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Propositions
1. The design of a successful microbial cell factory must include
substrate import, especially when we are not feeding it with

its favorite meal. (this thesis)

2. Design of synthetic transporters should be preceded by a full
characterization of nature’s own examples (this thesis)

3. Experts now have a better chance at correctly predicting the
substrate specificity of a transporter than the outcome of

elections

4. The CRISPR-Cas9 technology is the Rosetta stone for
functional genomics

5. Fracking can boost methanogenic bioconversion
6. No organisms have saved as many human lives as fungi
7. News is based on provenance, fake news gains it afterwards

8. Stubbornness combined with reflection is a great cocktail to
overcome obstacles in life

Propositions belonging to the thesis, entitled
The uptake of carbon sources by Aspergillus niger

Jasper Sloothaak
Wageningen, 9t of June 2017
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Chapter 1

Thesis summary



Thesis summary

Summary

Fungi have been used as food and in food fermentations long before written
accounts were created and they have been used in folk medicine in ancient
cultures. For centuries, species of the genus Aspergillus have been used for the
preparation of traditional Asian foodstuffs or together with baker’s yeast in
preparation of alcoholic beverages and have therefore been of great economical
value. Later, Aspergillus niger has been used for large-scale production of
organic acids, enzymes and other food-additives. Today, we aim to harness its
saprophytic nature and extraordinary ability to degrade and utilize plant material
that is naturally recalcitrant to degradation. To facilitate that ability, the range of
sugar transporters employed by this fungus is large even among fungi. This
makes it an excellent choice for the identification and characterization of a variety
of proteins with different substrate specificities, with potential application in the
design of newly engineered cell factories. At the same time this diversity and
complexity makes it very challenging to understand the role of each of the
components of the sugar uptake transporting network and regulatory mechanisms
involved.

In chapter 2, the current energy and material problems that need to be faced in
the coming decades are discussed. A growing world population with increased
prosperity in the developing countries stresses our resources and the
environment. Using renewable second-generation biomass feedstocks can partly
fill in the energy demand and significantly reduce the demand for chemicals from
petrochemical origin. To be able to efficiently utilize these renewable resources,
we need to understand and control the uptake of sugars released from biomass
feedstock into our microbial cell factories. Methods for studying these
transporters and the different sugar transporter families are discussed.

In chapter 3, the application of plasma-lemma proteomics and the use of profile
Hidden Markov Models (HMM) is introduced, where the proteome of the cellular
membrane is isolated, the differential expression of surface proteins is
determined and their possible role as glucose transporters is analyzed. Aspergillus
niger was cultured with various monomeric sugars as sole carbon source and
subjected to proteomics analysis (LC-MS/MS) after membrane enrichment and



purification. Membrane protein abundances were determined, and those scoring
high with the HMMg: model (generated using 42 biochemically characterized
glucose transporters from 10 different organisms), and displaying specific
expression patterns indicating a possible role on glucose transport, were selected
for their functional validation and characterization. Two candidate transporters,
MstG and MstH, were selected and their function was confirmed by functional
complementation in a glucose-transporter null yeast strain. Their transport
characteristics for various monomeric sugars were determined, their
transcriptional regulation was analyzed, and it was concluded that the selected
candidates were indeed two new Aspergillus niger high-affinity glucose
transporters.

In chapter 4, xylose transporters from the enzyme producers Aspergillus niger
and Trichoderma reesei are studied. To identify candidate transporters, we took
advantage of in silico proteome mining and specific profile HMM model
predictions. For their functional validation and characterization, we took
advantage of a yeast expression host unable to transport monosaccharides, and
able to metabolize xylose. The six selected candidates XItA, B and C from A.
niger and Strl, 2 and 3 from 7. reesei were heterologously expressed, and all of
them supported growth of the expression host on xylose. Transcript analysis and
radiometric sugar uptake assays revealed specificity for xylose for 4. niger XItA
and XItB, suggesting specific biological roles for these transporters in xylose
uptake in 4. niger. New insights were also gained into the molecular mechanisms
regulating the pentose utilization, at inducer uptake level, in these fungi.

In chapter 5, the endogenous carbon catabolite repression system is exploited to
demonstrate the function of the A. niger galacturonic acid transporter GatA. In a
mixed sugar fermentation, it was found that the A. niger strain overexpressing
GatA preferred D-galacturonic acid over D-xylose as substrate, and an increased
uptake of D-galacturonic acid was observed. Also, an elevated activity of the D-
galacturonic acid reductase activity was found, suggesting that the endogenous
D-galacturonic acid catabolic pathway is metabolite controlled.

In chapter 6, the first eukaryotic L-rhamnose transporter was identified and
functionally validated. A comparative plasmalemma proteomic analysis was used
to identify candidate L-rhamnose transporters in A. niger. Further analysis was
focused on one protein, designated RhtA, which was classified as a Fucose: H+
Symporter (FHS) from the TC2.A.1.7. transporter family. This family previously



included functionally validated transporters exclusively from bacterial origin
able to use different sugars and deoxysugars, but not rhamnose. Indications for
L-rhamnose transport function were obtained by functional complementation in
combination with growth inhibition tests of the S. cerevisiae mutant strain
EBY.VW4000. Biochemical analysis using radiolabeled L-rhamnose confirmed
that RhtA is a L-rhamnose transporter. The RhtA gene was found to be located
in tandem with a hypothetical alpha-L-rhamnosidase gene (rhaB).
Transcriptional analysis of rht4 and rhaB in wild type and deletion strains
confirmed that both genes have a coordinated expression, being strongly and
specifically induced by L-rhamnose, and regulated by the RhaR, which controls
tightly the expression of genes involved in thamnose utilization.

In Chapter 7, the work described in this thesis is summarized and its impact for
society and future research are discussed. Furthermore, insights gained in this
thesis, related to regulatory mechanisms, protein structure and evolution are
discussed.



Chapter 2

General introduction
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General Introduction

Societal embedding and the need for better understanding of
transporters

Scope

To significantly reduce our dependency on fossil fuels in favor of
biotechnological solutions, new generation of high-potential technologies and
insights encouraging successive improvements are required to produce
innovative biobased products that will be highly valued in the marketplace. The
work presented in this thesis is funded by the BE-Basic Foundation, an
international public-private partnership aiming at industrial biobased solutions
for a sustainable society, and focuses on the identification, regulation analysis
and characterization of sugar transporters essential for the utilization of second
generation feedstocks, as well as on their potential for application in the design
of novel cell factories.

This thesis was performed in the scope of the ‘carbon-based compounds’
flagship, which focuses on the conversion of lignocellulosic materials (first &
second generation) and other bio-based feedstocks (glycerol, alcohols, acids and
furanics), including their contaminants, into relevant products.

Towards a sustainable society

The success of human society has always been heavily dependent on availability
of food. The change from hunting gathering towards agriculture of cattle and
crops supported the first great population increase. After this transition,
populations could increase to up to 100-fold before reaching stability, making us
dependent on high yield food production. During the modern industrial and
agricultural revolution, we have been able to increase life expectancy and further
increase agricultural yields, and the world population has exploded since [1]
(Figure 1). The United States Census Bureau estimated that the world population
reached 1 billion people in 1804 and it took 123 years to reach 2 billion in 1927.
Global population reached 7 billion in 2012, an increase of 5 billion people in 88
years [2]. This last revolution was mainly possible due to the utilization of fossil
resources (coal, oil and natural gas). After food, human society is now largely
dependent on the materials facilitating our lives and the energy required to
produce and power them. Among the different fossil fuels, oil has fueled
transport vehicles, provided us with many of those chemicals and materials, and
has therefore empowered global economic growth and prosperity for more than
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100 years. But three
major  problems  are
inherent to our
dependence of oil. Firstly,
the availability of crude
oil is finite. The natural
carbon deposits were
formed from the organic
material of the autotrophs
that populated the earth
before any heterotrophs
had evolved. Natural 3¢
forces converted this = ' ' '

. 0 500 1000 1500 2000
accumulated material Year AD

over the course of
millions of years to the Figure 1: Historic World Population as estimated by
abundant energy source the US census bureau in 2016

we now retrieve from the earth. The organic material that is currently formed by
autotrophs is not deposited, but in most cases directly used by heterotrophs, like
us, and is thereby returned to the atmosphere as CO2. Just as when heterotrophs
burn carbohydrates for energy, the use of oil in our society results in the release
of large quantities of CO2 in the atmosphere. These enormous quantities released
together with methane emissions from livestock contribute to greenhouse effect
and change the climate [3]. While heavily disputed for many decades, this second
problem is now generally accepted. A third problem is the political power that
comes from the control of the geographical areas where oil deposits are present
and the military struggle that arises from it. Since our economy is based on
monetary trust, instability of energy supply always leads to some sort of
recession. The examples are plenty, well known are the events related to the first
and second gulf war.

=
o
)

World population
4 (US census bureau 2016)

Billions of people
S kPR N W H U1 O N 0 O

Sustainable energy sources

There are plenty of incentives to come up with sustainable alternative sources for
our energy, chemicals and materials. Extensive data on energy use and
production is available for Europe by Eurostat (ec.europe.eu/eurostat) and for the
United States from the US Energy Information Administration (EIA)
(www.eia.gov). According to the EIA approximately 75% of all crude oil used is
applied in heating and transportation. Therefore, alternative and renewable
energy sources have been a major research topic for the past decades. These
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efforts have led to development of the technologies for nuclear fission power,
geothermal power, hydropower, solar power, wind power and biomass power.
Each of these technologies has its advantages and drawbacks. Nuclear fission is
a very powerful and seemingly cheap technology that does not contribute to
climate change through greenhouse gas emissions. However, it is based on
deposited uranium, so not sustainable. Furthermore, the waste generated by the
fission technology is still highly radioactive and very dangerous for thousands of
years to any organisms exposed. Geothermal, hydro-, solar, wind and biomass
power are renewable and do not contribute to climate change, but cannot yet
satisfy the energy demands. Due to government incentives, the shares of
renewable energy sources are increasing in US, Europe and South America
[4][5][6]. Undoubtedly, this is also the case in other countries, where data is not
available. In Europe, biomass power is rapidly growing and has taken up the
second biggest share of renewable energy after hydropower [5]. It is of interest
because of four additional benefits. One, while the other power systems generate
electricity, which is liable to losses for storage and transport, biomass is used to
produce energy carriers that don’t have these losses. Two, making energy carriers
such as ethanol or biodiesel gives an added benefit; the energy carriers can be
‘plugged’ into in the existing transportation infrastructure. Energy expenditure
for transport is roughly 30% of total expenditure, and while a small part of our
transportation is now electrically driven, the majority is still dependent on
combustion engines. Three, carbon is fixed in biomass production, this means
that burning the resulting energy carriers does not result in net CO> release.
Finally, the one property of biomass over other energy sources is that it can be
used for production of chemicals, and thus materials.

Biomass for bioenergy

When considering biomass as substrate for energy we need to make a clear
distinction. Wood biomass has been used until the mid-1800’s as the main energy
source for heating, cooking and light. While the introduction of petroleum based
fuels made a big impact on that, many households and smaller ventures (hotels,
restaurants etc.) still use wood as an important source for heating. The biomass
present in waste has traditionally also been used as fuel in conventional thermal
power stations, or more recently in modern power plants. This makes for a very
significant contribution to our energy production. These applications all relate to
the direct burning, action or pyrolysis of the biomass to run generators that
generate electricity. The references to biomass in this thesis, however, only relate
to the use of biomass as a substrate for biochemical conversion. In that sense,
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biomass has originally been used in the form of edible (also named ‘first
generation’) sugars, competing with food sources.

The first-generation sugars have been used to develop the technology for
production of bioethanol fuel. The US and Brazil have made themselves partly
independent of fossil fuels using biomass fermentation technologies. These
countries have implemented government policies for energy safety to stimulate
production and use of corn or sugar cane derived bioethanol. The infrastructure
for production and distribution is fully functional and operational. Since the start
of these governmental agricultural and technological incentives, there has been
controversy about the effect on food and fuel prices, the environment and
economy in general. A thorough meta-data study is now available that combines
all available data on the effect of the implementation of corn-derived ethanol in
the US [7]. It is found that the effect of corn derived ethanol fuel on food and fuel
prices, environment and overall economy is limited. Policies were originally
made to increase energy security, but positive effects on national economy or the
environment would greatly enhance support for this technology. The discussion
still revolves around the availability of edible crops and the competition of fuel
production versus food production. Also, cultivating crops only for conversion to
ethanol greatly reduces the positive impact of the replacement of petroleum based
fuels. The introduction of lignocellulosic ethanol technology starts to solve these
problems. Here, the waste products of food production are used and therefore the
food-fuel competition is removed. Furthermore, the food crops themselves are
more efficiently used and no additional efforts are done that negatively contribute
to the environment. Current technologies, however, are not yet commercially
feasible and need improvements in production yields. As mentioned before, other
energy carriers can be created by fermentation technology using (lignocellulosic-
) biomass as substrate, such as butanol or methanol. Several ventures are
advanced in their research for the commercial production of these alternative
biofuels as can be deduced from several patents [8].

Biomass for biochemicals

The production of bioenergy carriers made from biomass is a very interesting and
large problem. The running cost of a biotechnological production process is
relatively large compared to the running cost of a wind generator, hydropower
plant or solar panel (www.irena.org). Corn or sugarcane ethanol production costs
are already competitive with gasoline for several years, but when considering the
agricultural residue lignocellulose as substrate, production costs are much higher
and therefore not competitive with gasoline prices [9]. Value of biomass products
is often depicted in the value pyramid, where the size of the layer is the market
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volume of the product and the vertical location of the layer represents the value
of the product (Figure 2). The largest and lowest value step of the pyramid can
increasingly be filled with renewable electricity sources as previously mentioned.
Biomass is therefore the alternative substrate of choice for some of the other steps
of the pyramid, where no alternatives are available. In the near future, the large
developing countries China, India and Brazil are likely to reach a level of
prosperity to match those of the US and Europe. The demand for affordable
automobiles, homes, smart electronics for communication and entertainment,
healthy nutrition and cosmetics are, therefore, expected to rise [10]. Novel
methods and technologies for the efficient and sustainable production of these
advanced materials and solutions that do not compete with food production are
required. Companies are currently in advanced stages of research and application
for many biochemicals, employing genetically modified microorganisms for
their production, such as DSM (ethanol and succinic acid), Corbion (lactic acid),
Butamax (Butanol) and many others.

high value Pham\:a & Cosmetics
FOOd\ & Feed
Bio}lastics & Polymers
Bulk chemicals & Fuels
Y Energy & Heat
low value

Figure 2: The value pyramid

Composition of plant biomass

Microorganisms take sugars and convert them to biochemicals via metabolic
routes. The type of sugars that can be used is dependent on the microorganism
used, and the type of sugars available is dependent on the type of biomass used.
The first generation biomass substrates that were industrially applied are sugar
cane derived sucrose, a disaccharide of fructose and glucose, and corn derived
starch, a polymer of glucose. Fructose and glucose are released as monomers by
the activity of a few enzymes, and can be readily used by the yeast
Saccharomyces cerevisiae to produce ethanol or by Aspergillus niger to produce
organic acids.
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Lignocellulose is the second-generation biomass substrate that is currently most
widely studied. It is the main constituent of residues of many crops used for food
or feed production. There are three very abundant second-generation feedstocks,
rich in lignocellulose, that are currently the most studied targets for second-
generation biochemical production: the residues of corn production after
harvesting of the kernels (the leaves and stem called stover); the residue of sugar
cane (the fibrous material left after sugar extraction called bagasse); and the
residue after removal of the wheat and rice kernels (straw). In addition, there are
many other sources such as grasses, woods, but also aquatic species such as algae
and kelp, which are also considered of interest as second-generation feedstocks.
Lignocellulose consists of a network of three different polymers, with a
composition of 40-50% cellulose, 30-40% hemicellulose and around 20% lignin
[11]. Cellulose and hemicellulose are polysaccharides of glucose and xylose
respectively that can be enzymatically degraded to monomers. Lignin is an
amorphous recalcitrant polymer that is generally not considered fermentable and
is therefore burned for energy after removal. There is, however, research done on
chemical conversion of the lignin polymer to create useful chemicals, which was
recently reviewed [12].

Pectin is also a second-generation feedstock component that is not yet as widely
considered as substrate for biochemical production. It is a major constituent of
the agricultural residues of the production of beet sugar, fruit juices, potato starch
and other types of biomass, as seen in figure 3. The composition of these
feedstocks is similar

to that of Ly

lignocellulose, but

the lignin is replaced |~ 80% -
by pectin [13]. The |®

polymer consists | go% - = Starch
mainly of the sugar- g

acid  galacturonic |8 4o, = Lignin
acid (galA), with a |@

high  degree  of 00% . mPeetn
esterification ~ with —
acetyl and methyl -

groups, and neutral

e 2 Q Q& & o m Celulose
. tz,(' o & 0‘ & 'Z;-’
sugar  side-groups. T R
@ -'\é\) ‘Q (,\@, &
The most abundant & ¢ ¢ & °

forms OfpeCtm are Figure 3: Comparison of the dry weight composition of

pectin rich biomass to starches and lignocellulosic biomass
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homogalacturonan (HG), where the backbone consists solely of galacturonic acid
units, rhamnogalacturonan I (RGI), where the backbone consists of alternating
units of galacturonic acid and rhamnose, and rhamnogalacturonan II (RGII), a
highly branched and substituted form of HG. The sugars that can be derived by
enzymatic hydrolysis of pectins are galacturonic acid, rhamnose, arabinose,
xylose, galactose and others present in minor amounts. This structural variability
and diversity of sugar components is the scientific challenge that must be
addressed to efficiently use pectin as a second-generation feedstock.

Relevance of transporters for fermentation

The biological conversion of renewable biomass substrates to biochemicals by
fermentation requires roughly three steps. The first step consists of three parts,
which are very much dependent on the type of feedstock that is used and the
robustness of the organism that will be used in the bioconversion. Generally, the
pre-treatment consists of a mechanical disruption to open up the dense structure
of the plant material to make it accessible. This is followed by a chemical pre-
treatment step, involving heat, pressure, acid or base. Then by an enzymatic
hydrolysis step, where enzymes (usually of fungal origin) release the monomeric
sugars from the polymers. In the second step, microbial conversion, the substrate
is converted into a product. The third step involves downstream processing in
which the product of interest is isolated and purified from the fermentation broth,
cells are recovered and the product is separated from the water and other soluble
impurities based on its chemical characteristics.

In the second step, when the feedstock is fed to the microbial cell-factories, the
sugars enter the cells through the action of transporter proteins and are converted
inside the cell to a product that is usually actively transported out of the cell by
other transporter proteins. Each individual transporter protein has a specificity
and intrinsic uptake rate towards a sugar substrate. As this sugar uptake rate can
be limiting in high performance processes, tailor-made, optimal transporters will
be required. In organisms that can naturally utilize the sugars in the feed,
endogenous regulatory systems will control the induction of transporters to
optimize substrate uptake over a range of in vivo conditions. For instance, in the
yeast S. cerevisiae, there are 20 transporters known that can transport glucose
into the cell. In vitro and in industrial conditions, a number of these transporters
are also able to import xylose, arabinose or galactose, each with a different
affinities and uptake rates, even though the yeast cells are unable to metabolize
these sugars directly [14,15]. These transporters show different affinities to each
of these sugars and will be selective towards a single substrate when a mixture of
sugars is present. In S. cerevisiae, when glucose is present, xylose is normally

17



not transported, even though the transporter is able to take it up in a homogeneous
xylose solution. This poses a problem when using complex sugar mixtures,
because in order to compete with chemical alternatives, productivity and titres
should be maximized, and fermentation times should be minimized. Therefore,
the industry aims to utilize organisms that are able to transport all substrates at
the same time. To be able to customize the suite of transporters that is available
for substrate uptake, a library of transporters with known characteristics must be
available. Many bacteria are limited in the number of substrates that can be
metabolized, and prokaryotic transporter proteins might not function in
eukaryotic production hosts. When considering eukaryotes, the model organism
S. cerevisiae can naturally only metabolize glucose and fructose and therefore
only has transporters that are optimized for the uptake of these particular sugars.
Saprophytic fungi such as A. niger, however, can metabolize almost any sugar
derived from lignocellulosic and pectic feedstocks, such as xylose and rhamnose,
and has the optimal transporters for the uptake of those sugars. To facilitate the
engineering of production strains for efficient uptake of feedstock-derived
sugars, this thesis, focussed on the identification and characterization novel
fungal sugar transporters.
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Tools for identification and characterization of transporters

Identification of LacY

The group of Monod published the very first description of a membrane
transporter in 1956 of the galactoside permease LacY [16]. The researchers
studied uptake by Escherichia coli of S**-analogs of galactosides, which cannot
be metabolized, by measuring the radioactivity of cells after incubation. Cells
that had been exposed to lactose prior to incubation with the labeled substrate
showed an internal concentration of more than a 100 fold of that in the medium.
Cells that were not exposed did not show any significant accumulation. This is
probably the first account of differential expression that is described in literature,
which gave the basis for the idea of coordinated expression of related genes and
led to the discovery of the bacterial operon concept. This discovery was well
before the start of ‘the genome era’: the overexpression of the LacY coding gene
was first reported in 1978 and the sequence described in 1980 [17,18]. Currently,
we have many other tools available that can be employed to identify transporter
proteins and subsequently characterize them.

Genomic localization and homology

In the past, transporters were sometimes found by expression of a random
genomic library or screening of genomic library with a probe [19,20].
Alternatively, when several catalytic genes of a metabolic pathway are localized
in an operon, the importer of the substrate of that pathway could be at that same
genomic location [21]. Since today we often have a genome sequence available,
or can generate it in a matter of weeks, we use bioinformatics to predict coding
sequences and associated protein sequence. A telling example of the development
of technology is the identification of FucP, the fucose importer of E. coli. The
genes responsible for the metabolism of fucose and their co-regulation were
elucidated between 1956 and 1977 [22-25]. The FucP sequence was then
reported in 1987 but functional expression was only reported in 1994 [21,26]. In
that time, while functionality of FucP was experimentally validated, technology
for automated alignment of DNA and protein sequences became available so that
other transporters like XylE and AraE were identified and functionally
characterized in parallel as reviewed by Henderson et al. in 1990 [27-29]. When
transporters from very diverse organisms had been identified, it became clear that
many of them had a number of domains that showed a high level of amino acid
sequence similarity [30]. This is the case because they all possess a number of
hydrophobic protein domains that allow them to permeate the cellular membrane.
The precise location of these membrane-spanning a-helices can be predicted by
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studying the characteristics of the amino acids in the protein with a secondary
structure prediction software, such as tmHMM [31]. TmHMM based secondary
structure predictions together with profile-HMM built from protein alignment-
and homology-based annotations were crucial in filtering the data sets obtained
from transcriptomics or proteomics. In chapter 3, the application of profile-
Hidden Markov Models (HMM) for homology search is compared with the
classic BLAST algorithm search, demonstrating the superiority of the former
method [32].

