
AUm_mttl deletion strain, confirming that At_ MttA and Um_Mrtt1 have a similar biochemical function. The
complementation strains reached higher maximum titers than the wildtype (Fig. 3 A, D), likely due to the
higher expression from the strong, constitutive Peer promoter (Geiser et al., 2016; Sarkari et al., 2014;
Zambanini et al., 2017b). However, U. maydis AUm_mtt1+PeerAt_ mttA produced 1.3-fold more itaconate
than U. maydis AUm_mtt1+PeefUm_mttl (Fig. 3A). The production rates of (S)-2-hydroxyparaconate in the
complementation strains were also increased, although the maximum titer was not affected (Tab.1). The fact
that the strain expressing At_mttA produces more itaconate indicates that the mitochondrial transporter from
A. terreus can sustain a higher cis-aconitate flux compared to Mttl from U. maydis. An alternative
explanation would be that the two mitochondrial carriers have different antiport substrates. Circumstantial
evidence suggests that cis-aconitate is mostly likely exchanged for malate by At_MttA (Jaklitsch et al., 1991;
Steiger et al., 2016). The fact that this protein can complement a AUm_mttl deletion suggests that the
U. maydis protein transports the same substrates, while the improved itaconate production with At_MttA
suggests that this protein either has a higher Vmax or a lower K.
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Given the already higher titers of these complementation strains, we sought to further improve itaconate
and/or (S)-2-hydroxyparaconate production by selecting transformants with multicopy insertions of
PeerAt_mttA in wildtype U. maydis MB215. However, this resulted in a decreased production of itaconate
compared to the complementation strain AUM_mtt1+PeetAt_mttA (Fig 3. B). Biomass growth and glucose
consumption were strongly decreased in the overexpression strain (Fig. 3C, F). Closer inspection of the
results obtained with the AUm_mttl+At mttA complementation strain also showed growth retardation,
although less drastic (Fig. 3F). Similar growth defects were observed by Huang et al. (2014) upon
overexpression of mttA in A. terreus, even though itaconate production was not increased in this strain. A
burden of membrane protein overexpression per se is unlikely since a control strain with multiple copies of
PetetUm_mttl in wildtype U. maydis MB215 didn’t show this growth defect. In wildtype U. maydis, genes
of the itaconate cluster are induced upon the depletion of nitrogen from the medium (Geiser et al., 2015;
Maassen et al., 2014; Zambanini et al., 2017a), thereby separating itaconate production from biomass
growth. The use of the constitutive Pewr promoter for expression of At_mttA leads to the production of MttA
in the growth phase, thus posing a drain of the central metabolite cis-aconitate from the mitochondria, which
is likely responsible for the growth defect. The fact that this was not observed upon overexpression of
Um_Mttl is in line with the other indications that At_MttA is a more effective transporter of cis-aconitate.
To evaluate the potential of U. maydis AUm_mtt1+Peer At_mttA for itaconate production, this strain was
cultured in pH controlled high-density pulsed fed-batch fermentations with 4 g L™ NH4Cl and a starting
concentration of 188 + 1.3 g L™ glucose (Fig. 4). Under these conditions the engineered strain produced 33
+ 3 g L7 itaconate and an estimated 24 + 2 g L (S)-2-hydroxyparaconate after 190 h. Under similar
conditions wildtype U. maydis MB215 produces 14.0 + 0.3 g L itaconate and 21.3 + 0.7 g L (S)-2-
hydroxyparaconate with similar ammonium consumption and growth (Geiser et al., 2016). U. maydis



AUM_mtt1+Peer At_mttA produced itaconate at an overall rate of 0.29 + 0.00 g L™ h' and a yield of 0.15 +
0.00 gi ggic’t, which is 2.1-fold, respectively 3.6-fold higher than the wildtype. It is interesting to note that
both in shaken cultures and in controlled fed-batch, the engineered strains didn’t produce more (S)-2-
hydroxyparaconate, even when itaconate production was increased. This indicates that the Cyp3 P450
monooxygenase that catalyzes the conversion of itaconate to (S)-2-hydroxyparaconate cannot support a
higher flux. In total, U. maydis AUm_mtt1+PetefAt_mttA produced 0.29 g L ht acids (itaconate + (S)-2-
hydroxyparaconate), which is comparable to itaconate production values achieved by Geiser et al. (2016)
after overexpression of rial and deletion of cyp3. The combination of these modifications with the tuned
overexpression of At_mttA could further enhance itaconate production without (S)-2-hydroxyparaconate as
a by-product.