~omics techniques to study differential expression

When research on bacterial transporters started, no complete genome sequence
data was available and therefore a transport function could only be coupled to a
physiological condition and not the functional unit [16,33]. Later, the responsible
genomic locus could be identified by the introduction of linkage studies where
marker functions were coupled to random mutagenesis. Tailored screening
approaches led to construction of the first knockout strains and finally to the
identification of transporter genes by functional complementation, as was the
case for AraE [28]. Currently, differential expression analysis can be exploited,
making use of wild type and targeted knockout strains in combination with
transcriptomics or proteomics approaches, to get insights into the possible role of
genes. Discriminating conditions are chosen such that it is expected that genes of
interest are differentially expressed, and the ~omics techniques allow us to look
at a snapshot of the whole mRNA pool (transcriptomics) or the whole protein
pool (shotgun proteomics). For transcriptomics, condition-specific RNA is
isolated from cells. Differential expression of individual RNAs within the RNA
pool is either studied by microarray or by shotgun sequencing of the library of
RNA molecules (RNA sequencing). For shotgun proteomics, complete pools of
proteins are isolated from the discriminating conditions, or from specific part of
the organism such as membranes or mitochondria. The composition of the protein
pool and relative protein abundances are then analyzed using a combination of
liquid chromatography (LC) and mass-spectrometry (MS). Both of these data
types then require further processing using bioinformatics tools to answer
specific questions related to expression. These techniques are specifically
important when looking for distantly related transporters such as from diverse
families as can be seen in chapter 6.

Functional validation
Functional validation must follow initial identification of candidate sugar
transporters. In general, five methods can be distinguished. The easiest method

20



is the overexpression of the transporter in the endogenous host that has a
functional transport system. Changes in apparent affinity or uptake rate can then
be measured and linked to the specific function of the transporter. This method
does not give direct evidence for the in vivo function of the transporter and
experiments may be needed to gather additional experimental evidence, as seen
in chapter 5 and in Sauer et al. 1999 [20]. Moreover, experimental conditions
where overexpression of the transporter leads to a clearly distinctive phenotype
may be hard to find, and this method is therefore not generally applicable.
Alternatively, the transporter of interest can be deleted or disrupted in the
endogenous host, and a lack-of-function can be determined by a quantification of
the resulting phenotype such as a reduced affinity for the substrate and substrate
uptake rate. The success of this method is dependent on the redundancy of the
transporter function in the host, and may require additional experiments. In
prokaryotes, this method has proven successful, but eukaryotes tend to show
(apparent) functional redundancy and resilience with regard to sugar uptake as
described in chapter 6 and previously by others [28,14].

A third method focussing on the transporter in isolation requires the expression
of the transporter of interest, ex vivo or in vitro. Ex vivo; in a host that lacks the
transporter function, naturally or through genetic engineering, or in vitro; in
phospholipid vesicles that are reconstituted from purified membranes from the
host that lacks the transport function. In the former, simple growth on
metabolizing sugar can be used to confirm the functionality of the candidate sugar
transporter as described in chapters 3, 4 and 5, and in Weierstall et al. 1999 [19].
The latter is more tedious to accomplish, but has advantages such as of
intracellular accumulation due to the lack of metabolizing enzymes, possibility
to study bidirectional transport using inside out vesicles and the study of
organelle specific transporters [34—36]. Ex vivo expression is often sufficient for
the study of membrane sugar transporters, as is employed in this thesis. The
expression of the transporter can then be coupled to one of the following four
methods to determine function or detailed transport parameters. The function of
electrogenic transporters can be measured using voltage- or patch clamp methods
[37]. The function of sugar/proton symporters can be measured by pH
measurements [21]. The function of any transporter can be measured by uptake
of radiolabeled substrates or the application of in vivo fluorescent sensors for
sugars [38,39].

Families of transporters with sugar uptake function
A comprehensive system has been developed to classify transporters based on
their basic mechanism of action and how they use energy to power that action.
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This transporter classification system is available online (www.TCDB.org), is
curated and based on cumulative evidence [40—42]. Some major groups of
transporters can be distinguished that have members capable of transporting
sugars. These families are described here.

Major Facilitator Superfamily TC 2.A.1

Transporters of the Major Facilitator Superfamily 2.A contains two families of
transporters with sugar transporter capacities. One of these families is the family
TC2.A.1 and shares the name with family 2.A. These transporters are part of the
‘secondary active’ transporters that use the free energy of a gradient to drive the
transport of their substrate. For transport of substrate sugars across the fungal
membrane this is the only relevant transporter superfamily. It is also the largest
transporter superfamily occurring in all known cells with high structural,
mechanistic and substrate diversity encompassing 58 families, with 6 families
that contain proteins with known sugar transporting function as can be seen in
table 1. Many of the best-studied sugar transporters belong to this superfamily.
The previously described LacY, XylE and AraE of E. coli and the human GLUT1
are a few of those that have been studied in detail over the past decades [43].
Numerous studies have focused on this (super-) family of transporters, and the
3D structure of some of them has been elucidated in all possible states of the
protein. In general, the MFS transporters function as a monomer, are
approximately 500 amino acids in size, encoding for 12 transmembrane helices
(TMH). Due to this topology both the C and N terminus reside in the cytosol.
Several exceptions exist; one family has 14 TMHs, one protein has 24 TMHs and
one protein has only 6 TMHs. Within this superfamily three distinct mechanisms
for transport have been observed; uniport, symport and antiport, each using the
membrane gradient of the (co-)substrate to drive the function [44]. Each
transporter class shows a high degree of conservation within the families but
show very weak similarity between the families in the superfamily. The
superfamily is characterized by two small conserved sequences between helices
2 and 3, and between helices 8 and 9 [30]. This reflects an apparent structural
symmetry between the 6 helices at either end of the protein, and suggests that
they have evolved from a functional dimer. Upon binding of the (co-) substrate,
the N- and C-terminal domains move relative to each other, opening the substrate
binding domain to either the cytoplasmic or periplasmic side of the membrane.

Table 1 Sugar-specific families within the major facilitator superfamily (MFS)
TC no. Family

2.A1 The major facilitator superfamily (MFS)
2.A1.1 The sugar porter (SP) family
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2.A1.2 The drug:H+ antiporter drug efflux family (DHA12)
2.A.1.5 The oligosaccharide:H1 symporter (OHS) family
2.A17 The fucose:H1 symporter (FHS) family

2.A.1.20 | The sugar efflux transporter (SET) family

Glycoside-pentoside-hexuronide:cation symporter family TC 2.A.2

The other family in the Major Facilitator Superfamily that contains sugar
transporters is the CPH family. These transporters mostly catalyse the uptake of
glycoside sugars in symport with a monovalent cation such as Na+, H+ or Li.
Members of this family have been identified and characterized from bacteria and
from eukaryotes such as Schizosaccharomyces, Arabidopsis and human [45—47].
The proteins are generally about 500 amino acids in length, with twelve
transmembrane helices. There is some structural variation in this family, because
lactose permeases from the Gram-positive bacteria have an additional C-terminal
hydrophilic domain that is interacting with the phosphotransferase system like
the PTS transporters from superfamily 4.A [48]. Furthermore, indications are
found for an ability to form functional homodimers, resulting in a double sugar
translocation route [49]. This family, however, does not contribute to the uptake
of sugars as substrate for metabolism in fungi.

Drug/metabolite transporter superfamily TC 2.A.7

This superfamily consists of 35 families, each characterized by function, size and
topology [50,51]. The RhaT family TC 2.A.7.6 includes 2
rhamnose:H+ symporters of E. coli and Salmonella typhimurium, both of which
have been functionally characterized and are of specific interest for this thesis
[52]. The RhaT proteins of both species are 344 amino acids long with 10 putative
TM domains. Other families in this superfamily transport a very diverse range of
substrates such as nucleotide-sugar transporters in the membranes of the ER and
golgi of eukaryotic cells [53].

Solute:sodium symporters. TC 2.A.21

The first sugar transporters identified are the mammalian Glucose Transporters,
identified from studies on the kidney and intestine [54]. Here they are responsible
for the uptake of glucose over the brush border cell membranes of the enterocytes.
SGLTI1 couples the import of one glucose molecule to the import of 2 Na*
molecules, and has relatively high affinity with a Km of 0.2 mM. SGLT?2 couples
the import of glucose to the import of 1 Na+ molecule, and has a relatively low
affinity with Km of 6 mM. To keep homeostasis, ATP-dependent pumps control
the Na* current over the membrane. Therefore, the combined functions of these
two transporters indirectly couple the import of glucose to the availability of ATP
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in the cells. SGLT1 and 2 are members of a group of 6 human SGLT’s that can
all transport glucose and several other sugars with the exception the sensor
SGLT3. These SGLT’s are of major importance for human health care, because
they have been associated to several genetic diseases and are therefore drug
targets. Many transporters have been identified that use the sodium gradient as a
driving force to transport a variety of solutes. They have an amino acid chain
length of approximately 600 residues, with 14 predicted transmembrane helices
(TMH) and a conserved core of 10 TMH’s and a conserved substrate binding
location. The only SSS transporter characterized in fungi, the Saccharomyces
cerevisiae DUR3, conserved in several filamentous species such as Aspergillus
niger, is active on urea [55,56]. It is therefore unlikely that the SSS transporters
play a role in sugar transport in fungi.

SWEET; Sugars Will Eventually be Exported Transporter. TC 2.A.123

The first transporters of the SWEET family were identified by heterologous
expression of an Arabidopsis gene library in combination with a FRET sugar
biosensor in mammalian cells [39]. In the Arabidopsis genome, 17 SWEET
proteins can be found, that have been studied with respect to substrate, by
heterologous expression in yeast. They can be separated in four clades and
transport several mono- and disaccharides, such as sucrose, glucose, galactose
and fructose [57]. They consist of 7 transmembrane helices of which the C-
terminal three are mirrored in the N-terminal three, with an inverting helix in
between the two triplets. This topology is believed to be evolved from the
ancestor of the prokaryotic semiSWEETS, where the functional unit is a dimer
of a protein with only three trans-membrane spanning helices [58]. Because the
activity of these SWEETS seems to be independent of pH it was concluded that
they function as uniporters. These specific SWEET transporters function in
transport of sugars over cell membranes to distribute the carbon source, generated
by photosynthesis in the leaves, to the other locations in the plant. They are of
specific interest because plant pathogens have been shown to specifically
upregulate several of these efflux transporters during infection. This effect is
crucial for effective infection, because inhibition of this induction confers
resistance of the plant to the pathogen. SWEETSs have been identified in the
genomes of the rice and potato plant, but also in metazoan (animal) cells. Since
animals lack a photosynthetic system, the function as it was postulated for the
plant SWEETSs is irrelevant. In the human genome only one SWEET transporter
is found, that localizes to the golgi apparatus and is able to transport glucose. It
was believed that the MFS transporter GLUT mediates uptake and efflux of
glucose, but null-mutations in GLUT do not lead to defects related to impaired
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efflux [39]. Therefore, it is possible that the SWEET transporter has that function
in mammals. Furthermore, in mice it was found that this gene is upregulated in
mammary cells during lactation, when glucose is converted to lactose in the golgi
and exported to the milk. Chen, 2010 suggested that the human SWEET could be
responsible for transport of glucose from our intestinal cells to our bloodstream
via vesicular efflux [39]. Therefore, this transporter is now an interesting target
for research in obesity and diabetes. While it is suggested that SWEETS are
susceptibility factors of plants for fungi, no fungal SWEET proteins have been
identified to date. The proteins are however functional in fungal cells as was
demonstrated by the functional heterologous expression of glucose transporting
SWEETS in yeast cells [39]. This makes these small proteins an interesting target
for industrial application in microbial cell factories.

ATP binding cassette family TC 3.A.1

These transporters are part of the primary transporters, using the energy of ATP
hydrolysis to power their function. The first ABC transporters, published in 1982,
are the ABC maltose transporters that facilitate import of maltose in the human
pathogen S. typhimurium or the human intestinal symbiont E. coli [59]. These
first transporters were characterized as ‘periplasmic protein dependent’ or
‘binding protein dependent, because they require a periplasmic protein or
receptor for proper functioning. This auxiliary protein was suggested to be
involved in transport over the outer membrane of gram-negative cells [60]
(Ames, 1986). Later it was found that a Substrate Binding Protein (SBP), in the
periplasmic space of gram-negative bacteria or externally for archaea and gram
positive bacteria, delivers the substrate to the transporter complex. Also, in
eukaryotes several ABC import systems have been identified that were originally
classified according to a characterizing feature, in the case of P-glycoproteins, or
function, in the case of multidrug resistance, leading to some ambiguity in
literature. Since the discovery of the common ATB Binding Cassette domain
(ABC) in all these functionally diverse families, the characterization that is
currently accepted is based on that feature. Thanks to modern advanced
crystallography, much of their structural diversity is elucidated. In general, they
can be characterized as importers or exporters and based on their structural
diversity, the importers are further divided into three classes; Type I, Type II and
the ECF transporters Type III [61]. However, an exception to the unidirectional
nature of the ABC transporters was discovered, suggesting that this might not be
an overall common feature, and other energy systems can power membrane
transport [62]. This is the second biggest family of transporters described thus
far, likely because up to 3% of the currently sequenced genomes of bacteria and
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archaea code for these transporters [63]. These transporters span a huge substrate
range and only a very small fraction of the family functions as sugar transporters,
characterized as Type I importers. Furthermore, the importers of Type I, II and
III identified to date are only found in prokaryotes. The ABC exporters can also
be found in eukaryotes, but no sugar transport function has been found for those.
The ABC transporter consists of two times two functional domains that are
covalently linked or expressed as separate proteins or combinations thereof. Two
permease or Trans Membrane Domains (PMDs) are required, consisting of 6
transmembrane alpha helices each, which form the substrate translocation pore
in the membrane. On the cytoplasmic site of the membrane, two ATP/Nucleotide
Binding Cassettes (NDBs) are attached to conserved sequences in the binding
loops of the PMDs [64].

Phosphoenolpyruvate Transport System TC 4.A

These transporters are part of the group translocators that couple the chemical
modification of the substrate to the transport over the cell membrane. The
phosphoenolpyruvate (PEP) transport system was first identified in E. coli in
1964 as a result of the search for a homologous system to the eukaryotic kinase
involved in sialic acids metabolism [65]. The system was found to be diverse
with respect to substrates and only a small fraction is involved in sugar transport,
summarized in Table 2. In contrast to several other families, these transporters
consist of several functional protein subunits. These units can be covalently
linked, but are in many cases multimer complexes. The protein complex
effectively catalyses several phosphoryl transfer steps, transferring the
phosphoryl group to the transported solute. The first part of the PTS consists of
two cytosolic proteins that are responsible for the energy coupling and are
pathway specific. The first of those proteins, called enzyme I (EI), is auto
phosphorylated by PEP. EI then phosphorylates the second protein, a phosphoryl
transferase called Histidine Protein or Heat stable Protein (HPr). The second part
of the PTS, enzyme II (EII), is permease specific and consists of 3 functional
units A, B and C. EIIA is phosphorylated by HPr and subsequently
phosphorylates EIIB. EIIB then finally phosphorylates the substrate that is
transported over the membrane by permease domain EIIC. The EIIC permease
domain is used as the basis for the classification of the PTS subfamilies [66]. The
PTS system is interwoven with regulatory systems related to both central nitrogen
and central carbon metabolism. As an example, in E. coli, the phosphorylation
state of the cytosolic pools of the EI and HPr components is correlated with the
pool of cyclic Adenosine MonoPhosphate (cAMP) via the activity of adenylate
cyclase.
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Table 2 Families of sugar importers of the bacterial phosphotransferase system
(PTS) superfamily.

TC no. Family

4.A.1 The PTS glucose-glucoside (Glc) family
4.A.2 The PTS fructose-mannitol (Fru) family
4.A.3 The PTS lactose-N,N’-diacetylchitobiose-B-glucoside (Lac) family

4.A4 The PTS glucitol (Gut) family
4.A5 The PTS galactitol (Gat) family
4.A.6 The PTS mannose-fructose-sorbose (Man) family

cAMP is a steric inducer of the CRP transcription factor that regulates core
carbon metabolism, thereby coupling the sugar transport to the central carbon
metabolism [67]. The PTS system is found in bacteria and archaea, but no
examples have been found in eukarya.

4.D.2 The Glycosyl Transferase 2 (GT2) Family

These membrane proteins are believed to be involved in extracellular
glycosylation by catalyzing the attachment of a hydrophobic carrier to a sugar
molecule. Although suggested, it is not sure if these proteins are involved directly
in the transport of sugars [68]. Most consist of several monomers, together about
8 - TMHs plus a C-terminal hydrophilic domain of approximately 340 amino
acids harbours the catalytic activity. N-terminal domains show homology with
some of the ABC transporter families (3.A.3.4.3 and 4), and the C-terminal
domain shows homology with one of the MFS families (2.A.1.3.43). Members
have only been identified in Archaea and Bacteria.

Concluding remarks

Transporter proteins are as diverse as the molecules that are transported over the
cellular membranes. Computational tools have helped develop a comprehensive
classification system providing insights in the functionality of shared domains.
For many functional proteins the identification of a catalytic domain is often
sufficient to correctly predict the function. With catalytic proteins, a chemical
reaction is catalyzed and the substrate is converted to a chemically different
product, so that the combination of several active site residues is required in a
specific spatial arrangement. Transporters have residues for binding and
transferring the substrate across the membrane, but the entire structure of the
protein is required for the conformational changes that constitute the function.
Primary sequence alignments are therefore of limited value in predicting the
characteristics and substrates of transporters. As is showcased in this thesis,
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characterization of transporters can therefore be laborious and cannot yet be
executed in a high-throughput manner. The knowledge on characteristics and
substrates of prokaryotic and eukaryotic transporters is thus limited in contrast to
the wealth of uncharacterized transporters that can be detected using
computational tools and algorithms. Transporters are, however, the in- and
outputs of microbial cell factories, and can no longer be neglected in the design
of novel pathways for fermenting natural renewable feedstocks to virtually any
biobased chemical of human interest. The knowledge and insights obtained in
this thesis and other similar research is therefore of crucial importance in the
development of the next generation of synthetic microbial cell factories. In the
current society where oil dominates the chemical and energy market and
drastically affects the environment adversely, we desperately need competitive
industrial processes to provide a sustainable alternative. This thesis focuses on
the identification and characterization of novel sugar transporters essential for
application in the design of novel cell factories.
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Aspergillus niger ~ membrane-associated
proteome analysis for the identification of
glucose transporters

Abstract

The development of biological processes that replace the existing petrochemical-
based industry is one of the biggest challenges in biotechnology. Aspergillus
niger is one of the main industrial producers of lignocellulolytic enzymes, which
are used in the conversion of lignocellulosic feedstocks into fermentable sugars.
Both the hydrolytic enzymes responsible for lignocellulose depolymerization and
the molecular mechanisms controlling their expression have been well described,
but little is known about the transport systems for sugar uptake in A. niger.
Understanding the transportome of A. niger is essential to achieve further
improvements at strain and process design level. Therefore, this study aims to
identify and classify A. niger sugar transporters, using newly developed tools for
in silico and in vivo analysis of its membrane-associated proteome.

In the present research work, a hidden Markov model (HMM), that shows a good
performance in the identification and segmentation of functionally validated
glucose transporters, was constructed. The model (HMMgluT) was used to
analyze the A. niger membrane-associated proteome response to high and low
glucose concentrations at a low pH. By combining the abundance patterns of the
proteins found in the 4. niger plasmalemma proteome with their HMMgluT
scores, two new putative high-affinity glucose transporters, denoted MstG and
MstH, were identified. MstG and MstH were functionally validated and
biochemically characterized by heterologous expression in a S. cerevisiae
glucose transport null mutant. They were shown to be a high-affinity glucose
transporter (Km = 0.5 + 0.04 mM) and a very high-affinity glucose transporter
(Km = 0.06 + 0.005 mM), respectively.

This study, focusing for the first time on the membrane-associated proteome of
the industrially relevant organism 4. niger, shows the global response of the
transportome to the availability of different glucose concentrations. Analysis of
the 4. niger transportome with the newly developed HMMgluT showed to be an
efficient approach for the identification and classification of new glucose
transporters.
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Background

The development of biological systems for the industrial synthesis of biofuels
and chemicals is a main objective of today’s biotechnology. For cost-effective
production of valuable products, efficient microbial fermentations of non-food
lignocellulosic material are essential. Filamentous fungi, in particular the fungus
Aspergillus niger, play a prominent role in this field of biotechnology. 4. niger
is of significant industrial relevance and has been exploited as a production
platform for both organic acids and hydrolytic enzymes [1]. It is an efficient
degrader of the major plant cell wall polysaccharides cellulose, hemicellulose
and pectin [2], and is one of the main industrial producers of commercial enzymes
for plant biomass conversion due to its high enzyme secretory capacity [3]. In the
last decades, its versatile arsenal of extracellular enzymes for lignocellulose
depolymerization [4], and the molecular mechanisms controlling their
expression, have been well described [5-7]. However, while previous studies
have revealed the existence of an array of uptake systems in this fungus [8-10],
little is known about the identity and specificity of the transport systems involved
in sugar uptake. Most of the existing knowledge related to monosaccharide
uptake in fungi originates from studies in the model yeast Saccharomyces
cerevisiae. This yeast is able to transport and metabolize glucose, fructose,
mannose and galactose. Transport of these simple sugars is mediated only
through facilitated diffusion by the majority of the transporters from the Hxt
family, composed of Hxt1-Hxt17, and Gal2. They belong to the sugar porter (SP)
family [11], which is the largest subfamily of the major facilitator superfamily
(MFS). Hxt1-Hxt4, Hxt6 and Hxt7 have been found to be able to support growth
of yeast in glucose on their own, thus being considered the major hexose
transporters in yeast. In addition to the Hxt family, three members of the maltose
transporter family (Agtl, Mph2 and Mph3) are also able to transport glucose
[12]. The individual characterization of each of these transporters was possible
using engineered S. cerevisiae strains, deleted for hxt1—7 [13] and hxt1-17, gal2,
agtl, mph2 and mph 3 [12], as hosts for the functional validation and biochemical
study of these proteins. These yeast mutant strains, unable to grow on glucose,
fructose, mannose and galactose as a single carbon source, have also
subsequently been used as tools for the functional characterization of sugar
transporters from other fungal species [14-21]. In contrast to S. cerevisiae, the
only functionally validated sugar transporters in A. niger are the recently
identified D-galacturonic acid transporter GatA [22,23], two fructose transporters
[10] and the high-affinity sugar/ H+ symporter MstA [14]. Furthermore,
transcriptional data for the 4. niger mstC gene suggests that it encodes a low-
affinity glucose transporter [9], but no experimental data supporting its role as a
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functional sugar transporter is publicly available. MFS proteins display a strong
structural conservation [24], and structure-based profile hidden Markov models
can be used to identify putative sugar transporters in the A. niger in silico
proteome. To obtain a profile hidden Markov model (HMM), a multiple sequence
alignment is turned into a position-dependent scoring system with segments of
variable conservation levels and length [25]. As a result of the weighted scoring
system, HMMs are less sensitive to changes in the non-conserved regions of a
given protein family than more traditional methods based on shared primary
sequence similarity alone, like e.g. the standard Blast algorithm. These changes
include variability of the residues at a certain position as well as insertions and
deletions. In this study, a profile hidden Markov model specific for glucose
transporters (HMM_ur) was computed based on a structure-based multiple
sequence alignment of 42 proteins with a known function related to glucose
transport. Genome information combined with transcriptome analyzes of various
growth conditions can give a good inventory of A. niger plasma membrane
components with hypothetical sugar transporter functions. These data types,
however, do not take regulatory events at the posttranscriptional level into
account, although these events can influence protein abundances and localization.
An inventory of the 4. niger plasma membrane proteome at defined culture
conditions can provide a more reliable source of information for the identification
of the most important sugar transport components. To date, only few fungal
plasmalemma (PM)-enriched proteomes have been reported, and none of them
involved an industrially relevant filamentous fungus. The main focus of study
has been on S. cerevisiae [26-28] and on several pathogenic fungi [29-31], as
their PM represents a cellular component of substantial interest from a diagnostic
and therapeutic point of view [29]. Thus, since the PM proteome of A. niger has
not been a subject of study yet, it would be a first step towards a better
understanding of its dynamics and topology. Recently, our research group
successfully used a shotgun proteomics approach to study protein secretion
mechanisms in 4. niger, allowing the characterization of the secretory
subproteome of the fungus and its changes in different conditions by using label-
free LC-MS/MS [32,33]. This is a powerful tool to analyze enriched organelle
cell fractions, both in qualitative and quantitative terms [34], and thus permits the
identification and quantification of the most relevant components of the 4. niger
cell membranes. In this work, the membrane-associated proteome of A. niger was
studied for the identification of new glucose transporters, using newly developed
experimental and complementary computational approaches.
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Results and discussion

In silico transportome analysis and construction of a hidden Markov model
specific for glucose transporters

As an integral part of the membrane, transporters must contain at least one protein
domain that is thermodynamically stable in the hydrophobic environment of the
phospholipid tails. In eukaryotes, these are typically a-helical structures.
Transmembrane proteins can be predicted by applying a transmembrane hidden
Markov model (tmHMM) that incorporates the hydrophobicity, charge bias, helix
lengths and grammatical constraints of known transmembrane proteins into one
model [35]. In addition, a comprehensive list of A. niger sugar transporters can
be made by applying hidden Markov models for both the major facilitator
superfamily (HMMMEFS), and sugar porters (HMMSP). As the largest subfamily
of the MFS, the sugar porter (SP) family currently has the most identified
members [36], and as such provides a good basis for constructing a specific
profile HMM from multiple alignments of extensively characterized members.
The experimental steps and complementary bioinformatics pipeline to identify
and validate A. niger glucose transporters are depicted in figure 1. Initial in silico
analysis of the theoretical A. niger proteome with the precomputed HMMMEFS
and HMMSP, obtained from the Pfam database [37], showed that more than 250
of the proteins predicted in 4. niger ATCC1015 have a conserved domain
architecture related to sugar transport (Table 1). Very similar results were
obtained for the 4. niger CBS 513.88 strain (not shown). This high abundance of
sugar transporters makes A. niger a versatile host for the bioconversion of
lignocellulosic biomass to products of interest, especially also in comparison to
S. cerevisiae, which cannot metabolise as many sugars and consequently has
fewer sugar transporters [11]. Although the HMMSP captures the conserved
domain architecture of potential sugar porters, it cannot discriminate between
different sugar substrates, and was thus considered to be too broad for the purpose
of this study. Therefore, a list of 42 biochemically characterized glucose
transporters from 10 different organisms was obtained from the UniProt database
[38], and a profile HMM specific for glucose transporters (HMMgluT) was built
from these sequences (see alignment in Additional file 1). The functions of
proteins are often more conserved in their tertiary structure than in their primary
amino acid sequence, as residues that are not crucial for the function of the
protein will be subject to evolutionary changes over time.
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The typical structure of known glucose transporters comprises 12 transmembrane
helix domains divided into 2 groups of 6 helixes [39, 40], and the HMMgluT was
computed from a structure-based multiple sequence alignment incorporating
transmembrane helix predictions, rather than using an alignment algorithm based
on the primary amino acid sequence alone. Appropriate threshold values, above
which a hit with the HMMgluT has to score in order to be considered a true
positive, can be calculated by evaluating the properties of the HMMgluT.
Receiver operating characteristic (ROC) curves are instrumental in assigning the
best threshold values, since they display the tradeoff between sensitivity and
specificity. In order to obtain ROC curves, the HMMgluT was first validated
using a 10 x 3-fold cross-validation approach (Figure 2). Threshold values with
the best trade-off between the true and false positive rates of the prediction were
determined from the resulting ROC curve. In this study, two thresholds were
used. The first is dmin, which is the point on the curve that has the minimal
distance to [0 1] in the 2-dimensional x — y plane. Another way to determine the
best trade-off point is by calculating the point in which the Matthews correlation
coefficient is maximal (MCCmax), as the prediction is regarded as better the
closer the MCC value is to 1, whereas a value of 0 is regarded as no better than a
random guess. To compare the performance of this approach to a more traditional
approach, in which Blast is used to identify homologous proteins, each of the 42
verified glucose transporters was used as query in a separate Blast search against
the same dataset used to evaluate the HMMgluT. The resulting ROC curves for
each of the methods is depicted in Additional file 2 and shows that, for the
datasets used, an approach using HMMs outperforms Blast in discriminating
glucose transporters from other sugar transporters. By using the previously
calculated thresholds as lower limits for the HMMgluT score, the list of putative
glucose transporters was effectively narrowed down to 19 sugar porters when the
dmin threshold was applied, and to only 5 sugar porters, including MstA, when
the MCCmax threshold was applied (Table 1). Note that MstA was truly
‘discovered’ by the HMMgluT, since it was not a priori included in the training
set. The average sensitivity, specificity, accuracy and inferred HMMgluT scoring
values at the two threshold points, dmin and MCCmax, are noted in Table 2. As
expected, the specificity at the MCCmax threshold is very high, but it comes at
the cost of having a lower sensitivity. The dmin threshold on the other hand is
less strict, thus allowing for a higher false-positive rate in order to not neglect
any true positives.
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Figure 2: Receiver operating characteristic (ROC) curve for the HMMgiut
transporter model. Plotted is the mean of 30 runs of a 10 x 3-fold cross-validation.
The confidence interval is shown in grey. Calculated inclusion thresholds, dmir (white
square) and MCChax (black circle), are indicated.

Table 1 MFS domain proteins in A. niger and S. cerevisiae

Ngiu
Nitot NtmHmm Nwes Nsp Ngiut  Ngiut (dmin) (MCg(I:;a)

A. niger ATCC1015 11910 2561 469 256 252 19 5

S. cerevisiae CEN.PK 5439 1022 73 43 45 15 12

Niot total number of predicted proteins, Nimuamm number of proteins containing at least one transmembrane
helix domain, Nyrs number of proteins containing an MFS domain, Nsp number of proteins containing an
SP domain, Ng.r number of proteins above inclusion threshold of HMMgur (as given by the HMMERS3.0
tool), Ngwr (dmin) number of proteins above the inferred threshold score at dmin, Neur (MCCrmax) number of
proteins above the inferred threshold score at MCCumax

Table 2 Average sensitivity, specificity, accuracy and inferred HMM gt threshold
values for the HMMglur at dmin and MCCrax

e Specificit Accurac HMMy,,
Sensitivity (%) P (%) y (%) y scoﬁ:

Armin 81.67 84.79 84.61 379.41
MCCax 63.57 96.00 94.12 531.03
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The A. niger plasmalemma proteome in response to different glucose
concentrations at low pH

A way to verify both the HMMgur and the predicted glucose transporter
candidates is by using an experimental setup, in which the abundance of
transmembrane proteins in relevant conditions can be compared with their
HMM_gur scores. In this complementary work, the focus was put on the study of
the 4. niger transportome in the presence of different concentrations of glucose
at a pH which is both physiologically and biotechnologically relevant for this
fungus. Mycelium of 4. niger N400 was pregrown for 18 h in minimal medium
with 100 mM sorbitol as sole carbon source and subsequently transferred in equal
amounts to controlled fermenters containing minimal medium with the following
carbon source compositions: 100 mM sorbitol (reference condition), 100 mM
sorbitol plus 1 mM glucose (low-glucose condition) and 100 mM sorbitol plus
60 mM glucose (high-glucose condition). The initial pH of these cultures was set
at pH 4.0, which corresponded with the final pH measured at the pre-growth
stage. Immediately after inoculation the pH of the fermenter cultures started to
drop, reaching pH 3.5, in all cases, after 50—-60 min. For the remainder of the
experiment this was kept constant at pH 3.5. High-resolution analysis of the sugar
content in the culture medium sampled 2 h after inoculation showed that there
was sorbitol consumption in the reference condition; sorbitol and glucose
consumption in the low-glucose condition; and glucose but no sorbitol
consumption in the high-glucose condition. This result confirmed, as reported
[41], that the organism strongly favors consumption of good carbon sources like
glucose, over poorer carbon sources, such as sorbitol, even when the latter is also
present at a high concentration (100 mM). The 2-h time-point was selected for
membrane-associated protein analysis in all three conditions. Isolation of
fractions enriched for cell membranes was performed using a protocol similar to
the one developed by Oliveira and co-workers [32]. This protocol involves the
previously described workflow: cell disruption, crude organelle separation, and
subsequent enrichment [42]. After several differential centrifugation steps, a
pellet containing crude low-density organelles (P3) was obtained and subjected
to density gradient centrifugation, yielding a set of five fractions (P3A—P3E). The
PM marker vanadate-sensitive HvATPase and the mitochondrial membrane
cytochrome ¢ oxidase activities were then measured in the initial cell-free extract,
the P3 pellet and the P3A to P3E fractions derived from it. Compared to the cell-
free extract, the P3 pellet was shown to be 2.4-3.2 times enriched in plasma
membranes. No further enhanced PM enrichment was found in the P3A to P3E
fractions; however, cytochrome ¢ oxidase activity was higher in the P3A to P3E
fractions when compared to P3. Since mitochondrial membranes were not the
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main focus of this research, the P3 pellets, considered to be more optimal for the
analysis of plasmalemma proteins, were further processed and subjected to
shotgun proteomics analysis (detailed information regarding subcellular
fractionation, marker enzyme assays and sample preparation for LC-MS/MS can
be found in the “Methods”). The LC-MS/MS spectra obtained were processed as
described in the “Methods”. In total, 833 proteins were identified, of which 432
were present in all three conditions, 72 proteins were found only in the reference
condition, 34 only in the low-glucose condition, and 106 proteins were found
exclusively in the high-glucose condition. Of the proteins identified, almost 30
% had one or more predicted in\HMM domains, indicative of integral membrane
proteins (Additional file 3). The relative abundances of the proteins containing at
least one inHMM domain, which add up to 15.28, 17.50 and 15.45 % of the total
protein isolated in the reference, low- and high glucose conditions, respectively,
can be found in Additional file 4. Proteins associated with the mitochondrial
membrane were most abundant, followed by the proteins associated with the
plasma membrane. However, the plasma membrane-associated fraction consists
of a higher number of different proteins than the mitochondrial membrane-
associated fraction, with 86 and 35 identified proteins, respectively. Proteins
associated with the membrane-bound endoplasmic reticulum (ER) constitute the
third most abundant group of the list, with a total of 48 different proteins
identified. Finally, proteins linked to other membrane-associated organelles,
comprising the endomembrane system and membrane-bound organelles, such as
the Golgi apparatus, vacuoles and lysosomes, account for <1 % of the total
protein isolated (Additional file 5). In all three conditions, approximately one-
third of the proteins that have one or more .(yHMM domains are annotated as
proteins with a transporter function. This fraction, denoted as the A. niger
transportome, accounted for 3.9, 4.4 and 4.1 % of the total protein isolated in the
reference, low- and high-glucose conditions, respectively. Mitochondrial carrier
proteins are prevalent in all three conditions, followed by ATPases. Proteins with
the MFS architecture, which are the main interest in this study, comprise the third
most abundant group of the isolated A. niger transportome. Proteins (putatively)
involved in the secretory pathway and amino acid transport were found in relative
abundances of <0.5 % of the total protein isolated. Other transporters, comprising
(putative) oligopeptide transporters, formate/nitrite transporters, ammonium
transporters, iron permeases, Na+/solute symporters, ABC transporters, inorganic
phosphate transporters, nucleotide-sugar transporters, major intrinsic proteins
and the translocation protein Sec62, accounted for <0.01 % of the total protein
isolated, respectively.
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Performance of the HMMgluT for the identification of candidate glucose
transporters

The A. niger transportome was further analyzed for the presence of glucose
transporters. Table 3 summarizes the results of the bioinformatics analysis,
which was performed in the same way as previously for the entire 4. niger in
silico proteome, i.e. the data were first queried with the hidden Markov models
specific for proteins containing a MFS or SP domain. As already observed for
the 4. niger in silico proteome, a search with the HMMsp lowered the number of
proteins that scored above the inclusion threshold in comparison to the search
performed with the less specific HMMwrs. Querying the transportome with the
newly developed HMMgur, using the previously calculated thresholds, lowered
the number of putative, albeit highly probable, glucose transporters to 4, 3, and 2
promising hits in the reference, low- and high-glucose conditions, respectively.
The relative abundances of the identified MFS proteins that scored above the
default inclusion threshold of HMMgwr, HMMser and HMMwrs, ordered by their
HMM_gur scores, can be found in Table 4. High HMM scores corresponded to
MEFS porters that have been related to glucose uptake in previous studies, or novel
MES porters that, in the present study, showed abundance patterns that point
towards a possible role as glucose transporter. In figure 3A, the proteins found
in the three conditions are highlighted on the HMM curves for the glucose and
general sugar transporter model depicted. The color-coding corresponds to their
relative abundances in the three conditions (see “Methods” for details). In figure
3A, the proteins found in the three conditions are highlighted on the HMM curves
for the glucose and general sugar transporter model depicted. The color-coding
corresponds to their relative abundances in the three conditions (see “Methods”
for details). The HMM curves as such show the scores of all proteins in the
theoretical 4. niger ATCC1015 proteome that hit above the default inclusion
threshold of both HMM_gwrand HMMsp. The majority of proteins that were more
abundant in the low-glucose condition relative to both the reference and high-
glucose condition cluster closer to the dmin and MCChmax thresholds, whereas the
proteins that were more abundant in the high-glucose condition scored overall
lower on the HMMo_ur. This indicates that the model is better at detecting high-
affinity glucose transporters, which might be due to the sequences that were
selected to build the HMMgwr (Additional file 1).

Table 3 Number of MF'S porter proteins found in the three growth conditions

NMFS NSP Ng_IuT NquT (dmin) N5_IuT (Mccmax)
Sorbitol 14 13 13 4 4
Sorbitol + 1 mM glucose 9 6 7 3 3
Sorbitol + 60 mM glucose 15 9 10 2 2
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Figure 3 HMMSP and HMMgIluT scores of MFS porter proteins. A. HMM
scores for the theoretical ATCC1015 proteome, with HMMgIuT = black dotted line
and HMMSP = orange dotted line. Horizontal lines indicate the HMMgluT
thresholds dmin (dashed) and MCCmax (solid). MFS porter proteins found in the
three conditions applied are indicated with filled circles and colour-coded according
to their relative abundance patterns. B. Close-up of the proteins that scored above
the dmin (dashed line) and MCCmax (solid line) thresholds. The galacturonic acid
transporter GatA (indicated with a grey triangle and not found in the conditions
applied) is added as a reference. With HMMgluT, the Mst transporters are well
separated from GatA, whereas the more general HMMSP does not discriminate the
putative glucose transporters from the galacturonic acid transporter

A close-up of the top scoring proteins is depicted in figure 3A. The highest score
was obtained with protein ID 1121621, which is the putative low-affinity glucose
transporter MstC. Studies on its transcriptional regulation during the exponential
growth phase in batch fermentation and in chemostat cultures, carried out at
different dilution rates, have been performed by Jargensen et al. [9]. The mstC
transcripts were only detected during the batch fermentation phase, indicating
that mstC expression is associated with higher glucose concentrations or with
specific growth rates. In the present work, the protein abundance of the MstC
protein was found to be similar in all the three conditions studied. This result,
together with the previous findings of Jergensen et al., suggests that the presence
of MstC is independent of the glucose concentration. The second best hit, with
protein ID 1142882, and the fourth best hit, with protein ID 1143598, are yet-
uncharacterised transport proteins, henceforth denoted as MstG and MstH,
respectively. Their high HMMo.ur scores and overall abundance pattern in the
three experimental conditions strongly indicate a possible role for them as
glucose transporters. MstG and MstH were found with relatively high abundance
levels only in the two non-carbon catabolite-repressing conditions studied, being
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higher in abundance when low glucose concentrations were present. This type of
abundance pattern fits that of high-affinity glucose transporters described in S.
cerevisiae and Aspergillus species [14, 43, 44], that are preferably expressed in
the presence of low concentrations of glucose, poor carbon (de-repressing)
sources and in starvation conditions. Another protein with protein ID 1125134,
scoring in between MstG and MstH in the HMM_ it was not observed in the three
studied conditions. It is denoted as MstE (An03g02190) in the UniProt database,
and has been found to be expressed in germinating spores [45]. The fifth highest
scoring hit, with protein ID 1143191, is MstA. The mst4 coding gene is
transcriptionally controlled by the carbon catabolite repressor CreA and the
environmental pH regulator PacC. Its transcript levels were found to be higher
during carbon starvation at pH 6.0 [14]. Van Kuyk et al. also observed low
expression levels at pH 4.0 and 8.0, and in the presence of repressing glucose
concentrations at pH 6.0 [14]. In the present study, MstA was detected in very
low abundance; however, only in the de-repressing reference condition,
supporting previous results that suggested a limited role of this transporter when
the environmental pH is low. The combined results of the specific protein
abundance patterns and the high HMMo_ur scores indicate that MstG and MstH
could have a role as high/mid-affinity glucose transporters, therefore both
transporters were selected for further characterization.

Transcriptional analysis of mstG and mstH in the presence of different
carbon sources

In order to obtain additional insights in the regulation and possible biological role
of MstG and MstH, transcriptional levels were analyzed in mycelium samples
from cultures containing: minimal medium with 100 mM sorbitol (used as a
reference condition) and minimal medium plus glucose, fructose or mannose at
high (55 mM) or low (5 mM) concentration. Samples taken 2 h after mycelium
transfer were processed and RTqPCR analysis was performed. Both genes were
found to be expressed in all the studied conditions, but their expression levels
were clearly influenced by the different culture conditions (Figure 4). The
relative transcript levels of both genes in the reference, low-glucose and high
glucose conditions showed a pattern comparable to what was observed at
proteomic level; mstG and mstH were upregulated in the presence of a low
glucose concentration and downregulated when the glucose concentration was
high. However, mstG and mstH expression patterns showed to be divergent in the
presence of high and low concentrations of fructose and mannose. With these
carbon sources mstG expression levels were similar to those observed with a low
concentration of glucose. In the case of mstH, as observed in the presence of
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glucose 55 mM, high concentrations of fructose (55 mM) and mannose (55 mM)
also led to a decrease of its transcript levels when compared to the reference
condition. While these results do not provide conclusive evidence that MstG is
indeed a high-affinity glucose transporter they are not in disagreement with its
possible role either. In the case of mstH, only the glucose 5 mM condition
enhanced its expression, suggesting that MstH could have a specific role in A.
niger when low concentrations of the monosaccharide are available.

Table 4 Relative abundance and HMM scores of MF'S porter proteins detected in
the three growth conditions

protiD HMMg,s+ HMMsp HMMyes Relative abundance * sd (%) x 100 Remark
Sorbitol Sorb + 1 mM Sorb + 60 mM
glucose glucose

1121621  653.1 467.0 78.5 9.08+1.02 11.8944.79  9.47+3.50 MstC
(Q8J0U9)

1142882  583.1 464.5 74.8 2.24+0.48 4.47+0.20 n.d. MstG

1143598  559.3 411.7 86.1 6.38+1.83 17.54£2.39 nd MstH

1143191  535.0 420.0 75.7 8.51e73+1.14e n.d. n.d. MstA
(Q8J0OV1)

1101809 364.4 364.7 85.6 4.83+0.51 2.01+0.29 n.d.

1180703  339.2 346.3 97.4 n.d. n.d. 1.37+0.14 MstD
(Q8J0U8)

1188093  312.9 289.3 82.0 1.08+0.39 0.82+0.11 0.82+0.25

1144791  308.1 289.6 55.9 6.25+1.25 n.d. n.d.

1189214 1773 230.6 73.7 0.29+0.03 n.d. n.d.

1128338 57.6 103.6 72.9 3.70£0.32 4.360.02 6.46+0.84

1111630 46.4 101.6 63.2 n.d. n.d. 1.06£0.10

1184634  46.0 76.4 0 0.30+4.12e™° n.d. n.d.

1122202 44.6 52.6 135.9 0.87+0.10 n.d. 0.48+0.29

1178623 429 68.3 149.3 n.d. n.d. 4.71£1.07

1164538; 37.5; 82.3; 104.3; 2.11+0.14 n.d. 2.60+0.21 Same

1188786 374 721 98.9 protein
group

1089440 214 0 92.5 n.d. 1.16£0.12 n.d.