Table. 1. Production parameters of U. maydis MB215 and transporter mutants during System Duetz®
cultivation in screening medium is shown. Errors indicate the standard error of the mean (n=4).

titermax Y b fp
(g L-1)° " (gL b
ITAC 2-HP® ITA 2-HP ITA 2-HP
WT 3.0+0.1 1.0+0.0 0.07+0.00 0.02+0.00 |0.03+0.00 0.003+0.004
AUmM_itp1 0.7+0.1 04+0.1 0.02+0.00 0.01+0.00 |0.01+0.00 0.003+0.001

AUm_itp1+PeetUm_itp1 |4.4+05  0.4+0.1 |0.10+0.01 0.01+0.00 |[0.05+0.00 0.004+ 0.001
PetefUm_itp1 32+02  02+00 |0.07+0.00 0.00+0.00 [0.03+£0.00 0.002 +0.000
AUM_itp1+PereiAT_mfsA [1.3+0.1 1.7+01 |0.03+0.00 0.05+0.00 |0.01£0.00 0.02+0.00
PetetAT_mfsA 2.5+0.1 1.2+0.1 |0.06+0.00 0.02+0.00 |0.02+0.00 0.01+0.00
AUmM_mtt1 05+0.0  05+0.0 |0.01+0.00 0.01+0.00 [0.00+0.00 0.00+0.00
AUm_mtt1+PewetUm_mtt1 | 5.8 +0.2 13+00 |0.14+0.00 0.03+0.00 |0.06+0.00 0.01+0.00
PetefUm_mtt1 6.8£0.0  09+0.1 |0.15+0.01 0.02+0.00 [0.07+0.00 0.01+0.00
PetetAT_MmttA 6.1£0.2  09+0.1 [025+0.01 0.03+0.00 [0.06+0.00 0.01+0.00

AUM_mtt1+PeweiAT_mttA 1 8.8 0.6 1.2+0.0 0.18+0.00 0.02+0.00 |0.08+0.00 0.01+0.00

2titermax; maximum titer.

bYps; overall yield product per consumed glucose.
®rp; overall production rate.

4 |TA; itaconate

& 2-HP; (S)-2-hydroxyparaconate
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3.3. Transporters involved in itaconate production do not affect pH optimum

The optimal extracellular pH for itaconate production of A. terreus and U. maydis is very different. With
A. terreus, itaconic acid is usually produced at a pH below 3.8, and the optimal pH range is mostly governed
by limitations in cell morphology and pathway induction (Karaffa et al., 2015; Krull et al., 2017; Kuenz et
al., 2012). In contrast, wildtype U. maydis only produces itaconate at a pH above 5.5 (Geiser et al., 2014).
One hypothesis could be that transporters involved in itaconate production, as key interaction points between
cellular compartments and the intracellular and extracellular space, might be responsible for this difference.
To test this hypothesis, the engineered complementation strains were cultivated in screening media with
different buffers. The use of 33 g L™* CaCOs maintains pH values above 6 (Fig. 5D). In contrast, by varying
the concentration of a soluble MES buffer between 20 and 100 mM, the pH decreases to different extents
during growth and itaconate production (Fig 5 A, B, C). In wildtype U. maydis MB215, this results in the
production of different final concentrations of itaconate, due to the difference in the concentration where
pH drops below 5.5 and inhibits further production (Geiser et al., 2014). If the expression of the A. terreus
transporters affects the pH optimum for itaconate production by U. maydis, the relative itaconate
concentrations of theses strains are expected to be higher than those of the controls expressing the native
U. maydis transporters in the media with low buffer concentrations. However, this effect is not observed.
Instead, the same trend of lower itaconate production with lower buffer capacity is observed for all strains
(Fig. 5 B, E). However, strains which produce more itaconate in CaCOs buffer, such as U. maydis
AUM_mtt1+PeetAt_mttA, also consistently make more acids with limiting buffer concentrations (40, 70, and
100 mM MES). Such overproducing strains also reach a lower final pH, indicating that a low pH per se does
not inhibit itaconate and (S)-2-hydroxyparaconate production in U. maydis (Fig. 5B, C, E, F). One
explanation for this could be that the inhibition of itaconate production at low pH values is the result of a
dynamic equilibrium between uptake and secretion. Below pH 5.5, a significant fraction of fully protonated
itaconic acid (pKa: = 3.8) is formed. This protonated form, and not the dissociated from, can freely diffuse
across the cytoplasmic membrane, facilitating itaconate reuptake into the cell (Geiser et al., 2016). Lower
pH values will lead to higher extracellular concentrations of the protonated form, thus increasing the



diffusion-driven reuptake rate. This will reduce the net production of itaconate to zero when the reuptake
rate equals the production rate, leading to an accumulation of intracellular itaconate, which would likely
inhibit its own production, and also places a burden on the maintenance of cytoplasmic pH homeostasis
through weak acid uncoupling. This mechanism would explain why strains with a higher itaconate
production rate can sustain a lower extracellular pH. In addition, the increase in intracellular itaconate would
also enhance the rate of intracellular oxidation to (S)-2-hydroxyparaconate, while the reuptake of this
oxidation product is lower than that of itaconate due to its lower pK, value of 2.8 (Guevarra & Tabuchi,
1990a).
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Fig. 5. Influence of buffer concentration on itaconate and (S)-2-hydroxyparaconate production by various
U. maydis MB215 mutants. pH values (A, D), itaconate (B, E), and (S)-2-hydroxyparaconate (C, F)
concentrations after 72h cultivation in calcium carbonate (D, E, F) or different MES concentrations (A, B,
C), respectively containing screening medium. Error bars indicate the deviation from the mean (n=2).

4, Conclusions

Comparative analysis of the mitochondrial and extracellular transporters involved in itaconate and (S)-2-
hydroxyparaconate biosynthesis by Ustilago maydis and Aspergillus terreus revealed striking differences,
which strongly influence the absolute and relative production rates of these two secondary metabolites. This
work suggests that fungal production of itaconate and (S)-2-hydroxyparaconate involves a complex



interplay between metabolism, transport, and extracellular pH. It also provides valuable information for the
rational design of efficient itaconate and (S)-2-hydroxyparaconate producing strains, which was
demonstrated by the increased production of At_mttA-expressing strains. However, further biochemical
characterization of the investigated transporters is needed, and will be the subject of a future study. The
At_MTfsA transporter is a promising target for the future metabolic engineering of a (S)-2-hydroxyparaconate
producing strain, since it will help to increase product specificity. In general, this study sheds light on the
role of compartmentation, and the associated transporters, of the fungal biosynthesis pathway of itaconate
and (S)-2-hydroxyparaconate. It also highlights the relevance of U. maydis, both as a model organism, and
as an industrial work horse for the production of organic acids.
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D1. Annotated sequence of mttA dicodon-optimized for U. maydis.

[ E—
1 cactataggg cgaattgaag gaaggccgtc aaggccgcat gtcggatccea tgggtcacgg
dicodon-optimized MttA >>......... >
m g h

61 cgacaccgag tcgeccaacc ccacgaccac caccgagggce tcgggtcaaa acgageccga
> dicodon-optimized MttA.................... >
gdte spnptttteg sgqgnep

121 gaagaagggt cgtgacatcc cgctctggeg caagtgegte atcacctttg tegtctegtg
> dicodon-optimized MttA.................... >
ekkgrdiplwrkcvitfvvs

181 gatgacgctc gtggtcactt tctcgtcgac ctgtctgetg cccgeegcete ccgagatcge
> dicodon-optimized MttA..................... >
wmtlvvtfsstcll paapei