1118545 191 0 0 n.d. n.d. 3.87+1.13

1105147 O 0 54.4 8.93+0.03 7.14+2.01 11.47+1.24

1129336 O 0 31.8 0.34+0.01 0.50+0.10 1.07+0.01

1124902 O 0 130.7 n.d. n.d. 1.371£0.44

1165706 O 0 114.3 n.d. n.d. 0.05+0.01

1188840 O 0 99.1 n.d. n.d. 3.00+1.30

1146101 O 0 65.3 n.d. n.d. 1.21+0.91
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Figure 4 Transcriptional analysis of mstG and mstH. Mycelium of the A. niger
strain N400 was precultured on minimal medium with sorbitol 100 mM and
thereafter transferred to minimal medium with the following carbon sources:
sorbitol 100 mM, glucose 5 mM, glucose 55 mM, fructose 5 mM, fructose 55 mM,
mannose 5 mM and mannose 55 mM. Samples from the seven culture conditions
were taken 2 h after mycelium transfer, and expression analyses of mstG and mstH
were performed by qPCR using a histone-like gene (gene ID 207921) transcript for
normalization. Results are given as relative transcript rations in logarithmic scale
(Ig). The values provided in the figures are means of two biological replicates.
Transcript levels always refer to the reference sample (sorbitol 100 mM), indicated
with an asterisk
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Functional validation of A. niger sugar transporters MstG and MstH

As discussed above, the high HMMo_ur scores, the protein abundance patterns and
transcriptional analyzes of the MFS porters MstG and MstH point towards a role
in glucose uptake. In order to test their functionality, the engineered S. cerevisiae
strain EBY.VW.4000 [12], a glucose transporter null mutant unable to grow on
glucose, mannose, galactose or fructose as carbon source, was chosen as host for
functional complementation analysis. The yeast strain was transformed with the
2pn expression plasmid p426HXT7-6His-mstG or p426HXT7-6His-mstH,
containing the respective cDNA under control of the constitutive promoter
HXT7, and the terminator CYCl:. Single colony transformants were isolated
from minimal medium agar plates containing 2 % maltose and the ability of both
genes to restore growth of the EBY.VW.4000 transformant strain in the presence
of different monosaccharides was studied. Tenfold serial dilutions of
exponentially growing cells from at least two different transformants expressing
each gene were spotted on different minimal medium plates supplemented with
1 % (w/v) of the following carbon sources: glucose, galactose, fructose, mannose,
sucrose and maltose (Figure 5). The mstG transformants were able to grow on
glucose, galactose, mannose and sucrose as single carbon sources, whereas mstH
transformants grew on glucose, sucrose, mannose, galactose and, in contrast to
mstG strains also on fructose. MstH transformants also showed better growth on
mannose and sucrose, but poorer growth on galactose. Regarding the sucrose
transport by both transporters, since the EBY.VW4000 strain encodes an
extracellular invertase [18], it is unknown if the transported substrate was sucrose
or glucose in the case of MstG, and sucrose, glucose or fructose in the case of
MstH. These results indicated that MstG and MstH are functional sugar
transporters with the ability to transport a variety of substrates. In order to have
better insights about the affinity for glucose of both transporters, the growth rates
of the transformants expressing MstG and MstH were studied in the presence of
different glucose concentrations. Additional file 6 shows growth curves and
glucose consumption figures of the transformant strains grown on minimal
medium with glucose 2.5, 10 and 50 mM. Both transporters showed to be
functional in all glucose concentrations. However, when comparing individual
growth curves and glucose uptake, some differences could be observed. The
growth rate of the MstG transformant during the exponential growth phase was
comparable in the three different conditions, while in case of the MstH
transformant, at the highest glucose concentration the growth rate was reduced.
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Figure 5 MstG and MstH functional analysis. Growth of strain EBY.VW4000
containing the mstG gene (mstG+), mstH gene (mstH+), or harboring the empty
expression vector p426HXT7-6His (EV) in minimal medium agar plates containing
the following sugars at a final concentration of 1 % (w/v): maltose, glucose, sucrose,
mannose, fructose and galactose. Agar plates were incubated at 30 °C for 96 h. All
transformants expressing each gene showed the same growth pattern; therefore, the
figure depicts only one transformant per transporter as representative
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Accordingly, the glucose consumption rate of the MstG transformant in the 50
mM condition was much faster, being able to deplete the monosaccharide after
around 40 h of growth, whereas in the same timespan the MstH transformant was
only able to consume a 60 % of the total amount suggesting that MstG and MstH
are glucose transporters with different affinities for the sugar. To determine MstG
and MstH transport characteristics, ('*C) glucose transport assays were
performed with the transformant strains as described [46]. Initial glucose uptake
rates at various substrate concentrations were fitted to the Michaelis—Menten
model with noncompetitive substrate inhibition and used to estimate the
appropriate kinetic parameters as described [47]. MstG was confirmed to
transport glucose with apparent Km values of 0.5 £ 0.04 mM, and Vmaxof 5.8 £
0.04 nmol min-1 mg DW-1 (Figure 6a). Its affinity for glucose was lower than the
one reported for 4. niger MstA with a Kmvalue of 0.025 = 0.01 mM. However,
MstG can still be classified as a high-affinity glucose transporter, since its Km
value is lower than the one reported for the S. cerevisiae high-affinity hexose
transporter HXT6 (Kmvalue 1.4 = 0.1 mM) [47]. Initially MstH kinetics were
determined using the same range of substrate concentrations as for MstG. The
results obtained suggested that MstH had a much higher affinity for glucose than
MstG. Therefore, the assay was optimised and repeated using a micro-molar
range of glucose concentrations. MstH was confirmed to transport glucose with
apparent Km values of 0.06 = 0.005 mM and a Vmaxof 1.3 = 0.2 nmol min-1 mg
DW-i (Figure 6b), similar to what has been reported for 4. niger MstA. Since
MstG and MstH were able to restore growth of the hexose non-transporting
EBY.VW4000 on other monosaccharides as well, their substrate specificity was
evaluated by determining glucose relative transport levels in the presence of a
tenfold excess of various competing sugars (Figure 6¢). Both transporters clearly
showed higher specificities for glucose. However, besides glucose, galactose,
fructose and xylose were able to inhibit MstG glucose transport by 39, 29 and 25
%, respectively; whereas, in the MstH transformant mannose and fructose
reduced the uptake of labeled glucose by 70 and 50 %, respectively. 4. niger
MstA also showed a preference for glucose, while being able to transport other
monosaccharides as well [14]. Similarly, substrate specificity of Aspergillus
nidulans hexose transporters HxtB and HxtC have been assayed [20], and a
reduction of glucose uptake of 70—80 % was observed for galactose, fructose and
mannose. In accordance to the functioning of many glucose transporters from
other filamentous fungi, the function of MstG and MstH was found to be energy
dependent via proton symport. This was confirmed by measurements of glucose
initial uptake rate in the presence of CCCP that resulted in a 60 =8 % (n = 3) and

53



64 + 6 % (n = 3) reduction of labelled glucose uptake by MstG and MstH,

respectively.
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Figure 6 Uptake of 14C-labelled glucose by the yeast hexose transporter null mutant
EBY.VW4000 expressing mstG or mstH as a function of glucose concentration. a, b
Diamonds represent measured uptake rates of 14C labelled glucose (n = 3) as a result
of expression of mstG (a) or mstH (b). Black lines represent least-squares-fitted
Michaelis—Menten model (mstG; Kn = 0.5 mM; Vmax = 5.8 nmol min—1 mg DW-1;
mstH: Kn = 0.06 mM, and a Ve = 1.3 nmol min—1 mg DW-1). Insert results for
mstH using micro-molar substrate concentrations. ¢ Uptake rate of 1 mM C-
labelled glucose by EBY.VW4000 expressing mstG (filled boxes) or mstH (open
boxes) in the presence of a tenfold excess of competing sugars
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Conclusions

In this study, two complementary approaches were used to both increase the
understanding of the 4. niger membrane-associated proteome, and to identify
novel glucose transporters. In a purely in silico approach, a hidden Markov model
(HMMgur) was constructed for the identification of glucose transporters.
HMMgur performed well in the identification and segmentation of functionally
validated glucose transporters. In a complementary in vivo approach, defined
culture conditions were applied to study the response of the 4. niger membrane-
associated proteome to different glucose concentrations. To the best of our
knowledge, this is the first study on the membrane-associated proteome of the
industrially relevant fungus A. niger. The study provided a better understanding
of the membrane composition and topology, especially with respect to proteins
with a putative transporter function; the 4. niger transportome. Analysis of the 4.
niger in vivo transportome with HMMgur was shown to be effective; by
combining the abundance patterns of the proteins identified in the experimental
conditions with their respective HMM.ur scores, two new putative glucose
transporters, MstG and MstH, were identified. They were functionally validated
in an engineered yeast strain with a monosaccharide transporter null-background
and confirmed to be high affinity transporters for glucose.
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Methods

In silico transportome analysis and construction of a hidden Markov model
specific for glucose transporters

The A. niger ATCC1015 and S. cerevisiae CEN.PK proteomes plus their
annotations, which were used for the in silico analysis, were obtained from the
JGI database [35]. For 4. niger ATCC1015, only the best model proteome was
used. Transmembrane helix domains were predicted with a standalone version of
the TMHMM tool from the TMHMM website [36]. Hidden Markov models for
the major facilitator superfamily (HMMMFS) and sugar porter (HMMSP)
domains were obtained from the Pfam database [37]. The protein sequences used
to build the HMMgur were obtained by entering the search term “sugar
transporter” in the uniprot database and downloading the resultant xml and
canonical fasta files. The xml file was parsed for proteins that were not
experimentally verified to have the biological function assigned to them. The
remaining proteins were divided into two separate datasets; the first dataset
contained only the proteins with an experimentally verified GO term related to
glucose transport (GO:0005355 and GO:0015758); the second dataset contained
the remaining proteins (core dataset). The protein sequences of the
experimentally verified glucose transporters were aligned by accessing the
PRALINE structural alignment tool [38] via the SOAP interface and using the
following settings: BLOSUMG62, PSI-BLAST pre-profile processing (Homology
extended alignment, 3 iterations), structural features: DSSP-defined secondary
structure search, PSIPRED and TMHMM, fasta output file. The aligned fasta
output was converted to the Stockholm format, and the HMMgt was built from
the resultant output.sto file using the “hmmbuild” command from HMMER v3.0
[39]. A. niger MstA was excluded from the multiple alignment. For the threefold
cross-validation, the initial dataset containing the 42 verified glucose transporters
was randomly partitioned into three equally sized subsets. The model was then
built from every combination of two subsets, while the validation of the model
was carried out on the core dataset plus the third subset of the glucose transporters
not used for the model building process. This allowed for the determination of
false and true negatives in comparison to false and true positives, and thus gave
an estimate of the prediction power of the model. The threefold cross-validation
was repeated ten times, each time with different random subsets of the verified
glucose transporters. Two thresholds were determined from the average ROC
curve resulting from the 10 x 3-fold cross validation of the HMMgr:
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1. Minimal distance to the point [0 1] (dpin):

d= \/(1 — )2+ (1= 5,)?

With s,, = sensitivity (TPR) and s, = specificity (TNR). Another metric to
calculate the optimal trade-off point between true and false predictions is the
Matthews correlation coefficient. The Matthews correlation coefficient is
essentially a one number representation of the confusion matrix, and is thus
suitable to compare the outcome of different model predictions. This coefficient
is calculated as follows:

2. Matthews correlation coefficient (MCC):

_ TP-TN —FP - FN
J(TP + FP)(TP + FN)(TP + FP)(TN + FN)

MCC

Here, a value closer to 1 is clearly a better prediction, and thus the inferred
HMMgur score at the highest MCC value calculated along the ROC curve,
MCCrax, was set as second threshold. Similarly, the BLAST approach was
evaluated by using each of the 42 verified glucose transporters as separate query
for a local BLASTp search against the core dataset plus the other verified glucose
transporters, allowing for the determination of true and false-positive rates (see
Additional file 2). Strains and growth conditions Escherichia coli DH5a (endA1,
hsdR17, gyrd96, thi-1, relAl, supE44, recAl, AlacU169 (®80 lacZAMI1Y)),
grown at 37 °C, was used for cloning experiments and plasmid propagation. Luria
broth (LB) was used as growth medium (1% w/v tryptone, 0.5% w/v yeast
extract, 1% w/v NaCl) with or without 100pg mL™! ampicillin. The wild-type
strain A. niger N400 (CBS 120.49), used for the plasma membrane proteomics
analysis, was grown at 30 °C on complete medium plates for spores generation
and maintenance [40]. Mycelial biomass of the N400 strain was obtained after
18h of growth in liquid cultures containing minimal medium, including 5g L ™! of
yeast extract, with 100mM sorbitol as carbon source. Equal amounts of water-
rinsed mycelium were transferred to 1-L bench top fermenters (Sartorius) with
750mL of minimal medium containing 4.50g NaNO3, 1.13g KH2PO4, 0.38g KCI,
0.38g MgS0O4- 7 H2O and 750uL of Vishniac solution [40,41]. Three different
conditions, varying in the carbon source composition, were studied: sorbitol
100mM (reference condition), sorbitol 100mM plus glucose 1mM (low-glucose
condition) and sorbitol 100mM plus glucose 60mM (high-glucose condition).
Two biological replicates per condition were studied. Fermenters were stirred at
1000rpm and aerated with filtered air (0.6 L min '), keeping oxygen levels over
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60%. The initial pH, set at 4.0, was allowed to drop until pH3.5 and kept constant
afterwards by sodium hydroxide addition. Mycelium samples for RT-qPCR
analysis were obtained from a mycelium transfer experiment similar to the one
described above, using minimal medium with the following carbon source
compositions: 100mM sorbitol (reference condition), glucose 5SmM, glucose
55mM, fructose SmM, fructose S5SmM, mannose SmM and mannose 55mM. Two
biological replicates per condition were studied as well. Cultures were performed
in Erlenmeyer flasks, stirred at 200 rpm and the initial pH of the medium in all
conditions was set at 4.0. Two hours after inoculation mycelium samples were
taken and quickly washed, dried with a single-use towel, snap-frozen with liquid
nitrogen and stored at —80°C until further processing. The S. cerevisiae strain
EBY.VW4000 (CEN.PK2-1C hxt134::loxP; hxtl5::AloxP; hxtl6A4::loxP;
hxtl4A::loxP;  hxt124::loxP;  hxt94::loxP;  hxtl1A::loxP; hxt104::loxP;
hxt8A::loxP; hxt514A4::loxP; hxt2A::loxP; hxt367A::loxP; gal2A; stliA::loxP;
agtl::loxP; ydI247wA::loxP; yjri60cA::loxP), used for the functional
complementation experiments and the characterization of glucose transporters
[12], was grown at 30°C and maintained on solid complete medium containing
10g L' of yeast extract, 20g L' of peptone and 20g L' of maltose. The
EBY.VW4000-derived strains obtained in the present study were grown in liquid
minimal medium containing 6.7g L™! of yeast nitrogen base with ammonium
sulphate (Difco), 20g L™ of maltose, supplemented with leucine (30mg L),
tryptophan (20mg L™') and histidine (20mg L™1).

A. niger membrane-associated protein purification and quality control
analysis

Aspergillus niger mycelium samples (2—3g, press-dried), washed with a 20mM
HEPES buffer pH 7.6 containing 150mM NacCl, and resuspended in the same
solution containing 1% (v/v) protease inhibitor cocktail for yeast and fungi
(Sigma), were mechanically disrupted using a French press (8000psi). Cell-free
extracts were centrifuged for 5 min at low speed (500g), in order to remove
unbroken cells and pellet debris. The supernatants were then centrifuged during
20min at medium speed (5000g), to pellet and remove remaining heavy
organelles. The remaining supernatants were centrifuged for 120min at high
speed (~85,000g), to pellet light organelles (P3). P3 pellets were resuspended
using a Dounce homogenizer in ImL of a 20mM HEPES buffer pH7.6 containing
250mM sucrose. P3 suspensions were overlaid in a discontinuous sucrose density
gradient, prepared by layering successive decreasing sucrose densities solutions
(6 x 1mL), with concentrations ranging from 1.20 to 0.70M, upon one another.
Sucrose density gradients were centrifuged (~100,000g, 60 min) to isolate
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different membrane-associated fractions from P3 pellet. Five fractions were
obtained (P3A, P3B, P3C, P3D and P3E).

Sample preparation for LC-MS/MS

The protein content of enriched plasma membrane-associated fractions was
determined using the BCA protein assay. Membrane proteins were solubilized by
mixing volumes of each fraction containing 25ug of protein with equal volumes
of'a 2x solution of 20mM HEPES pH7.6 containing 1M 6-aminocaproic acid and
10g L' of n-dodecyl-beta-D-maltoside. Cell membrane—detergent mixes were
incubated in a thermoblock (Thermo- Mixer) for 1h at 20°C and vigorous stirring
(1000rpm). Afterwards, samples were sonicated in a water bath for 15 min, and
finally they were centrifuged at 22,000g for 30min. Supernatants containing
solubilized proteins were concentrated using Microcon YM-10 columns (cutoff
10 kDa; Millipore, Eschborn, Germany) and loaded into a 12% SDS-
polyacrylamide gel, which was run until the loaded samples entered into the gel.
The gel was stained according to the manufacturer’s instructions using Page Blue
staining (Fermentas) and rinsed with ultrapure water. Each sample-gel lane was
cut into one slice (approx. 1cm?), carefully sliced into smaller pieces of about
Imm? and transferred into microcentrifuge tubes. Samples were destained and
equilibrated through three washing steps using the following solutions: 50mM
ammonium bicarbonate (ABC) (incubated 5min), ABC/acetonitrile (1:1, v/v)
(incubated 5min) and neat acetonitrile (incubated 5min). These washing steps
were successively repeated two times. The gel samples were then swelled in 10
mM dithiothreitol (DTT) for 20min at 56°C to reduce protein disulfide bonds.
Subsequently, the DTT solutions were removed and samples were alkylated with
50mM 2-chloroacetamide in ABC, for 20min, at room temperature, in the dark.
The 2-chloroacetamide solutions were removed, and samples were again washed
twice with: neat acetonitrile (incubated Smin), ABC (incubated 5min) and neat
acetonitrile (incubated S5min). Approximately 150uL of digestion buffer,
containing sequencing grade modified trypsin (12.5ng pL™!) (Promega, Madison,
WI, USA) in ABC, was added to each sample, making sure that all gel pieces
were kept wet during digestion (adding, if necessary, additional ABC solution).
Protein samples were digested overnight at 37°C. Peptide digestion products
were extracted by adding 50uL of 2% trifluoroacetic acid (TFA), followed by an
incubation step in a thermoblock (ThermoMixer) for 20min, at room temperature
and vigorous stirring (1400rpm). Gel pieces were then subjected to 20s sonication
in a water bath, centrifuged and supernatants were transferred to new tubes. The
peptide extraction step was then repeated once by washing the gel pieces with
buffer B (80% acetonitrile, 0.1% formic acid) followed by the mentioned
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incubation and sonication steps. Supernatants from both extractions were pooled
and samples were placed in a vacuum centrifuge for acetonitrile evaporation until
2040 pL was left. Finally, samples were acidified by addition of TFA (1:1, v/v)
and peptide cleanup procedure, prior to LC-MS/MS analysis, was performed
using the “STop And Go Extraction” procedure as described before [42].

Mass spectrometric measurements

LC-MS/MS analysis was performed at Radboud Proteomics Centre as described
previously [43]. Measurements were performed by nanoflow reversed-phase C18
liquid chromatography (EASY nLC, Thermo Scientific) coupled online to a 7-
Tesla linear ion trap Fourier-Transform ion cyclotron resonance mass
spectrometer (LTQ FT Ultra, Thermo Scientific).

Proteomics data analysis

The LC-MS/MS spectra obtained from the proteomics experiment were
identified and quantified using the max-Quant software [44]. The peptides were
mapped against the annotated 4. niger ATCC1015 in silico proteome obtained
from the JGI database (http://genome.jgi-psf. org/Aspni7/Aspni7.home.html)
using the default settings of the maxQuant version 1.3.0.5 [variable
modifications: oxidation (M) and acetylation (protein N-term); enzyme used:
trypsin/P; fixed modifications carbamidomethyl (cys)], except for the variables
affecting the label-free quantification. For this, the multiplicity was set to 1, and
the parameters for label-free quantification as well as the iBAQ and peak property
calculations were selected. Only proteins with two or more unique peptide hits
were considered for further analysis. Protein localization was determined using
the Softberry protComp prediction server (http://linuxl1.softberry.com). The
relative abundances of the identified proteins are represented as follows:

1+ A; 1+ A4

where A; is the relative abundance of the protein in the low-glucose condition;
Ay, relative abundance of the protein in the high-glucose condition; Ag, relative
abundance of the protein in the reference (sorbitol) condition.

Transcriptional analysis of mstG and mstH genes

Mycelium samples were disrupted with glass beads in a Fastprep-24 instrument,
and RNA extraction was performed by a Maxwell 16 instrument using the
Maxwell 16 LEV simplyRNA kit (Promega). Reverse transcription and qPCR
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analysis were performed following the protocols and instruments described in
Mach-Aigner et al. [45] with the primers listed in table 5. The previously
described histone-like gene “hist” transcript (gene ID 207921) was used as
reference for normalization of the expression data [45].

Table 5 Sequences of the primers used for gPCR analysis in this study:

hist-FW ACAATGACTGGCCGTGGAAAGG
hist-RV ATACGCTTGACACCACCACGAC
mstG-FW CGGTGGTGGTATGGCTTTCT
mstG-RV GTTCTCAGGCACACCGTACA
mstH-FW GCCATCATGATCGGTCTGTTTGTC
mstH-RV ACTGATGGTTCCGGTGTCATATCC

Construction of S. cerevisiae EBY.WV4000 transformants expressing A.
niger mstG and mstH genes and glucose uptake assays

The coding sequence of the genes mstG and mstH, digested with Spel and Xhol
were cloned on the S. cerevisiae expression vector p426HXT7-6His, previously
linearized with Spel and Xhol under the control of the constitutive promoter
HXT7, and the terminator CYCl; Transformation of S. cerevisiae
EBY.WV4000 with p426HXT7-6His (empty vector), p4A26HXT7-6His mstG
and p426HXT7-6His mstH was performed as described [46]. Uptake assays
were performed as described with minor adjustments [47]. 5 mL of Synthetic
Complete medium without uracil (SC-ura; 0.67% YNB (Difco)+ dropout
supplement mix without uracil (Sigma-Aldrich)) with 2% maltose as a carbon
source was inoculated from plate with EBY.VW4000 with pRS426H7 (control)
and EBY.VW4000 with pRS426H7 mstG or pRS426H7 mstH and incubated
overnight (30°C, 225rpm) as pre-inoculum. Pre-inoculum was transferred to
500mL SC-ura with 2% maltose and incubated for 24h. Cells were harvested by
centrifugation (4000g, 10min) and washed with 50mL ice-cold MQ. Cells were
then resuspended in 2mL ice-cold SC-ura without carbon source, divided in 40pL
aliquots and kept on ice. Aliquots were incubated for Smin at 30°C before uptake
assay was started. To start the reaction, 10uL of a five times concentrated labeled
glucose solution (D -[U-!*C]-glucose, Campro Scientific) was added. After
exactly 10s the reaction was stopped by the addition of ImL of 100 mM LiCl and
vacuum filtration (0.45pum HYV filters, 1225 sampling manifold, Millipore), with
subsequent washing with x SmL of ice-cold 100mM LiCl. After Smin of drying
in the vacuum manifold, the filters were transferred to scintillation vials with
7.5mL scintillation liquid (Ultima Gold, Perkin Elmer) and activity was counted
(Packard Tricarb 1600TR). All reactions were performed in triplicates. For each
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reaction, a negative control assay without incubation was performed. To
determine transport kinetics, uptake of labeled glucose with a range of
concentrations from 1pM to 10mM was measured in SC-ura at pHS5.0. Glucose
solutions with an activity of approximately 700-70,000Bq were used. To
determine kinetic parameters K, and Vuaxr, the data were fitted to the following
Michaelis—Menten model with substrate inhibition using the least-squares
method.