241 caacgagttt gacatgaccg tcgagaccat caacatctcg aacgccggtg tcctegtege
> dicodon-optimized MttA..................... >
anefdmtvetinisnagvliyv

301 catgggctac tcgtcgcetta tctggggtece catgaacaag ctcgttggec gtcgeacctce
> dicodon-optimized MttA..................... >
amgy ssliwgpmnkIlvgrrt

361 gtacaacctc gctatctcga tgctctgegc ttgetcggeg ggcacggecy ctgecatcaa
> dicodon-optimized MttA..................... >
synl ais mlcacsagtaaalil

421 cgaggagatg ttcatcgect tcegegtgct ctceggtetg accggtacct cgttcatggt
> dicodon-optimized MttA..................... >
neem fiafrvIisgltgtsfm

481 ctcgggtcag acggtgceteg ccgacatctt cgageccegte taccgeggcea cecgeegtegg
> dicodon-optimized MttA..................... >
vsgqtvladi fepvyrgtayv

541 cttcttcatg gccggtacce tctcgggtece cgcetatcggt cegtgegteg gtggtgteat
> dicodon-optimized MttA..................... >
gffmagtlsgpaigpcvggy

601 cgtcaccttc acctcgtgge gtgtcatctt ctggctccag ctcggeatgt cgggtetegg
> dicodon-optimized MttA..................... >
ivtftswrvifwlqglgmsgl
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661 tctcgtcctc tcgetectct tettccccaa gatcgaggge aactcggaaa aggtctcgac
> dicodon-optimized MttA.................... >
glvlisll ffp kiegnse kvs

721 cgccttcaag cccaccacgc tcgtcaccat catcagcaag ttctcgecca ccgacgtgcet
> dicodon-optimized MttA.................... >
tafk pttlvtiisk fsptdyv

781 caagcagtgg gtctacccca acgtcttect cgetgaccte tgetgtggte tgetcgecat
> dicodon-optimized MttA.................... >
lkgw vypnvfladlccglla

841 cacccagtac tcgatcctca cctcggegeg tgecatctte aactcgegcet tccacctcac
> dicodon-optimized MttA.................... >
itgy siltsaraifnsr fhl

901 cactgctctc gtctctggtc tettctacct cgeteceggt geeggcttec tcatcggcte
> dicodon-optimized MttA.................... >
ttalvsglfylapgagflig

961 gctcgttggt ggcaagctct cggaccgeac cgtccgeegce tacatcgtca agegeggctt
> dicodon-optimized MttA..................... >
slvggkl sdrtvrryivkrg

1021 ccgtctgeeg caggaccgte tccactcggg tetgatcacg ctgttcgeceg tecteececge
> dicodon-optimized MttA..................... >
fripgdrlhsglitlfavlip

1081 cggtacgctc atctacggct ggacgctcca ggaggacaag ggcgacatgg tggtgeccat
> dicodon-optimized MttA..................... >
agtliygwtlgedkgdmvvp

1141 catcgccgcc ttcttcgeeg getggggtct catgggcetcg ttcaactgec tcaacacgta
> dicodon-optimized MttA..................... >
itaaffagwglmgs fnc lInt

1201 cgtcgeegag gegetgeecge geaaccgtte cgeegtcatt gccggeaagt acatgateca
> dicodon-optimized MttA..................... >
yvaealprnrsaviagkymi

1261 gtacaccttt tcggccggct cgtcggegct cgtegteecc gtcatcgatg cgetcggegt
> dicodon-optimized MttA..................... >
gytfsagssalvvpvidalg

1321 cggcgagacc ttcacgcetct gegtegtege ctcgaccate geeggtctca tcaccgeege
> dicodon-optimized MttA..................... >
vgetftlcvvastiaglita

1381 catcgctcgc tggggtatca acatgcageg atgggecgag cgtgecttca acatgeccac
> dicodon-optimized MttA..................... >
ailarwginmgrwaerafnmp
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1441 ccagtgagcg gccgeecgcet gggectcatg ggcecttectt tcactgeccg ctttccag
>....>> dicodon-optimized MttA

tq-

D2. Annotated sequence of mfsA dicodon-optimized for U. maydis.

1 cgaattgaag gaaggccgtc aaggccacgt gtcttgtcca ggegegecag tcggatccat
dicodon-optimized MfsA >>

61 ggactcgaag atccagacca acgtgccgct ccccaaggct cecgctcatce agaaggegeg
> dicodon-optimized MfsA..........c.......... >
mdskigtnvp lpkapligka

121 cggcaagcgc accaagggca tcecetgeget ggtcgetggt gectgegeeg gtgeegtega
> dicodon-optimized MfSA............ccccue.. >
rgkrtkgipalvagacagayv

181 gatctcgatc acctacccct tcgagtcgge caagaccegt getcagcetca agegtcgeaa
> dicodon-optimized MfSA............ccccue... >
eisitypfesaktraql krr

241 ccacgacgtc gcegecatca ageccggtat ccgeggcetgg tacgecggcet acggtgecac
> dicodon-optimized MfsA..................... >
nhdv aai kpgirgwyagyga

301 gctegteggce accaccgtca aggegtcggt geagttcgee tegttcaaca tctaccgate
> dicodon-optimized MfsA.............c....... >
tlvgttv kasvgfasfniyr

361 ggcgctctcg ggtcccaacg gtgagcetcte gaccggtgec tcggtgeteg ceggcetttgg
> dicodon-optimized MfsA.............c....... >
salsgpngel stgasvlagf

421 tgceggtgtc accgaggegg tectcgeegt cacgeccgee gaggecatca aaaccaagat
> dicodon-optimized MfsSA............cccc..... >
gagviteavliavtpaeai ktk

481 catcgatgct cgcaaggtcg gcaacgecga getgtcgacc accttcggtg ccatcgecgg
> dicodon-optimized MfsSA............ccccuo... >
iidarkvgnaelsttfgaia

541 catcctgege gaccgtggte cgeteggctt cttetcggee gteggtecca ceatectgeg
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> dicodon-optimized MfsA.............cc...... >
gilrdrgplg ffsavgptil

601 tcagtcgtcc aacgccgeeg tcaagttcac cgtctacaac gagetcatcg gtctcgeteg
> dicodon-optimized MfsA..................... >
rqssnaavkftvyneligla

661 taagtacagc aagaacggcg aggacgtcca cccgetcgee tcgacgetgg tcggetcggt
> dicodon-optimized MfsA..................... >
rkys kngedv hplastl vgs

721 caccggtgtc tgctgtgect ggtcgacgea gecgetcgac gtcatcaaga cgegeatgea
S dicodon-optimized MfsA..........c.......... >
vigvccawstqgpldviktrm

781 gtcgcetccag gegegtcage tetacggceaa cacgttcaac tgegtcaaga cgcetgetgeg
> dicodon-optimized MfsA..................... >
gslgarglygntfncvktll

841 ctccgagggc atcggtgtct tctggtcggg tgtctggtte cgeaccggte gtetetegcet
> dicodon-optimized MfsA..................... >
rsegigv fwsgvwfrtgrls

901 cacctcggec atcatgttce ccgtctacga gaaggtctac aagttcctca cccageccaa

> dicodon-optimized MfsA..................... >
ltsaimfpvyekvy kfl tqgp

961 ctgagcggcce geecgattaa ttaatggage acaagactgg cctcatggge cttectttca
>.>> dicodon-optimized MfsA
n -

1021 ctge
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Supplemental figures

A
BamHI

At_mfsA

pETEF_CbxR_At_mfsA™

PETEF_CbxR_At_mttA
6945 bps

6453 bps ofi CoIET
ampR '

Plasmid maps of pETEF_CbxR_At_mttA and

pETEF_CbxR_At_mfsA. Both plasmids contain, cbxR: carboxin resistance, ampR: ampicillin resistance,
ori ColEL: origin of replication E. coli, Peer: constitutive promoter, Sspl, BamHI and Notl as restriction
sites, A: dicodon-optimized mfsA and B: dicodon-optimized mttA.

Fig.
S1.

ori ColE1
Sspl

sspl
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