S 2
K+ 151+ 21
To determine substrate specificity, the uptake of 1mM of labeled glucose was
measured in the presence of 10mM of a competing carbon source. D-glucose, D-
sorbitol, D-xylose, D-mannose, L-rhamnose, L-arabinose, D-fructose and D-
galactose were selected as competing carbon sources. To determine if the
transporter functions via proton symport, activity was measured while
uncoupling the proton gradient by carbonyl cyanide m-chlorophenyl hydrazine
(CCCP). This inhibitor is dissolved in DMSO and added before temperature
equilibration of the cells. The uptake rate in the presence of 250uM of CCCP and
2% DMSO was compared with the uptake rate in the presence of only 2% DMSO.
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Identification and functional characterization
of novel xylose transporters from the cell
factories Aspergillus niger and Trichoderma
reesei

Abstract

Global climate change and fossil fuels limitations have boosted the demand for
robust and efficient microbial factories for the manufacturing of bio-based
products from renewable feedstocks. In this regard, efforts have been done to
enhance the enzyme-secreting ability of lignocellulose-degrading fungi, aiming
to improve protein yields while taking advantage of their ability to use
lignocellulosic feedstocks. Access to sugars in complex polysaccharides depends
not only on their release by specific hydrolytic enzymes, but also on the presence
of transporters capable of effectively transporting the constituent sugars into the
cell. This study aims to identify and characterize xylose transporters from
Aspergillus niger and Trichoderma reesei, two fungi that have been industrially
exploited for decades for the production of lignocellulose-degrading hydrolytic
enzymes.

A hidden Markov model for the identification of xylose transporters was
developed and used to analyze the 4. niger and T. reesei in silico proteomes,
yielding a list of candidate xylose transporters. From this list, three A. niger
(XI1tA, XItB and XItC) and three 7. reesei (Strl, Str2 and Str3) transporters were
selected, functionally validated and biochemically characterized through their
expression in a Saccharomyces cerevisiae hexose transport null mutant,
engineered to be able to metabolize xylose but unable to transport this sugar. All
six transporters were able to support growth of the engineered yeast on xylose
but varied in affinities and efficiencies in the uptake of the pentose. Amino acid
sequence analysis of the selected transporters showed the presence of specific
residues and motifs recently associated to xylose transporters. Transcriptional
analysis of 4. niger and T. reesei showed that XItA and Strl were specifically
induced by xylose and dependent on the XInR/Xyrl regulators, signifying a
biological role for these transporters in xylose utilization.

This study revealed the existence of a variety of xylose transporters in the cell
factories A. niger and T. reesei. The particular substrate specificity and
biochemical properties displayed by 4. niger XItA and XItB suggested a possible
biological role for these transporters in xylose uptake. New insights were also
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gained into the molecular mechanisms regulating the pentose utilization, at
inducer uptake level, in these fungi. Analysis of the A. niger and T. reesei
predicted transportome with the newly developed hidden Markov model showed
to be an efficient approach for the identification of new xylose transporting
proteins.
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Background

Industrial production of chemicals and enzymes synthesized by fungi comprises
a huge international market [ 1-3] and filamentous fungi such as Aspergillus niger
and Trichoderma reesei have become two of the main workhorses of today’s
industrial biotechnology. Their high enzyme secretory capacity has already been
industrially exploited during the last decades and both species have the capacity
to efficiently degrade and utilize second-generation lignocellulosic feedstocks
[4]. Global climate change, fossil fuels limitations and breakthroughs in the
advanced biofuels market have boosted the demand for robust and efficient
microbial cell factories. In this regard, to enhance the enzyme-secreting ability
of these fungi, efforts at multiple levels have been done: from studies at system
level to understand the secretory process, to the use of more applied strategies
focused on the improvement of protein yields [5, 6]. Nevertheless, access to
sugars released from the complex polysaccharides is not only dependent on the
ability of these fungi to secrete high titers of a complex mix of hydrolytic
enzymes, but also on the presence of a large array of sugar porters, transport
proteins that are capable of effectively transporting the constituent sugars into the
cell. Most of the current knowledge on sugar transporters in fungi comes from
studies in the model organism Saccharomyces cerevisiae. S. cerevisiae is able to
consume a limited set of mono- and disaccharides [7]. When the in silico
proteome is explored with Pfam profile hidden Markov models (HMM) [8] for
different transporter proteins, 73 proteins may be classified as major facilitator
superfamily (MFS, Pfam ID: PF07690) transporters, of which 43 belong to the
sugar porter (SP, Pfam ID: PF00083) subfamily. The superior capacity of
lignocellulose- degrading fungi for sugar uptake seems clear from the number of
sugar porters that are available. In the 4. niger in silico proteome 469 proteins
may be classified as MFS transporters of which 256 are included in the SP
subfamily [9]. Using the same approach, we estimate that for 7. reesei 235
proteins can be classified as MFS transporters of which 113 can be classified as
SP. To completely eliminate the ability of S. cerevisiae to use glucose as a carbon
source 20 SP genes needed to be knocked-out [10]. This apparent redundancy
enables the organisms to efficiently take up the available carbon source in
response to a wide variety of conditions. In yeast, not only sugar transporters
contribute to this flexibility, but also a number of sensors that share with these
transporters the same domain architecture, but have an additional domain to
connect to intracellular signal transduction pathways [11, 12]. While glucose is
always the preferred substrate, many of these yeast transporters have the ability
to transport several other sugars including natively non-fermentable substrates
like xylose. Members of the sugar porter subfamily are structurally similar in
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design, with 12 transmembrane segments organized in two distinct domains [13,
14] and only a limited number of amino acid side chains are believed to control
binding and affinity [15, 16]. In search for more efficient xylose transporters,
recent studies have focused on changing the functionality of known yeast
transporters and it has been shown that it is possible to change the uptake rate,
affinity and inhibition through a limited set of mutations [17-21]. Native
industrially relevant xylose transporters that show high affinity and capacity for
xylose uptake have been identified from Escherichia coli, Pichia stipitis and
Candida intermedia [22-24]. Additionally, several transporters from filamentous
fungi have been reported to transport xylose, such as An25 and An29-2 from
Neurospora crassa, XtrD from A. nidulans, MstA from A. niger and XItl and
Strl from 7. reesei [25-28]. Of this list, only An25 and MstA have been
biochemically characterized. 4. niger and 7. reesei are natural xylose
metabolizers. The aim of this study was to study their modus operandi in xylose
transport. This was done through the identification, characterization and
regulation analysis of a novel set of native transporters able to use xylose as a
substrate. To select promising new candidates, a hidden Markov model specific
for xylose transporters (HMMixyr) was developed, similarly to the HMM
developed for glucose transporters [9]. With HMMuyir, the in silico proteomes of
A. niger and T. reesei were mined for candidate xylose transporters and from each
species three candidate xylose transporters were selected for experimental
validation and biochemical characterization. All six transporters were able to
transport xylose and between them they showed remarkable differences in terms
of transcriptional expression regulation and substrate affinity and selectivity.
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Results and discussion

A. niger and T. reesei in silico proteome mining

Proteins belonging to the SP family are structurally similar, but share a low level
of sequence identity [9] and only a limited number of amino acid side chains are
believed to be involved in binding and affinity [15, 16]. As discussed in our
previous work, HMMs can be used to more effectively segregate SP proteins
based on their substrate than standard BLAST-based methods [9]. However,
precision will largely depend on the availability of a consistent training set of
previously characterized proteins with the function of interest. Given the data
available in literature, we aimed to build a profile HMM as specific for xylose
transporters as possible. To this end, we retrieved protein sequences from 24
functionally validated transporters that are able to transport xylose, with the
additional requirement that they must originate from species that are naturally
able to metabolize xylose (Additional file 1). Note that, when biochemically
characterized, most of these xylose transporters either performed (at least)
equally well on glucose, or were inhibited by the hexose, and thus the list is far
from ideal. Nonetheless, we expected that residues fundamental for xylose
transport are conserved in these proteins, ultimately making them xylose
transporters as well. The HMMxyir built from these sequences was used to mine
the in silico proteomes of 4. niger and T. reesei for putative xylose transporters.
The complete workflow applied for the selection of candidate xylose transporters
is presented in figure 1, Additional files 2 and 3 provide details on HMMxyir. The
output list of top-scoring A. niger and T. reesei proteins was analyzed (Additional
file 4), using the available literature, to search for the most promising candidates
for xylose utilization. In this regard, the 4. niger HMMxyir output was compared
with different transcriptome analysis studies where 4. niger was grown in the
presence of xylose, xylose—arabinose mixes, sugarcane bagasse, straw or willow
[29 —33]. The combined results of the HMMxyir output and transcriptome analyzes
indicated that many of the new A. niger candidate transporters with a high
HMM.yirscore were transcriptionally upregulated in, at least, one of these culture
conditions (Additional file 5). Moreover, many of them were also possibly
regulated by the XInR and AraR transcription factors, which control
hemicellulose utilization in 4. niger [32]. This suggested that the top-scoring
sugar porters within the 4. niger HMMxyrr list contained a number of good
candidates for further analysis. In the case of the 7. reesei top-scoring sugar
porters, only a few transcriptomics studies highlighting the expression
modulation of hypothetical sugar transporters in hemicellulose degradation
conditions are available.
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Figure 1 Approach for selection of candidate transporters (steps 1, 2 and 3), and
neighbor-joining distance tree of top 15 highest HMMyyr scoring proteins from A.
niger and 7. reesei. Functionally validated xylose transporters were retrieved to
train a HMMiyiT, and used to analyze the in silico proteomes of A. niger and T. reesei.
An analysis of the phylogenetic relationships of the top-scoring candidate
transporters, taking into account the available literature, allowed the selection of
candidate transporters that were subsequently characterized. Bootstrap values are
indicated, nodes with bootstrap values <75 % are collapsed. Numbers indicate
protein ID in JGI online genomes of A. niger ATCC1015 and T. reesei v2.0 [50, 66].
Proteins selected for further biochemical characterization are indicated in bold with
protein names in brackets. AN_, A. niger; TR_, T. reesei; asterisks, previously
experimentally validated transporters; hash symbol, the presence of a XInR-binding
motif as suggested by van Peij et al. [67] in the 1-kb upstream region of the encoding
gene

Still, in two recently published studies, analyzing the 7. reesei transcriptional
response to wheat straw, many of the HMMuxyir top-scoring transporters were
upregulated on this carbon source versus glucose [34, 35]. We also found that the
function of three of the topscoring transporters had been studied previously [25,
28, 36, 37]. One of them, TrStrl (protID 50894) [28] was confirmed to function
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as xylose transporter, while Stpl (protID 47710) and TrHxtl (protID 22912)
were associated to cellobiose and glucose utilization, respectively [36, 37].

Phylogenetic clustering of top-scoring A. niger and T. reesei transporters
With the help of HMMxyir, a number of candidate xylose transporters from A.
niger and T. reesei could be identified. Further analysis of the HMM.xyir output
showed that the possible function of many high-scoring transporters could be
linked to hemicellulose-associated sugars, particularly in A. niger. For this
reason, three top 10 4. niger transporters AnXItA (protID 1169204), AnXItB
(protID 1127588) and AnXItC (protID 1167504) were selected for further
studies. For the selection of 7. reesei xylose transporter candidates the top 15
highest scoring proteins from 4. niger and T. reesei were aligned and a neighbor-
joining distance tree was built from the pairwise distances (Figure 1). Broadly,
five protein clusters were observed. AnXItA and AnXItB are in cluster 1 and
within this cluster 4. niger XItA showed a strong clustering with 7. reesei Strl
(protID 50894). Strl was recently confirmed to be essential for pentose
utilization and relevant in the induction of the hemicellulose utilization system
[28], and since this transporter was not yet biochemically characterized it was
selected for further study. In the same cluster, 7. reesei protein 121482 (TrStr2)
appeared to be a close homolog of 4. niger X1tB and thus TrStr2 was also selected
for further analysis. Several transporters from cluster 4 were previously studied,
showing the relevance of this subgroup for sugar uptake [9, 37, 38]. Taking this
into account, and the fact that MstA has been shown to have high affinity toward
xylose, we decided to select another 7. reesei representative of this cluster
(TrStr3, ProtID 62380) for further studies.

Engineering of a laboratory-evolved yeast strain for functional validation
of xylose transporters

Saccharomyces cerevisiae EBY.VW4000 is a strain unable to transport glucose
and is frequently used for functional validation of sugar transporters [10]. For the
purpose of ex vivo functional validation of the selected fungal transporters, strain
EBY.VW4000 was genetically modified to be able to metabolize xylose as a
carbon source, and laboratory-evolved for an enhanced growth on xylose. For
this, strain EBY.VW4000, unable to grow on glucose, mannose, galactose or
fructose as carbon source, was transformed with the plasmid pRH315, expressing
the P. stipitis d-xylose reductase (XYL1) and xylitol dehydrogenase (XYL2)
genes, and the S. cerevisiae xylulokinase (XKSI) gene [39]. An isolated
transformant of the EBY. VW.4000 strain expressing the xylose utilization
pathway (EBY.XP) was subsequently transformed with a plasmid expressing the
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A. niger hypothetical
xylose transporter XItA

(p426HXT7-6His-xItA).
EBY.XP xltA
transformants were
isolated and the ability of
XItA to confer them the
capacity to grow in the
presence of xylose was
studied. Tenfold serial
dilutions of exponentially
growing cells from an x/t4
transformant were spotted
on different minimal
medium plates
supplemented with either

maltose

xylose

Figure 2 Functional validation of A. niger XItA as 1 % (w/v) maltose or 1 %
a xylose transporter, and of yeast strain EBY.XP

as a xylose-utilizing strain. Serial dilutions of the (W/ V) _Xylose' .After an
EBY.XP «xltA+ strain, expressing the A. niger incubation period of 5
sugar porter gene cloned in expression vector  days, the x/tA4 transformant
p426HXT7-6His, were grown in minimal medium strain showed ability to

agar plates containing maltose or xylose 1 % (w/v). grow on xylose (Figure 2).
Agar plates were incubated at 30 °C for 5 days. EV: While this result
EBY .XP, carrying the empty expression vector .
p426HXT7-6His, was used as a negative control conﬁrrped that A. niger
XItA is able to transport

xylose, the ability of the transformant strain to grow on the pentose was poor.
Poor growth of xylose-utilizing yeast transformant strains has been described
before [25, 27, 28], and this could be due to metabolic imbalances as a result of
different cofactor specificities of the heterologous genes XYL1 and XYL2
present in the modified S. cerevisiae strain [39]. To obtain a better growing
xylose-utilizing host for routine identification of xylose transporters, the ability
of the EBY.XP strain to metabolize xylose was improved through laboratory-
evolution. For this, the strain was grown in agar plates containing selective
minimal medium with 2 % (w/v) xylose, during long-term incubations (at least 2
weeks), at 30 °C. Once growing colonies were observed, they were pooled and
re-plated again in 2 % (w/v) xylose plates. After two re-plating rounds, several
single colonies showing relatively fast growth were selected and re-plated
individually. Finally, a thus evolved strain showing the fastest growth, called
Agll1, was selected for further research. Prior to further use as an optimized host
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for identification of new xylose transporters through functional complementation
of transport, the expression vector carrying the 4. niger xltA gene was cured from
the Agl1 strain (see “Methods” section for details). The cured strain Agl1C3
was confirmed by its inability to grow in the absence of uridine, and in the
presence of xylose as a single carbon source. To confirm that laboratory-evolved
strain Agl1C3 could be successfully used as a host for the identification of new
xylose transporters, the strain was retransformed with the p426HXT7-6His-x/t4
plasmid. Two Agl1C3-derived control strains were also constructed, one
carrying the empty vector p426HXT7-6His, and one carrying the plasmid
p426HXT7-6His-mstG, expressing a recently characterized glucose transporter
from A. niger [9]. Four transformants per strain were isolated and, as can be
observed in figure 3, only transformants carrying the p426HXT7-6His-x/tA
plasmid were able to grow on xylose. This result confirmed that the laboratory-
evolved strain Agl1C3 can be used as host for the identification of transporters
able to transport xylose. It also showed that the recently identified 4. niger MstG
glucose transporter is unable to support growth on xylose in this strain.

maltose 1% glucose 1% xylose 1%

Figure 3 Functional validation of Ag11C3, a laboratory-evolved growth optimized
derivative of the yeast strain EBY.XP. Growth of strain Ag11C3 expressing the A.
niger xItA or mstG genes; or harboring the empty expression vector p426HXT7-6His
(EV), in minimal medium agar plates containing maltose, glucose, or xylose 1 %
(w/v). Four transformants per genetic background were tested. Agar plates were
incubated at 30 °C for 7 days

Functional validation of 4. niger AnXItA-C and T. reesei TrStr1-3 in yeast
Strain Agl1C3 was used to study the function of the selected A. niger and T.
reesei sugar porters. Plasmids expressing x/tB, xitC, strl, str2 or str3 were
constructed using the p426HXT7-6His plasmid backbone and used to transform
Agl1C3. Single-colony transformants were isolated from minimal medium agar
plates containing 2 % maltose and the ability of XItA, XItB, XItC, Strl, Str2 and
Str3 to support growth of the Agl1C3 transformant strains in the presence of
xylose and in the presence of a number of other monosaccharides was studied
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using a plate assay. Tenfold serial dilutions of exponentially growing
transformant cells were spotted on minimal medium plates supplemented with 1
% (w/v) or 0.1 % (w/v) of one of the following carbon sources: xylose, glucose,
fructose, galactose, mannose and maltose (Figure 4). All six previously selected
transporters were functional as xylose transporters, as they all provided the
Agl1C3 strain the ability to grow in xylose. Remarkable differences in the
growth levels of the various transformants were observed, suggesting that the
affinity of the transporters toward the pentose could be different. XItA, XItC and
Str3 showed a good growth level in both high (1 %; w/A) and low (0.1 %; w/v)
concentrations of xylose after 7 days, XItB and Str2 transformants showed a
lower growth level in both xylose concentrations after the same incubation
period, while growth of the Str1 transformant could only be clearly observed after
a prolonged incubation time of 12 days. In addition, most of the transporters
showed the ability to transport other monosaccharides. XItC, Str2 and Str3 were
able to support growth of the Agl1C3 strain in the presence of all sugars tested,
showing them to be the transporters with the broadest substrate specificity. XItA
and Strl showed a poor performance in the use of fructose as substrate but
restored growth of Agl1C3 in the presence of glucose, galactose and mannose.
The most remarkable substrate utilization profile was that of the Agl1C3-XItB
transformant, which was only able to grow in the presence of xylose. For a better
insight in individual xylose affinities, the growth rates of transformants
expressing of XItA, XItB, XItC, Strl, Str2 and Str3 were studied in liquid cultures
in the presence of xylose (0.5 %; w/v) as sole carbon source, and in the presence
of a mixture of xylose (0.5 %; w/v) and glucose (0.5 %; w/v) (Table 1). Additional
file 6 shows growth curves of the transformant strains grown in minimal medium
with the described sugar compositions.

Table 1 Specific growth rate and sugar consumption by Ag11C3 transformants
expressing XItA, X1tB, XItC, Strl, Str2 and Str3

Xylose cultures Xylose + glucose cultures
Total xylose Total glucose
Agl11C3 Total xylose consumed consumed
strain p (h-1) consumed (%) u (b9 (%) (%)
XItA 6.0x10-3 £ 1.7x10-* 33.8+1.5 5.5x10-3 £ 1.1x10-* ND 23.6+0.4
XItB 6.3x10-3 + 1.0x10 56.5+1.8 6.2x10-3 £ 2.6x10* 34.8 £ 0.6 15.7+0.1
XItC 7.7x10-3 £ 3.6x10-* 50.0 £2.3 1.8x10-2+ 7.6x10-* ND 469+58
Strl 3.2x10-3 + 3.6x10-5 NQ 4.8x1073 + 4.4x10-5 ND ND
Str2 6.8x10-3 £ 1.8x10-° 50.6 £ 1.1 1.7x10-2 + 3.8x10-* ND 100
Str3 1.4x10-2+ 1.5x10-* 100 1.8x10-2 £8.1x10-5 284 +0.3 100
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As was already observed in the plate assays, all transformant strains were able to
grow in the presence of xylose as a sole carbon source. When comparing sugar
uptake with growth curves, differences could be observed between the different
transformants. With exception of the Strl strain, in the presence of xylose as a
sole carbon source growth started immediately after inoculation. In concordance
to what has been observed in the plate assay, growth of Strl transformant strain
was observed only after 10 days. Some xylose consumption was observed by
HPLC analysis, but due to the long lag time and poor growth this could not be
properly quantified. Together, these results suggest that the xylose transport
capacity of Strl transporter is very low. In contrast, the Str3 transformant showed
the fastest growth rate in the presence of the pentose, followed by XItC, Str2,
XItB and XItA. At the end of the culturing period Str3 had consumed all xylose
present in the media. Str2, XItC and XItB had used 50-57 % of the available
xylose, while XItA used the 34 % (Table 1). In the presence of the xylose and
glucose mixture (0.5 + 0.5 %; w/v), each of the transformant strains behaved
differently.

Empty vector Str1 Str2 Str3 XItA XitB XitC

e T e ees e
o —— .

0.1% mannose__ P2 g
- s
Str1
0.1% xylose _
1% xylose

(day 12)

Figure 4 Heterologous expression and substrate utilization analysis of the A. niger
sugar transporters XItA-C and 7. reesei sugar transporters Strl-3. AgllC3
transformants expressing strl, str2, str3, xltA, xItB or xltC were grown for 7 days at
30 °C in minimal medium agar plates containing a final concentration of 1 % (w/v)
or 0.1 % (w/v) of the following sugars: maltose, glucose, xylose, fructose, galactose
and mannose. EV: Agl1C3, carrying the empty expression vector p426HXT7-6His.
Insert strl transformant grown for 12 days on xylose plates
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In comparison to xylose cultures, growth of the Strl, Str2, Str3 and XItC
transformant strains was enhanced by the addition of glucose, whereas growth of
the XItB transformant was similar, and the XItA transformant grew less. This can
be explained by different affinities of the respective sugar porters toward glucose
and xylose. Str2 and Str3 transformant strains were able to use glucose efficiently
(Table 1). In the presence of glucose, no xylose uptake could be determined with
the Str2 transformant, whereas the Str3 transformant was able to use both carbon
sources simultaneously. Xylose uptake by the XItC transformant was inhibited
by glucose as well, but utilization of the hexose was not as efficient as observed
for Str2 and Str3 (Table 1). In the presence of glucose Strl initially grew faster,
suggesting that Strl could also transport glucose in the presence of the pentose,
but growth levels when reaching the stationary phase were lower than observed
in the cultures with xylose. Again sugar utilization could not be properly
monitored by HPLC analysis suggesting a very low rate of glucose uptake as
well. When compared to the xylose medium, the growth rate of the Agl1C3
transformants expressing 4. niger XItA and XItB was not higher in the mixed
xylose—glucose medium, and in contrast to the 7. reesei Str2 and Str3
transporters, glucose transport by 4. niger XItA and XItB was not efficient.
Moreover, the overall carbon uptake (glucose + xylose) in the sugar mix cultures
was lower than that one observed for the xylose cultures (Table 1). This was also
the case for the Agl 1C3-XItC transformant. In the presence of glucose XItA was
unable to transport xylose, while glucose was transported at a low rate (even
lower than the xylose transport levels when the pentose was used as the sole
carbon source). Inhibition of a xylose-specific transporter by glucose has been
previously reported for the well-characterized XylE, from E. coli [13]. Even more
remarkable was the performance of the XItB transformant in the mixed xylose—
glucose medium: in the presence of glucose, xylose uptake was reduced but still
two times higher than the uptake of glucose. Together with the plate assay study
(Figure 4), these results strongly suggest that XItB is a transporter specific for
xylose. To get more insights about both the biochemical properties and the
biological role of these transporters, radiolabeled sugar uptake studies and
transcriptional analysis of the respective coding genes were performed.

Analysis of uptake kinetics by *C-labeled sugar uptake studies

The growth data presented above effectively demonstrated that all the candidate
transporters are able to transport xylose. Differences observed in growth rate and
sugar uptake of yeast transformants expressing individual transporters suggested
important differences in substrate specificity and uptake rate. We therefore
measured the kinetics of xylose and glucose uptake of the six transporters.
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Transport assays were performed using a range of D-[1-*C]-xylose and D-[U-
14C]-glucose concentrations. Initial uptake rates were calculated, fitted to the
Michaelis— Menten model and used to estimate the appropriate kinetic
parameters (Kmand Vmax) as previously described [40] (Table 2) (Additional file
7). The affinity for xylose of the six transporters ranged from 90 pM (XItA) to
15 mM (XItB), being, in most cases, higher than those reported for most of the
fungal xylose transporters characterized to date, with values between 80 pM and
150 mM [23, 24, 26, 38]. A. niger XItA showed to have a very high affinity for
xylose (0.09 + 0.03 mM), which is even higher than reported for the E. coli xylose
transporter XylE (0.47 mM) [20, 22], and the A4. niger high-affinity sugar
transporter MstA (0.3 + 0.1 mM) [38]. The transporters XItC (4.71 £ 1.04 mM),
Strl (5.70 £0.19 mM), Str2 (6.18 = 0.81 mM) and Str3 (2.19 = 0.29 mM) showed
a high affinity toward xylose within the same order of magnitude, whereas XItB
(15.00 = 4.50 mM) had a slightly lower affinity. Regarding glucose transport
characteristics, five out of six transporters showed a very high affinity for the
hexose, ranging from 13 uM (Strl) to 108 uM (XItC).

Table 2 Xylose and glucose initial uptake kinetics of fungal MFS transporters

Xylose uptake Kinetics Xylose uptake kinetics References
Transporter “ypay (nmol min-* Vmax (nmol min-!
mg DW-1) Km (mM) mg DW-1) Km (mM)

AnXItA 1.08+0.05 0.09+0.03 1.11+0.15 0.07+0.01 This study
AnXItB 0.10+0.00 15.0+4.50 ND ND This study
AnXItC 0.14+0.01 4.71+1.04 1.18+0.15 0.11£0.02 This study
TrStrl 0.04+0.01 5.70+0.19 0.14+0.04 0.01+0.00 This study
TrStr2 0.12+0.02 6.18+0.81 0.69+0.19 0.05+0.01 This study
TrStr3 0.46+0.04 2.19+0.29 1.31+0.33 0.06+0.01 This study
AnMstA NC 0.3+0.1 NC 0.03+0.01 [38]

GXS1 0.01+0.00 0.08+0.02 - - [17]

XUT3 0.01+0.00 4.09+1.08 - - [17]
Xyp29 0.61+0.05 175.74+21.36 ND ND [26]

An25 0.69+0.04 55.96+9.37 ND ND [26]

SUT1 132.0+1.0 145.0+1.0 45.0+1.0 1.5+0.1 [23]
SUT2+ 41.0£1.0 49.0£1.0 3.3x0.1 1.1+0.1 [23]

28.0+4.0 55+11.0
SUT3+ 87.0+£2.0 103.0+£3.0 3.7x0.1 0.8+0.1 [23]
22.0£0.1 31.0£0.1
Ag11C3 ND ND ND ND This study
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These are, in all cases, in the same range as reported for other 4. niger high-
affinity glucose transporters [9, 38]. It is a common feature of reported
glucose/xylose transporters to show higher affinity for the hexose than for the
pentose [26], with differences of around two orders of magnitude [20]. This was
observed for the three 7. reesei transporters characterized in this study, while the
A. niger XItC affinity toward glucose was around 50 times higher than toward
xylose (Table 2). However, A. niger XItA showed approximately the same high
affinity for xylose (0.09 = 0.03 mM) as for glucose (0.07 £ 0.01 mM). Also, XItA
was able to transport both sugars at the same rate. In contrast, uptake of
radiolabeled glucose by XItB was not detected, as was previously described for
the P. stipitis Xyp29 and the N. crassa An25 xylose transporters [26]. This result
was in concordance with the inability of XItB to support the growth of the
Agl1C3 strain in the presence of glucose as a sole carbon source. The
biochemical characteristics of the six studied transporters, plus those reported
previously [9, 37, 38], revealed the wide range of glucose and xylose uptake
systems featured by these fungi. The initial uptake kinetics of both sugars
displayed by XItA and XItB suggested a possible biological role for these
transporters in xylose utilization.

Transcriptional analysis of 7. reesei strl -3 and A. niger xilt4 -C

To shed more light about their possible biological role on xylose uptake, a
transcriptional analysis, performed via RT-qPCR of the respective transporter
coding genes, was done. For this, the expression of A. niger xltA, x/tB and x/tC;
and T. reesei strl, str2 and str3 was studied, in different culture conditions, in
both wild-type and xInR/xyrl mutant strains which harbor an inactivated
transcriptional activator of the xylanolytic system (Figure 5). The samples for
expression analysis of the 4. niger genes were obtained from mycelium grown in
cultures containing minimal medium plus 55 mM glucose, 66 mM xylose, 0.5
mM xylose, or no carbon source (NCS), whereas 7. reesei samples were isolated
from cultures on minimal medium containing one of the following carbon
sources: 55 mM glucose, 66 mM xylose, 1.5 mM sophorose, or NCS. In case of
the A. miger transporter genes x/tA was strongly induced by high xylose
concentrations, and its expression levels were also significantly higher in lower
xylose concentrations when compared to the rest of the conditions studied
(Figure 5). XInR is a transcriptional activator of the xylanolytic system in A.
niger [41]. In the x/nR mutant strain, x/t4 transcript levels dropped dramatically
in the presence of low and high xylose concentrations, while they were kept at
the same level in the NCS and glucose conditions. This indicates a clear role of
XInR in the transcriptional regulation of x/¢4, and thus, a role of XItA in xylose
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uptake by 4. niger. The xItB gene expression was apparently not xylose
dependent as it was repressed in the presence of high concentrations of both
glucose and xylose, and its expression levels in the presence of low xylose
concentrations were slightly lower than in the NCS condition. Also, the
expression profile of x/tB was similar in the wild-type and the Ax/nR strain.
Therefore, a role of XInR in the regulation of this gene in the studied conditions
could be discarded. According to x/tB expression profile, XtIB seems to be
relevant in A. niger when there is a low availability of carbon sources in the
environment. In the uptake kinetics studies, the transport of low xylose
concentrations by XItB could be determined, but it was not possible for low
glucose concentrations. Thus, the substrate specificity, and the higher affinity for
xylose than for glucose shown by XItB, together with its preferential expression
at low carbon source concentrations, indicates that this transporter could have a
role for xylose transport in the fungus independent of XInR activation. The
expression levels of x/tC were, in contrast, higher when high sugar concentrations
were present in the medium. They were particularly high in the xylose 66 mM
condition. The role of XInR on the transcriptional regulation of this gene was not
clear, as its expression levels in the mutant strain were only slightly reduced in
the xylose 0.5 mM condition, but not reduced at all in the xylose 66 mM
condition. Regarding the 7. reesei genes, strl expression was strongly induced
by xylose, in a similar way to 4. niger x/t4, and also by sophorose, which is also
an inducer of the 7. reesei xylanolytic system [42]. In addition, it was clearly
transcriptionally regulated by Xyrl, encoding the main regulator of the xylose
metabolism in 7. reesei [43]. Despite Strl low efficiency in xylose transport, the
transcriptional behavior of its coding gene, and the recent findings reported by
Huang et al. [28], suggests an important role for the transporter in xylose
utilization. In the wild-type and Axyr/ strains, str2 was preferentially expressed
in resting cell conditions and strongly down-regulated in the presence of 55 mM
glucose. In case of the xylose and sophorose conditions, st72 expression levels
were slightly higher in the xyr/ deletion strain. The s#3 gene did not seem to be
specifically induced by xylose, being its expression levels higher in the presence
of glucose (Figure 5). In the absence of Xyrl (4xyrl strain), str3 expression
levels dropped in the presence of xylose and sophorose, but the same was
observed in the glucose condition, while its expression was slightly increased
when no carbon source was present. Although a role of Xyr1 in str3 regulation
cannot be discarded, the obtained results are not conclusive enough. The higher
str3 expression levels observed in the presence of 66 mM xylose and especially
in 55 mM glucose, when compared to low concentrations of sophorose and the
NCS condition (wild-type strain), do suggest a role for Str3 in the uptake of high
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sugar concentrations. This hypothesis is also in agreement with the glucose and
xylose transporting behavior shown by the Str3-expressing yeast strain
constructed in this study.
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Figure 5 Transcriptional analysis of T. reesei str1-8 and A. niger xltA-C. Samples
were taken 3 h after mycelium transfer to the different culture conditions, and
expression analyses were performed by RT-qPCR. Normalization of the expression
data was done using the histone-like gene “hist” transcript (gene ID 207921) for A.
niger, and genes sarl and actl for T. reesei. Results are given as relative transcript
ratios in logarithmic scale (Ig). The values provided in the figures are means of two
biological replicates. Transcript levels always refer to the reference sample,
indicated with an asterisk
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Characteristics defining AnXItA-C and TrStr1-3 xylose transporters
Xylose was a substrate for all six different transporters, suggesting that the
HMMyir may have captured residues discriminating for glucose—xylose porters.
With the aim of pinpointing these discriminating residues, that should be
conserved in the novel xylose transporter proteins, we used an MSA of all
transporters used for HMM_gur (constructed in a previous study, [9]) and HMMxyir
(this study), plus the newly identified A. niger and T. reesei transporters
(Additional file 8). A number of motifs and residues from fungal sugar porters
have been recently reported to be relevant for xylose transport by different
studies, and the amino acid sequences of AnXItAC and TrStr1-3 were analyzed
for the presence of these motifs (Figure 6). Wang and collaborators suggested
the relevance of the aromatic residue enriched motif YFFY'Y (332-336), present
in the transmembrane section 7, for the xylose transport capacity of Mgt05196p
from Meyerozyma guilliermondii [44]. TrStr3, which showed the highest xylose
transport capacity in this study, also contains the YFFY'Y (320-324) peptide. The
same motif is present as well in a number of sugar porters (MSA), but it is not
completely conserved in transporters that are exclusive for xylose as XylE from
E. coli, An25 from N. crassa or Xyp29 (also called Xut6 and Stl12) from P.
stipitis : the first three aromatic residues from the YFFYY motif are substituted
by aliphatic ones in XylE and An25. This was also found to be the case in AnXtIB
(ALIYY); AnXItC (VMMYY) (although not strictly an aliphatic residue,
methionine is usually considered as such, since its sulfur group is not reactive);
TrStrl (AVLYY); and TrStr2 (ALIYY).

C. intermedia_GXS1 FAASGGVLFGYDTGTISGVMTMD 54 LLCAGRVIAGFG 137 QAFQQLTGVNFIFYYGTTFFKRAGV 313
M. guilliermondii_Mgt05196 LVAFGGFVFGFDTGTISGFVNMT 83 QIVIGRAIAGLA 170 QSMOQLTGNNYFFYYGTTIFKAVGM 346
A. niger XItA FASLGGFVYGYNQGMFSEILTMN 61 YVFAGRFVTGLG 142 MLFQQWNGINAINYYAPQVFEGLEL 343
A. niger_XItB CSTLGGLTFGYDQGVVSVILVMD 81 MLTVARLIGGVG 160 MFFQQFVGINALIYYAPTLFETMGL 353
A. niger_XitC IAVVGGGLFGFDISSMSAIIETD 34 MLIVGRIINGLS 127 QIWSQLTGMNVMMYYITYVFAMAGL 302
T. reesei_Strl FACIGGVLYGYNQGMFSGVLAMP 65 AILGGRFVTGMG 152 MFFQQWTGINAVLYYAPTIFQQLGQ 353
T. reesei_Str2 FASLGGFLFGYDQGVVSGVLGME 55 MLFGGRAVAGLA 135 MFLOQFQGCNALIYYAPTIFGQLGL 357
T. reesei_Str3 LVSMGGLIFGYDTGQISGFLEMP 67 QVMIGRFVSGLG 154 QMFQQLTGANYFFYYGTTIFKSVQI 334
N. crassa_An25 VATTGFLLFGYDQGVMSGIITAP 43 QLFVGRVVMGIG 127 QFMQQVGGCNAVIYYFPILFQDSIG 306
P. stipitis_Xyp29 FAGVGFLLLGYDQGVMGSLLTLP 65 HLTVARIITGLG 147 QIMOQITGINIITYYAGTIFESYIG 330
P. stipitis_Hxt2.6 VLTLTSTNNGYDGSMLNGLQSLS 74 FFFVSRMVIGFG 152 ACMTQLSGNGLVSYYLSKVLISIGI 331
E. coli_XylE VATLGGLLFGYDTAVISGTVESL 38 EFVIYRIIGGIG 139 SIFQQFVGINVVLYYAPEVFKTLGA 308
* o s * 2 K *  x * % .

Figure 6 Conservation of motifs and residues reported to be relevant for xylose
transport. A multiple sequence alignment of known xylose transporters, including
A. niger XItA-C and T. reesei Str1-3 was constructed using the EMBL-EBI Clustal
Omega tool [68]. Reported relevant motifs and residues are in bold; amino acids
highlighted in blue indicate the transporter where motifs/residues were described to
be relevant for xylose transport
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In addition, the same motif in AnXItA (AINYY) had a polar residue (N) at the
third position. Although most of the functionally validated sugar transporters
contain a nonpolar (aromatic or aliphatic) amino acid at that position, several
sugar porters, including the xylose transporters Hxt2.6 (LVSYY) and Xyp 29
(IITYY) from P. stipitis, contain a polar residue as well. The Mgt05196p residues
aspartate D72 and arginine R164, also suggested to be crucial for xylose transport
[44], were found to be conserved in AnXItB, AnXItC, TrStr2 and TrStr3. AnXItA
and TrStrl had the arginine conserved, but both contained an asparagine residue
at the aspartate 72 of Mgt05196p. Since asparagine and aspartate are similar
amino acids, both might have the same function at that particular position. The
motif GG/FXXXG, present at the first transmembrane span of sugar porters and
highly enriched in those that confer growth on xylose [18], was also found to be
present in AnXItA-C and TrStr1-3 (Figure 6). Knoshaugh and collaborators [45]
recently highlighted the variability of this motif, that allow to distinguish between
xylose transporters (GGLXXGYD/N), arabinose transporters (XGXXFGFD)
and glucose transporters (GGFXFGWG). This motif was subjected to protein
engineering through saturation mutagenesis in the C. intermedia glucose—xylose
symporter 1 (GXS1) [18]. In GXSI, the wild-type motif is GGVLFG (36—41).
Saturation mutagenesis for each of the three variable residues (V38, L39, F40)
produced changes in selectivity and efficiency of monosaccharide transport by
GXS1. Residues V38 and F40 were found to be involved in carbon source
selectivity, and L39 in controlling substrate transport efficiency. Interestingly,
some of the most significant V38 substitutions were also found in the here studied
transporters. V38F, that almost completely attenuated glucose exponential
growth rate while amplifying exponential xylose growth rate by 50 %, was found
in XItA and Str2. V38L, that increased the exponential xylose growth rate by 73
% without altering glucose exponential growth rate significantly, was found in
XItB and Str3. V38G, which also produced a positive effect on xylose transport,
was found in XItC. The L39 substitutions resulted in a general or differential
attenuation of GXS1 transport function. L39I, found to be responsible for a
specific attenuation of glucose transport in favor of xylose transport, was found
in Str3. The L39V substitution, present in all three P. stipitis high-velocity xylose
transporters SUT1-3 [23], was also found in XItA. Regarding the GXS1 F40
residue, XItB, XItC, Str2 and Str3 have the same amino acid at the same position,
whereas XItA and Strl contain a Y. The F40Y substitution in GXS1 produced an
attenuating effect on the transport of xylose and other monosaccharides,
indicating that the particular tyrosine residue could have the same role in XItA
and Strl. This could explain, in part, the low efficiency displayed by Strl on
xylose transport, and provides a hint on how the transport capacity of both
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transporters could be improved. Regarding the presence of amino acids that have
been shown to be key at certain positions for glucose affinity in yeast sugar
porters, like the threonine 219/213 and the asparagine 376/370 of S cerevisiae
Gal2/Hxt7 [20, 46], interesting features were also found. Only XItC, Str2 and
Str3, that were (Table 1), keep both residues conserved; while XItB and Strl1,
that showed the lowest glucose transport capacity, have different residues in both
positions. In summary, the amino acid sequence analysis of the six transporters
showed that all of them harbor motifs and residues previously associated to
fungal xylose transporters. This fact, in combination with the experimental
evidences provided, indicates a role of these transporters in xylose uptake.

Conclusions

In this study, computational and experimental approaches were successfully
combined for the identification and characterization of xylose transporting
proteins from the industrial cell factories A. niger and T. reesei. Comparing the
HMM.yir output with recently published transcriptome studies, also taking into
account phylogenetic distance relationships, was a good strategy to link a specific
group of MFS porters with the utilization of lignocellulosic feedstocks. Using the
mentioned methodology, five putative xylose transporters (XItA, XItB, XItC,
Str2, Str3), and the recently identified xylose transporter Strl, were selected and
successfully validated as xylose transporters. All of them displayed significant
differences in their substrate specificity and biochemical properties, being XItA
and XItB of particular interest, due to the high affinity for xylose of the former,
and the narrow substrate specificity of the latter. Also, new insights about the
regulation, at transcriptional level, of xylose utilization by 4. niger and T. reesei
were found, the most remarkable being that xylose uptake is not completely
controlled by the XInR/Xyrl regulon. To the best of our knowledge, this is the
first study on the functional validation and characterization of sugar porters with
their biological role specifically associated to xylose transport in A. niger. Also,
the biochemical characterization of xylose transporters in 7. reesei is reported for
the first time. In summary, this study contributes to a better understanding of
xylose utilization by two relevant industrial filamentous fungi, and provides new
tools for strain engineering in fungi.
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Methods

Construction of a xylose hidden Markov model

The protein sequences used to build HMM.xyir were obtained from the UniProt
database [47], and aligned using the PRALINE structural alignment tool [48]
with the same parameters as described for the hidden Markov model constructed
in our previous work [9]. HMMxyir was built using the HMMER v3.0 tool [49].
The A. niger ATCC1015 [50] and the 7. reesei Rut-C30 [51] proteomes, which
were used for the in silico analysis, were downloaded from the JGI database [52].

Strains and growth conditions

Escherichia coli DH5a [endAl, hsdR17, gyrA96, thi-1, relAl, supE44, recAl, A
lacU169 (D80 lacZAM15)] was used for cloning experiments and plasmid
propagation. It was grown at 37 °C on an LB medium (1 % tryptone, 0.5 % yeast
extract, 1 % NaCl; w/wv), with 100 pg mL-1 ampicillin when required for
transformants selection. 4. niger N400 (CBS 120.49), NW199 (fwnA6, leuAds,
goxC17, pyrd6; AxinR::pIM240) [53] and T. reesei QM6adtmus53 (ATCC
13631) [54] and OM6adtmus534xyrl (ATCC 13631) [55] strains were used in
mycelium transfer experiments for the MFS genes transcriptional analysis. The
A. niger and T. reesei strains were maintained on complete medium agar [56] and
malt extract agar (MEX), respectively, at 30 °C. Mycelium transfer experiments
of both fungal species were performed in a similar way, using liquid cultures in
Erlenmeyer flasks on a rotary shaker. The 4. niger strains were pre-cultured at
30 °C and 200 rpm, during 18 h, in minimal medium containing 4.50 g L
NaNOs, 1.13 g L-1 KH2PO4, 0.38 g L-1 KCl, 0.38 g L-1 MgS0O4:7 H20, 750 pL L+
of Vishniac solution, and 100 mM sorbitol [56, 57]. Equal amounts of water-
rinsed mycelium were transferred to minimal medium with the following carbon
source compositions: 55 mM d-glucose, 66 mM d-xylose, 0.5 mM d-xylose or
no carbon source (NCS). The initial pH of the medium in all conditions was set
at 6.0. The 7. reesei strains were pre-cultured in Mandels—Andreotti (MA)
medium [58], containing 1 % (w/v) glycerol as the sole carbon source, at 30 °C
and 180 rpm for 22 h. Pre-grown mycelia were washed, then equal amounts were
resuspended in MA media containing 55 mM d-glucose, 66 mM d-xylose, 1.5
mM sophorose or in medium without carbon source (NCS). In both experiments,
3 h after mycelium transfer samples were taken and quickly washed, dried with
a single-use towel, snap-frozen with liquid nitrogen and stored at —80 °C until
further processing. Two biological replicates per condition were studied in all
cases. The S. cerevisiae strain EBY.VW4000 (CEN.PK2-1C hxti34:: loxP;
hxtl5::AloxP; hxt16A4:: loxP; hxtl4A:: loxP; hxt12A4:: loxP; hxt94:: loxP;

88



hxtlIA:: loxP; hxtl10A:: loxP; hxt8A:: loxP; hxt514A4:: loxP; hxt2A:: loxP;
hxt367A4:: loxP; gal2A; stllA:: loxP; agtl:: loxP; ydI(247wA:: loxP; yjri60cA::
loxP) [10], previously transformed with the plasmid pRH315 [39], expressing the
d-xylose reductase and xylitol dehydrogenase from P. stipitis, and the S.
cerevisiae Xxylulokinase, was used as a xylose-utilizing strain for the
characterization of sugar transporters. It was grown at 30 °C and maintained in
the solid complete medium containing 10 g L-1 of yeast extract, 20 g L-1 of
peptone and 20 g L-1 of maltose. The EBY. VW4000-derived strains obtained in
the present study were grown in the liquid minimal medium containing 6.7 g L
of yeast nitrogen base with ammonium sulfate (Difco), 20 g L-1 of maltose,
supplemented with leucine (30 mg L-1) and histidine (20 mg L-1). Growth rates
(n) of the Agll1C3 transformants, during time course cultivations, were
calculated using the O.D. values obtained from T = 0 until the cultures reached
stationary phase.

Construction of S. cerevisiae Ag11C3 transformants expressing A. niger and
T. reesei genes

The coding sequence of the genes x/tA, xitB, xItC, stri, str2 and str3 was obtained
through PCR amplification of 4. niger and T. reesei cDNA samples, respectively.
The coding sequence of the gene x/t4, digested with Spel and Xhol was cloned
on the S. cerevisiae expression vector p426HXT7-6His [59], previously
linearized with Spel and Xhol, under the control of the constitutive promoter
HXT7, and the terminator CYCI1. The x/tB, xltC, stri, str2 and str3 cDNA
sequences were amplified with oligonucleotides containing 40 additional base
pairs, corresponding to the p426HXT7-6His cloning site, and were cloned to the
vector through yeast-mediated recombination [60]. Primer sequences and
plasmids used in this study are provided in Additional file 9. The Agl1C3 yeast
strain transformation was performed as previously described [61]. The curing of
the p426HXT7-6His-x/tA plasmid, containing the URA3 selection marker, from
the Agl1 strain was done by growing the transformant in minimal medium plates
containing maltose and uracil, thereby relieving the plasmid selective pressure.
After three replating rounds in maltose-uracil plates, p426HXT7-6His-x/¢t4 cured
strains were isolated through their growth on minimal medium plates containing
maltose, uracil and 5-fluoroorotic acid (FOA). FOA is a commonly used agent to
select for the absence of the URA3 gene in yeast strains [62]. A single colony
growing on the FOA plate, named Agl1C3, was selected for its use as host for
the expression of new xylose transporter candidates.

89



Sugar analyzes

Xylose and glucose present in the S. cerevisiae culture supernatants were
quantified by high-pressure liquid chromatography (HPLC) analysis. The
samples were centrifuged at maximum speed in a benchtop centrifuge for 10 min
and analyzed on a Dionex ICS-5000+ instrument (Thermo Scientific), equipped
with a CarboPac MA1 column. Separation was performed by isocratic elution
with 480 mM NaOH, at a flow rate of 0.4 mL min-1 for 35 min.

Analysis of uptake kinetics by “C-labeled sugars’ uptake studies

Sugars’ uptake assays were performed as described [63], with minor adjustments.
A pre-inoculum (50 mL) of Synthetic Enhanced medium (SE; 6.7 % (w/v) YNB
w/o amino acids (Difco) + 20 mg L-1 l-arginine and I-methionine), containing
appropriate amino acids, and 2 % (w/v) maltose as a carbon source, was
inoculated and incubated for 48 h (30 °C, 225 rpm). The pre-inoculum was then
transferred to 200 mL of fresh SE-medium, and after 48-h incubation, transferred
to 500 mL fresh SE-medium. After 24-h incubation, cells were harvested by
centrifugation (4000g; 10 min) and washed with 50 mL ice-cold ultrapure water.
Cells were then washed and resuspended in ice-cold 100 mM phosphate-buffered
saline (PBS), pH 6.5, to an ODsow of approximately 500, divided in 40-uL
aliquots, and kept on ice. Aliquots were incubated for 5 min at 30 °C in a heat
block with vigorous shaking before uptake assay was started. To start the
reaction, 10 pL of a 5 times concentrated D-[1-'*C]-xylose or D-[U-'*C]-glucose
solution (Campro Scientific) was added. After exactly 20 s, the reaction was
stopped by the addition of 1 mL of appropriate ice-cold quenching buffer (100
mM PBS, pH 6.5, with 500 mM unlabeled d-xylose or d-glucose), followed by
vacuum filtration (0.45 pm HV filters, 1225 sampling manifold, Millipore), and
two subsequent washing steps with 5 mL of ice-cold quenching buffer. After 5
min of drying in the vacuum manifold, the filters were transferred to scintillation
vials with 4 mL scintillation liquid (Ultima Gold, Perkin Elmer), and activity was
counted (Packard Tricarb 1600TR). All reactions were performed in triplicates.
All values were corrected using triplicate negative control measurements without
incubation, where the quenching solution was added prior to the addition of
labeled substrate. Uptake rates at two typical substrate concentration ranges were
measured; 1-100 pM and 0.1-40 mM. Substrate solutions with an activity of
approximately 5-5000 Bq pL-1 were used. To determine kinetic parameters Km
and Vmax, the data were fitted to the Michaelis—Menten model using the least
squares method.

_ Vinax * [S]
V= Ky + [S]
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Transcriptional analysis of 4. niger and T. reesei genes

RNA isolation from A4. niger [9] and T. reesei [42] mycelium was done as
described previously. Reverse transcription, quantitative PCRs and calculations
were performed following the protocols and instruments described in Mach-
Aigner et al. [64]. Primer sequences are provided in Additional file 9. Cycling
conditions and control reactions were performed as described previously [65].
Normalization of the expression data was done using the previously described
histone-like gene “hist” transcript (gene ID 207921) [64] for A. niger, and genes
sarl and actl for T. reesei [65].
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Overexpression of the Aspergillus niger GatA
transporter leads to preferential use of D-
galacturonic acid over D-xylose

Abstract

Pectin is a structural heteropolysaccharide of the primary cell walls of plants and
as such is a significant fraction of agricultural waste residues that is currently
insufficiently used. Its main component, D-galacturonic acid, is an attractive
substrate for bioconversion. The complete metabolic pathway is present in the
genome of Aspergillus niger, that is used in this study. The objective was to
identify the D-galacturonic acid transporter in A. niger and to use this transporter
to study D-galacturonic acid metabolism.

We have functionally characterized the gene An14g04280 that encodes the D-
galacturonic acid transporter in 4. niger. In a mixed sugar fermentation it was
found that the An14g04280 overexpression strain, in contrast to the parent
control strain, has a preference for D-galacturonic acid over D-xylose as
substrate. Overexpression of this transporter in A. niger resulted in a strong
increase of D-galacturonic acid uptake and induction of the D-galacturonic acid
reductase activity, suggesting a metabolite controlled regulation of the
endogenous D-galacturonic acid catabolic pathway.
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Background

Global limits in food and energy availability are becoming a major concern.
Arable land is needed for production of food and large waste streams come from
processing of our largest food resources, like grain, maize, potato and rice. These
waste streams are currently insufficiently exploited and mainly used for feed and
energy production [1]. Alternatively, agricultural waste streams can be used as
substrate for fermentative production of chemicals by microorganisms.
Historically, Aspergillus species are used for the production of food additives and
platform chemicals such as citric acid (4. niger) and itaconic acid (4. terreus)
[2]. The filamentous fungus Aspergillus niger is additionally exploited for
production of enzymes for food and feed applications, many of which have been
rewarded the GRAS (Generally Recognized As Safe) status [3]. Grain, maize and
rice waste stream material contains around 40% cellulose, 35% hemicellulose,
20% lignin and 5% pectin, while waste streams from other plants, such as sugar
beet and potato, contain around 20% cellulose and hemicellulose, less than 1%
lignin and 30% to 40% pectin [1,4,5]. 4. niger has a high capacity for degrading
the hemicellulose, pectin and, to a lesser extend, cellulose fractions as the genome
of A. niger encodes multiple gene variants of the enzymes required for the
efficient degradation of these polysaccharides [6]. D-glucose and D-xylose,
released from plant wall material, are carbon sources that will yield high energy
upon being metabolized. The genome of 4. niger is wired to specifically produce
and secrete the enzymes involved in degradation of the cellulose and
hemicellulose fractions to release D-glucose and D-xylose. These sugars are then
taken up and metabolized, before energy is invested in the release of other carbon
sources from polysaccharides. This preferential uptake is regulated by the
interplay of activating and repressing transcription factors that respond to
extracellular concentrations of inducers and sugars. Expression of genes that code
for enzymes involved in cellulose and hemicellulose degradation in 4. niger is
regulated by the transcription factor XInR [7]. XInR is activated by inducers
derived from xylan, like D-xylose, though at a higher concentration this
activation is attenuated by CreA [8—10]. Tight regulation of the specific genes
encoding proteins involved in the release, uptake and metabolism of sugars gives
the fungus the ability to utilize the available sugars in a physiologically most
efficient way. However, circumventing this regulatory mechanism would
potentially lead to simultaneous uptake of all sugar substrates and improved
fermentation yields. Genes encoding proteins involved in the degradation of
pectin and the D-galacturonic acid metabolic pathway are found to be highly
upregulated when 4. niger is growing in the presence of D-galacturonic acid, in
comparison to when the fungus is growing in the presence of D-glucose or D-
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fructose (Table 1). Three genes among the genes that are upregulated are coding
for proteins with a strong similarity to transporters [11,12]. In this study we have
functionally identified the D-galacturonic mono-acid sugar transporter by
overexpression in A. niger. The effect of the increased uptake of D-galacturonic
acid on the preferential uptake and metabolism of substrates has been assessed
by mixed sugar fermentations and enzyme activity measurements.

Table 1 Data used for selection of putative D-galacturonic acid transporters
(Martens-Uzunova and Schaap 2008)

Relative expression t=4 h after induction

Locus tag Functional annotation galA poly-galA pectin

An07g00780 Major facilitator superfamily strong similarity 2310 0.98 597
to monocarboxylate transporter

An14g04280 Major facilitator superfamily strong similarity 26.53 22 74 2705
to hexose transporter

An03g01620 Major facilitator superfamily strong similarity 6.50 1345 37 54

to hexose transporter
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Results

Strains that overexpress GatA have increased D-galacturonic acid uptake
in shake flask cultures

To study the effect of the expression of the putative D-galacturonic acid
transporter-encoding gene, the D-galacturonic acid concentration in the medium
was measured during growth. A faster uptake of D-galacturonic acid from the
medium was observed for the cultures with the An14g04280 overexpression
strains (transformant) in comparison to the NW185 PYR A control strain. At 6
hours after induction, ,, -

the strains that ﬁ ﬁ - I
OVerexpress 35 mol = =
An14g04280 had taken i I n A
up over 50% of D- ' iL
galacturonic acid 2 25
present at the start of § T
the cultivation, while 3 *°
no D-galacturonic acid § 5 II
had been taken up by (:E: &
the control strain. The § 0 ﬁ T
strains containing the °© 05 [ n =
other constructs did not ' l
il

show any difference in 00
D-galacturonic  acid
uptake in comparison t(h)
to the NW185 PYR A+
control strain. The
effect of the Figure 2 Concentration of GalA in the medium during
An14g04280 growth on sorbitol and GalA. Induction of expression
system with D-xylose at T' = 0. Overexpression strains

of gatA (number of replicates =4) in comparison to the
control NW185 PYR A+ (number of replicates =2).

-18 0 1 2 3 4 5 6 7 8 9 10 24

D Parent (NW186) . Transformant

overexpression strain
is most pronounced
between time points 6
and 30 h. A second experiment was performed to get a more time resolved
determination of the uptake of D-galacturonic acid by the best performing
transformant strain (JSO013). The difference in D-galacturonic acid uptake starts
to become evident from 4 hours after induction, with the highest contrast between
5 and 6 hours after induction (Figure 2). To study the effect of An14g04280 in
the uptake of D-galacturonic acid during growth on more complex mixed sugar
substrates, JS013 was grown in the presence of a substrate mix (SCH), mimicking
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Figure 3 Percentage remaining in medium of the three most important
substrates from the synthetic cell-wall hydrolysate for gatA overexpression
strain (a) (number of replicates =2) and the parent (NW185 PYR A* strain) (b)
(number of replicates = 2).

the composition of a plant cell wall hydrolysate [13]. When comparing the uptake
of the three main components D-glucose, D-xylose and D-galacturonic acid
between the transformants and the control strain, a clear difference is found
(Figure 3a and b). Till 24 hours after inoculation, substrate uptake is similar for
all strains. After 30 hours, differences in D-galacturonic acid and D-xylose
uptake become evident. At time point 48 hours, the control strain has almost
depleted the D-xylose and most of the D-galacturonic acid remains in the
medium, while the transformant has consumed 80% of the D-galacturonic acid
and most D-xylose remains in the medium. While D-glucose and D-xylose are
depleted in the control culture after 54 hours, depletion of D-xylose in the
transformant cultures can only be seen at time point 72 h. The biomass formed
and the citrate produced were measured for the An14g04280 overexpression
strain and the control strain. Recovery of substrate in biomass and citrate
produced was 35% for the control strain and 30% for the transformants. It was
found that for the overexpression strain 30% of this is citrate and 70% is biomass,
while for the control strain, 10% is citrate and 90% is biomass (Figure 4). Cmoles
that are not accounted for are assumed to be CO:and enzyme production (not
measured). For these calculations the generalized molecular formula for fungal
biomass CHi72 Oo.ss No.a7was used [14].
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Figure 4 Carbon consumed (a) and produced (b), expressed in Cmoles, for control
strain (NW185 PYR A+ strain) and transformant JS013 after 72 h of growth on
SCH medium. Samples taken from direct cultures, D-xylose in the mixed substrate
medium serves as an inducer of the x/nD promoter. Totals represent 0.1 Cmoles

Growth of transporter overexpression strains in fermentors

When strains were grown in the presence of equimolar concentration of D-xylose
and D-galacturonic acid in fermentors, preferential uptake of D-galacturonic acid
over D-xylose of JSO13 in comparison to NW185 PYR A- control strain is
observed. This is deduced from measured concentrations of D-galacturonic acid
and D-xylose, but also from an increase of the pH of the medium, after D-
galacturonic acid is taken up (Figure 5). Increased activity of the D-galacturonic
acid metabolic pathway is observed for JS013 transformant strain in comparison
to the control. For the first 4 hours after transfer to the fermentors, no difference
in D-galacturonic acid reductase activity could be seen. 8 hours after transfer,
however, specific activity of JS013 is two-fold higher than that of the control
strain. The concentration of CO:in the off gas went up to 0.35 percent by volume
in the first two hours and slowly down to 0.2 percent by volume in the next 6
hours, while ambient concentration was 0.04 percent by volume (Figure 6).
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Figure 6 Galacturonic acid reductase activity (Bars; left Y axis) and CO2 in offgas
(Diamonds; right Y axis). Samples were taken during growth on 25mM of D-xylose
and 25mM of D-galacturonic acid as a carbon source in fermentors
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Figure 7 Neighbor-joining tree of GatA and 17 putative orthologs, constructed
with 1000 bootstrap replicates using MEGAG6.06 (Tamura et al. 2013), and a
characterized high-affinity glucose transporter protein (mstA_A.niger) as an
outgroup (vanKuyk et al., 2004). Stars indicate the three currently characterized
D-galacturonic acid transporters. Bootstrap values are indicated at the branch-
points. Labels indicate Protein Accession numbers followed by species
abbreviations. Abbreviations: Aspergillus clavatus,; A. clavatus, Aspergillus flavus;
A. flavus, Aspergillus fumigatus; A. fumigatus, Aspergillus nidulans; A. nidulans,
Aspergillus niger; A. niger, Aspergillus oryzae; A. oryzae, Aspergillus terreus; A.
terreus, Botrytis cinerea; B. cinerea, Chaetomium globosum, C. globosum, Fusarium
verticilliodes, F. verticilliodes, Neosartorya fischeri; N. fischeri, Neurospora crassa,
N. crassa, Penicillium chrysogenum, P. chrysogenum, Phaeosphaeria nodorum, Ph.
nodorum, Sclerotinia sclerotiorum; S. sclerotiorum, Trichoderma reesei; T. reesei
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Figure 8 Transmembrane domain prediction and indication of the two interacting
domains (1, 3) and the putative substrate binding domain (2) used for comparison
of the putative GatA orthologs (Viklund and Elofsson 2004)

Phylogenetic analysis of GatA

In Botrytis cinerea and Neurospora crassa, D-galacturonic acid transporter
proteins have been functionally identified [15,16]. After import, D-galacturonic
acid is catabolized by three key enzymes: D-galacturonic acid reductase, L-
galactonate dehydratase and 2-keto-3-deoxy-galactonate aldolase, in A. niger
encoded by gaaA, gaaB and gaaC respectively. Orthologs of the gaaA and gaaC
genes have been identified in B. cinerea and N. crasssa and 16 other fungal
species that all have a conserved bidirectional organization of their gaaA—gaaC
promoter region [11]. For each of these 18 species a bidirectional best BLAST
hits procedure [17] yielded a putative GatA ortholog. Orthologous amino acid
sequences were aligned with Clustal [18] and a phylogenetic tree was constructed
(Figure 7). All orthologs have 12 predicted transmembrane helices [19]
separating two interacting domains and the substrate-binding domain [20]
(Figure 8). In these three domains the three characterized D-galacturonic acid
transporters share 18 conserved residues not present in the A. niger MstA D-
glucose transporter protein sequence, which was used as an out-group. The
presence of this motif was used to assess the other 16 putative orthologs. Fifteen
putative orthologs shared 8 of these residues, excluding the Fusarium
verticilliodes putative ortholog which clusters with the D-glucose transporter
MstA (Figure 7) and can be a transporter for another sugar.
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Discussion

Three genes that potentially encode the D-galacturonic acid transporter in A.
niger are investigated. A. niger transformants that overexpress the An14g04280
gene under control of the D-xylose induced x/nD promoter show a significant
increase in D-galacturonic acid uptake. From this we conclude that this gene,
gatA, encodes for the D-galacturonic acid transporter, GatA. By analysis of the
amino acid sequence using the a-helical transmembrane protein topology
prediction software (PRODIV-TNHMM) [19] GatA is predicted to be part of the
Major Facilitator Superfamily (MFS). MFS transporter proteins consist of 12
transmembrane helices and have both C- and N-termini located in the cytoplasm.
This study shows that the overexpression of gat4, using a D-xylose inducible
promoter, leads to differences in the uptake of sugars when the strains are grown
on various mixed sugar substrates. GatA overproducing strains preferentially use
D-galacturonic acid over D-xylose, while the wild type strains prefer D-xylose.
D-xylose is used for overexpression of the GatA transporter in all growth
experiments and it is also used as a substrate. However, the main carbon source
present in the medium is sorbitol, a non-inducing, non-repressing carbon source.
Our extensive previous studies have shown that in this condition induction of
expression occurs at concentrations of 0.1 to 50 mM D-xylose [12,21]. The
increased D-galacturonic acid uptake of the transformant was not reflected in the
basal GaaA enzyme activity during the first hours of growth on D-xylose and D-
galacturonic acid. It is, however, reflected in an increased GaaA enzyme activity
after 8 hours. This time delay suggests that GaaA enzyme activity is not limiting
D-galacturonic acid uptake and metabolism during the first few hours of growth
on these substrates and that regulation of expression of GaaA is taking place “at
the gate”, via import of D-galacturonic acid. The repression of induction of GaaA
in the presence of D-xylose in the parent strain, is bypassed by an increased influx
of substrate in the GatA overexpressing strain, suggesting that the endogenous
D-galacturonic acid catabolic pathway is controlled by a pathway intermediate
such as L-galactonate or keto-deoxy-L-galactonate as has been suggested for 7.
reesei [22]. Several repressing and inducing regulatory systems are known to be
functioning in Aspergillus niger. The glucose carbon catabolite repressor creA is
the most studied and is known to be dominant in most cases [8]. The promoter
region of the gatA gene shows two consensus sequences for binding of this
protein, which suggests that D-glucose is repressing the expression of the
endogenous gene. The x/nR xylanolytic induction system is also well studied and
an inducer consensus binding sequence is known [10]. This consensus sequence
cannot be found in the upstream region of the endogenous gat4 gene and it is
therefore not induced by the presence of D-xylose. Additionally, GatA
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expression has been found to be strictly co-regulated with D-galacturonic acid
catabolic enzymes and a number of extracellular galacturonases [11]. The
regulator of the D-galacturonic acid metabolism, however, remains unknown for
now. We have investigated the application of our findings by growing our strains
on a synthetic medium mimicking a plant cell wall hydrolysate. Under these
conditions the gat4 overexpressing strains preferentially use D-galacturonic acid
over D-xylose. In these experiments it was found that GatA overexpression
strains had a higher citric acid yield. While the effect seems pronounced on a
simulated hydrolysate substrate, further experiments are needed to study the
benefit on second-generation feedstocks with high D-galacturonic acid content
like sugar beet pulp to investigate the potential of GatA in biotechnological
applications.
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Methods

Strains

All Aspergillus strains used are descendants of 4. niger N400 (CBS 120.49). 4
niger strain NW185 cspAl, fwnAl, goxCl17, prtF28) was derived from NW131
and has been described by Ruijter et al. 1999 [9]. The recipient strain in all
transformation experiments NW186 (dargB; pyrA6; prtF28; goxCI17; cspAl) is
an argB and pyrA4 derivative of NW185.

Vector construction

Primers used in  the Bl Nsil Notl ~ BamHl
construction of vectors

are summarized in Table

2. Plasmids wused for PXIHDI CDS ITXIHD
transformations of A.
niger were constructed
according to the general

scheme given in Figure 1. amR pyrA
Martens-Uzunova  and

Schaap was the source for Xhol Xhol

the selection of the

putative transporters  Figure 1 Schematic representation of Funbrick
[11]; Anl4g04280 and expression vector. Restriction sites flank functional
An03g01620 were  modules. Capital P and T represent promoter and
obtained from  the terminator. Bacterial marker: amR. Fungal uridine
Aspergillus genome auxotrophy complementation marker: pyrA

database [23,24]. These

sequences were used to synthesize the respective coding sequences that were
modified to remove conflicting restriction sites (BaseClear, Leiden,
Netherlands). The An07g00780 fragment was amplified by PCR using primers
JS gatA FW and JS gatA RV and 4. niger NW186 genomic DNA as template
and was subcloned into a pJET1.2 vector (Thermo scientific). The Bglll
restriction site was removed from the coding sequence by using the Quikchange
Lightning Site-directed mutagenesis kit (Agilent Technologies) with the primers
JS gatCmut2 FW and JS garCmut2 RV. The PCR fragments were cloned into
a pUC19 derived expression vector under control of a modified x/nD promoter
and the x/nD terminator of 4. niger. Plasmids were propagated in DH5a E. coli.
The medium used for E. coli growth was LB (10 g/L Bacto tryptone, 5 g/L Yeast
extract, 10 g/L NaCl) supplemented with 100 mg/L ampicillin when appropriate.
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Transformation of Aspergillus niger

For the transformation of A. niger NW186, protoplasts were generated using
Novozyme-234 lysing enzyme cocktail. The An14g04280, An03g01620 and
An07g00780 constructs were introduced in A. niger by transformation [25] using
the pyrd gene as a primary selection marker, relieving uridine auxotrophy. To
generate the parent control reference strain, NW186 was transformed using
pGW635, the resulting NW185 PYR A strain was used as a control strain in our
studies. Colonies were randomly picked from the primary transformation plates
and re-plated on selective medium to purify the single colonies.

Table 2 Primers used in this study

Primer Sequence
JS_gatC_FW 5-GAGAATGCATATGTCTGAGCCTAAGAACCAGC-3
JS_gatC_RV 5-GAGAGCGGCCGCTCATATTTTGCTCGTATTCC-3

JS_gatCmut2_FW  5-GTTGCCAAAGTGGGAGACCTGCAAACCCTGGGTC-3’
JS_gatCmut2_RV  5-GACCCAGGGTTTGCAGGTCTCCCACTTTGGCAAC-3’

JS_XinDp_FW 5-AGTCAATCGGTCATTCTCCG-3
JS_gatA_RV 5-CTCTTGGAGGACGCAAAACC-3’
JS_gatB_R V 5-CATGGAAGCGGTGATCTAGG-3’

Analysis of 4. niger transformants

Screening of randomly picked transformants was done by PCR on genomic DNA
isolates. For that, fresh mycelium was disrupted using MP lysing matrix C tubes
and 400 ul DNA extraction buffer (0.1 M Tris HCI pH 8.0, 1.2 M NaCl, 5 mM
EDTA). DNA was extracted using phenol-chloroform extraction. The pellet was
washed with 70% cold ethanol, air-dried and re-suspended in 50 ul MQ water.
The presence of Anl4g04280, An03g01620 and An07g00780 expression
constructs was confirmed by PCR using the JS X/nDp FW primer, binding to
the promoter region of the construct, and JS gat4d RV, JS gatB RV or
JS gatC RV specifically binding to the complementary strand in the
corresponding coding region. Transformants with confirmed gene constructs
were re-plated on complete medium. Spores are harvested after 4 days of growth
at 30°C.

Growth in shake flasks

Strains were grown in duplicate in 200 mL PM medium (1.2 g NaNOs, 0.5 g
KH:POs4, 0.2 g MgS04 7 H20, 0.5 g Yeast extract and 40 pg Vishniac per liter)
[9] with 91 mM sorbitol and 9 mM D-galacturonic acid or 100 mM of the
synthetic cell wall hydrolysate (SCH) [13] (Table 3) as a carbon source in 1 L
flasks. For inoculation, a final concentration of 1¢10s spores per mL was used.
Induction of the x/nD promoter with 10 mM D-xylose was done at t =0, 18 hours
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after inoculation [12]. Transformants were grown for 5 days at 30°C and 250
rpm. Medium samples were taken by filtration of 2 ml of the culture broth
through a 5-micron pore size nylon filter. Biomass samples were obtained by
washing of the retentate with demineralized water and flash freezing using liquid
nitrogen. The samples were taken at T =—18 h, 0 h, 6 h, 30 h, 54 h for the first
growth experiment on D-galacturonic acid. For the second D-galacturonic acid
growth experiment, samples were taken at T =— 18 h, each hour from T =0 h to
T =10 h, 24 h, 30 h, 54 h and 78 h. For the growth experiment with SCH as a
carbon source, samples were taken from T = 0 h with steps of 24 and 6 hours: T
=0h,T=24h,T=30h, T=48h, T=54h.

Table 3 Composition of cell wall hydrolysate

Compound % Concentration (g/l)
D-glucose; 65% 13

D-xylose; 20% 4

D-galacturonic acid; 10% 2

L-arabinose; 3% 0.6

D-galactose; 1% 0.2

D-mannose; 1% 0.2

Growth in fermentors

Strains were grown in duplicate in 500 mL PM medium [9] with 100 mM sorbitol
as a carbon source in 1 L flasks. For inoculation, a final concentration of 1¢10s
spores per mL was used. Cultures were incubated for 18 hours at 30°C with 250
rpm orbital shaking. Mycelium was aseptically harvested by filtering over a
sterile nylon cloth, washed with PM without carbon source and transferred to 1
L fermentors. Fermentors contained 750 ml PM with 50 mM D-xylose and 50
mM D-galacturonic acid, adjusted to pH6. Air was flushed at a stirrer speed of
600 rpm. Medium and biomass samples were taken as previously described, with
an additional sampling of mycelium from 10 ml broth volume for enzymatic
assays. Carbon dioxide and oxygen concentrations in off-gas were measured as
well as pH.

HPLC analysis

High-pressure liquid chromatography (HPLC) was used to determine the
extracellular concentrations of D-glucose, L-sorbitol, D-xylose, citric acid and
D-galacturonic acid in the culture broth samples. A Shodex KC-811 column was
used at 30°C that was eluted with 0.01 N H.SO-at a flow rate of 0.8 mL min-1. A
refractive index detector (Spectrasystem RI-150, sample frequency 5.00032 Hz)
and a UV-VIS detector (Spectrasystem UV1000, A = 210 nm) were used for
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detection of the eluting compounds. Crotonate at a concentration of 6 mM was
used as an internal standard.

Enzyme assay

To determine the activity of the D-galacturonic acid metabolism, the first step in
the enzymatic conversion, D-galacturonic acid to L-galactonic acid, was
measured. D-galacturonic acid reductase assay based on conversion of NADPH
to NADP-, previously described by Kuorelahti et al., was applied [26]. 20 mg of
frozen mycelium was added to 400 pl of extraction buffer (100 mM phosphate
buffer pH 7.0, 0.1 mM EDTA, 1 mM DTT and fungal protease inhibitor cocktail)
in lysing matrix C tubes (MP biomedicals) and disrupted at level 6 for 30 seconds
in a bead beater (MP fastprep-24). Cell debris was removed by centrifugation and
supernatant was used as cell extract. 25 pl of cell extract was added to 200 p 1 of
assay buffer (100 mM sodium phosphate buffer pH 7.0, 0.25 mM NADPH) and
reaction was started by the addition of 25 p | of substrate (1 M D-galacturonic
acid pH 6). Decrease of absorbance at 340 nm was measured on a plate reader
(Biotek Synergy) in parallel with sample controls, for which 25 p 1 of buffer was
added. Background activity of sample control without D-galacturonic acid was
subtracted from sample measurements with D-galacturonic acid. Protein content
was determined by photometric assay [27].
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Identification of a novel L-rhamnose uptake
transporter in the filamentous fungus
Aspergillus niger

Abstract

The study of plant biomass utilization by fungi is a research field of great interest
due to its many implications in ecology, agriculture and biotechnology. Most of
the efforts done to increase the understanding of the use of plant cell walls by
fungi have been focused on the degradation of cellulose and hemicellulose, and
transport and metabolism of their constituent monosaccharides. Pectin is another
important constituent of plant cell walls, but has received less attention. In
relation to the uptake of pectic building blocks, fungal transporters for the uptake
of galacturonic acid recently have been reported in Aspergillus niger and
Neurospora crassa. However, not a single L-rhamnose (6-deoxy-L-mannose)
transporter has been identified yet in fungi or in other eukaryotic organisms. L-
rhamnose is a deoxy-sugar present in plant cell wall pectic polysaccharides
(mainly rhamnogalacturonan I and rhamnogalacturonan II), but is also found in
diverse plant secondary metabolites (e.g. anthocyanins, flavonoids and
triterpenoids), in the green seaweed sulfated polysaccharide ulvan, and in glycan
structures from viruses and bacteria. Here, a comparative plasmalemma
proteomic analysis was used to identify candidate L-rhamnose transporters in A.
niger. Further analysis was focused on protein ID 1119135 (RhtA) (JGI A. niger
ATCC 1015 genome database). RhtA was classified as a Family 7 Fucose: H+
Symporter (FHS) within the Major Facilitator Superfamily. Family 7 currently
includes exclusively bacterial transporters able to use different sugars. Strong
indications for its role in L-rhamnose transport were obtained by functional
complementation of the Saccharomyces cerevisiae EBY.VW.4000 strain in
growth studies with a range of potential substrates. Biochemical analysis using
L-[3H(G)]-thamnose confirmed that RhtA is a L-rhamnose transporter. The
RhtA gene is located in tandem with a hypothetical alpha-L-rhamnosidase gene
(rhaB). Transcriptional analysis of 74t4 and rhaB confirmed that both genes have
a coordinated expression, being strongly and specifically induced by L-
rhamnose, and controlled by RhaR, a transcriptional regulator involved in the
release and catabolism of the methyl-pentose. RhtA is the first eukaryotic L-
rhamnose transporter identified and functionally validated to date.
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Background

Organic carbon utilization by fungi is a biological process of great interest with
many implications in ecology, agriculture and biotechnology. Their ubiquity and
their ability to mobilize and metabolize a large variety of nutrients make fungi
crucial players in the biogeochemical cycling of carbon in nature, in mutualistic
symbiotic relationships with plants, and in pathogenic processes [1]. Their
physiological resources for carbon utilization and biotransformation have also
enhanced their relevance in the fields of (food) fermentation, bioindustrial
chemistry and pharmacy, as they can be exploited for the production of enzymes,
chemicals and other components of interest [2]. Thus, important efforts for the
understanding of carbon utilization by fungi have been done, historically on those
organisms that are genetically amenable, or have a direct impact on human
affairs. In this sense, filamentous fungi from the Aspergillus genera, which
include model species, species relevant for industrial applications, and human,
animal and plant pathogens, have been deeply studied. In particular, the fungus
Aspergillus niger has a versatile system for the degradation of the major plant
cell wall polysaccharides: cellulose, hemicellulose and pectin, and due to its high
enzyme secretory capacity is one of the main industrial producers of commercial
enzymes for plant biomass conversion [3,4]. 4. niger is able to synthetize an
abundance of extracellular enzymes for lignocellulose depolymerization, and the
encoding genes as well as the regulatory circuits that control their expression
have been identified and characterized in detail [5-9]. Pectin utilization by fungi
has received less attention, probably due to its structural complexity and to the
nature of its polysaccharides. Pectin is composed of mainly D-galacturonic acid
(approx. 65%), L-rhamnose, and branched with heterogeneous oligosaccharides.
[10]. L-rhamnose is specifically found to be enriched in the pectic polysaccharide
fractions rhamnogalacturonan I and II. The pectin depolymerization enzyme
network has been partly identified and characterized in several fungi [11-13], the
catabolic pathways for the conversion of D-galacturonic acid and L-rhamnose
have been genetically and biochemically characterized [14-17], and recently the
transcription factors responsible for L-rhamnose and D-galacturonic acid
utilization, RhaR and GaaR, have been identified [18,19]. Regarding the uptake
of the specific pectin components, transporters responsible for the uptake of D-
galacturonic acid have been reported in A. niger and Neurospora crassa [20,21].
However, not a single L-rhamnose transporter has been identified in fungi, or in
any other eukaryotic organism. Besides its structural role in pectin, L-rhamnose
is part of plant glycoproteins and secondary metabolites too, it is an important
component of the green seaweed sulfated polysaccharide ulvan, and it is also
present in glycan structures from virus and bacteria [22-24].
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Figure 1 Classification of A. niger RhtA. Sequences of biochemically characterized
sugar transporters were collected and a multiple sequence alignment was created
using Praline alignment suite, which takes secondary structure predictions into
account [83]. A neighbour-joining tree was then generated with 1000 bootstrap
replicates
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In prokaryotes, L-rhamnose uptake occurs via transporters from the RhaT family
(2.A.7.6), which belongs to the drug/metabolite transporter superfamily (2.A.7)
[25], but eukaryotic transporters belonging to the RhaT family have not been
reported. Recently, an intracellular UDP-rhamnose/UDP-galactose transporter
(nucleotide sugar transporter; NST), also member of the DMT superfamily, and
located on the Golgi apparatus of Arabidopsis thaliana, was identified [26].
However NSTs are involved in transport processes related to the biosynthesis of
plant cell wall components, and glycan structures, not found in eukaryotic plasma
membranes, and not related to the uptake of sugars present in the environment.
Monosaccharide transport by fungi has been investigated mainly in-
Saccharomyces cerevisiae in which transport of simple sugars is mediated only
through facilitated diffusion by transporters from the sugar porter family, the
largest within the major facilitator superfamily (MFS) [27]. The use of yeast
monosaccharide transporter null mutants allowed for individual characterization
of the individual transporters responsible for the uptake of D-glucose, D-fructose,
D-mannose and Dgalactose in yeast [27-29]. Yeast transporter null mutants were
subsequently also used for the functional characterization of sugar porters from
other fungal species [30-35]. The analyzes of the global transcriptomic and
proteomic responses of fungi to a variety of specific culture conditions are useful
approaches to get insights in the specific structural and regulatory elements
required for the utilization of specific carbon sources. In order to identify L-
rhamnose transporter candidates, in this study a comparative plasmalemma
proteome analysis was performed. The identification and functional validation of
a eukaryotic L-rhamnose transporter is reported for the first time.
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Table 1 Relative abundance of MFS transporter proteins detected in different A.
niger growth conditions

Relative abundance * sd (%) x 100

Prot ID L-arabinose | D-mannose | L-rhamnose | D-sorbitol + D-
xylose
1089440 n.d. n.d. 1.91 £ 0.98 n.d.
1096151 n.d. n.d. 4.20+2.40 n.d.
1101809 512+1.73 1.60+0.08 | 7.94 £ 0.90 2.95+0.24
1105147 6.2 +0.21 8.13+0.82 | 11.78+0.22 | 6.78+0.44
1105500 0.54+0.2 n.d. n.d. n.d.
1111630 0.49+0.1 1.71+£0.15 | 1.31£0.14 1.38 £ 0.45
1119135; (RhtA) | n.d. n.d. 10.94 +4.21 | nd.
1121621 3.64 £+ 1.31 590+£0.73 | nd. 4.96 £ 0.48
1122202 0.63+0.2 0.92+0.05 | 0.46+0.19 0.28 £ 0.01
1125086 37.93+£5.96 | n.d. n.d. n.d.
1128338 n.d. 498 +1.11 | n.d. 2.03 £ 0.07
1129336 n.d. 0.39+0.08 | n.d. 0.26 £ 0.01
1142034 n.d. n.d. 2.26 £ 0.04 n.d.
1142882 2.95+0.32 230+ 056 |4.40+0.11 2.21+0.50
1143191 n.d. n.d. 7.04 + 0.97 n.d.
1143598 3.34 £ 0.89 459+203 | 6.51+5.28 8.51+0.12
1144375 5.8 +2.89 0.72+0.23 | 15.25+3.84 | n.d.
1144791 16.0 6+ 4.06 | n.d. 17.75+2.24 | 6.20+1.05
1147409 n.d. n.d. 0.78 £ 0.44 n.d.
1156895 n.d. n.d. 10.92+0.57 | n.d.
1160647 2.47 £ 1.61 n.d. n.d. n.d.
1164538; 0.55+0.11 1.30£0.12 | 1.03+£0.24 0.95+ 0.01
1188786*
1165706 n.d. n.d. n.d. 0.06 £ 0.05
1167504 1.07 £ 0.09 0.39+0.12 | n.d. n.d.
1169204 0.54+£0.13 n.d. n.d. 5.07 £ 0.95
1178623 7.53+254 520+£0.00 |564+4.12 n.d.
1180703 n.d. n.d. 2.61+£0.25 n.d.
1188093 0.85+ 0.08 0.96+0.15 | 1.59+0.15 0.78 £ 0.16
1188840 n.d. 0.60+£0.24 | nd. n.d.
1189214 35.93+0.54 | nd. 2.87 £ 1.02 n.d.
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Results

Comparative plasmalemma proteome analysis for the identification of A.
niger L-rhamnose transporter candidates

A recently developed approach for the study of the 4. niger transportome through
its plasma membrane proteomic analysis was used in order to perform a
differential protein expression analysis of 4. niger major facilitator superfamily
(MFS) transporters. The approach is based on a LC-MS/MS analysis of
plasmalemma enriched cellular fractions, and the method was applied to study
the 4. niger response to different D-glucose concentrations [36]. In the present
study, a similar experimental set-up was used, but here the A. niger response to
the presence of D-mannose, L-arabinose, D-xylose and L-rhamnose was studied.
Mycelium of A4. niger N400 was pre-grown for 18 h in minimal medium
supplemented with 100 mM D-sorbitol as sole carbon source and equal amounts
of biomass was transferred to controlled fermenters containing minimal medium
with the following carbon source compositions: D-sorbitol 100 mM plus 0.1 mM
D-xylose, 5 mM D-mannose, SmM L-arabinose or 5 mM L-rhamnose. The initial
pH of these cultures was set at pH 4.0 and controlled at a lower limit of pH 3.5.
Two hours after inoculation, mycelium was taken and cellular fractions enriched
for plasma membranes were obtained as previously reported (see Materials and
Methods and [36] for details). High-resolution analysis of the sugar content in
the culture medium at the time of sampling showed that in all four conditions the
respective sugars were being consumed (S1 Fig), so the presence of active
transporters for the different monosaccharides could be expected. For each
culture condition peptide MS/MS spectra, obtained from the LC-MS/MS analysis
of the enriched plasmalemma fractions, were processed as described in the
Materials and Methods section. In total, 958 proteins were identified, of which
510 were present in all four conditions, while 41, 40, 65, and 43 proteins were
present exclusively in the L-arabinose, D-mannose, L-rhamnose, and D-xylose
conditions, respectively (S1 Dataset). The aim of this study was to identify
specific L-rhamnose transporters, so the comparative proteome analysis was
focused on the identification and abundance analysis of candidate sugar porters.
A total of 15 MFS transporters were identified in the presence of D-xylose, 16 in
the presence of D-mannose, 19 in the presence of L-arabinose and 21 in the
presence of L-rhamnose, of which 8 were shown to be exclusively detected in the
L-rhamnose condition (Table 1). From these eight, a subgroup of five having
strain ATCC 1015 [3] protein ID 1096151, 1119135, 1142034, 1147409 and
1156895 respectively were also absent in a previously generated dataset, where
the 4. niger plasmalemma proteome response to high and low concentrations of
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D-glucose was studied [36]. In summary, by analyzing the 4. niger plasma
membrane proteome response to seven different carbon source compositions (D-
sorbitol 100 mM, D-sorbitol 100 mM plus D-glucose 1 mM, D-sorbitol 100 mM
plus D-glucose 60 mM, D-sorbitol 100 mM plus D-xylose 0.1 mM, L-arabinose
5 mM, D-mannose 5 mM, and L-rhamnose 5 mM) five putative transport proteins
could be identified that were present only in the presence of L-rhamnose, which
strongly suggested involvement of one or more of these transporters in the uptake
of L-thamnose. A detailed protein sequence analysis of these transporters and of
their encoding genes highlighted some interesting features of protein ID
1119135, hereinafter referred to as RhtA for Rhamnose transporter A. Domain
analysis of the transporters revealed that RhtA was exceptional because it
possessed a L-fucose permease domain structure (FucP; COG0738/ IPR005275).
FucP domain transporters have been shown to be able to use different deoxy
sugars as substrate, such as L-fucose, 2-deoxy-D-ribose and 2-deoxy-D-glucose,
but also monosaccharides such as L-arabinose, D-galactose, D-glucose and D-
mannose [38-40]. To our knowledge transporters with a FucP domain structure
have only been characterized from bacteria. However, the particular domain
structure is well represented throughout the fungal kingdom. Through a Bi-
directional Best Hit (BBH) BLAST analysis, putative RhtA orthologs were
inferred. Homologous sequences were found throughout different fungal orders,
but only 5 BBH's were identified when analyzing the available genomes of
Aspergillus spp. (S1 Table). A domain based classification of RhtA, using amino
acid sequences of 27 functionally validated fungal MFS sugar transporters, 2
bacterial L-rhamnose transporters, and 4 characterized bacterial FucP domain
symporters as input, grouped the RhtA transporter with the latter group (Fig 1).
These transporters belong to the Fucose:H1 symporter (FHS) family (TC 2.A.1.7)
within the Major Facilitator Superfamily [41] (Fig 1). The domain architecture
COGO0738 is defined by 13 reference sequences, of which Bacillus subtilis GIcP,
Escherichia coli FucP and Helicobacter pylori HP1174 [38,39,42] have been
characterized, while DeoP from Salmonella enterica is probably a 2-deoxy-D-
ribose permease [40]. E. coli FucP transports L-fucose, L-arabinose and D-
galactose but it is not able to transport L-rhamnose, B. subtilis GlcP has high
affinity for D-glucose and D-mannose, and H. pylori HP1174 is able to use D-
glucose, D-galactose, D-mannose and 2-deoxy-D-glucose as substrates. L-fucose
and L-rhamnose are structurally related, as both of them are methyl pentoses,
however there have been no reports on the ability of FHS symporters to use L-
rhamnose as substrate, for which specific transporters from the L-rhamnose
proton symport family (RhaT; cl05728/IPR004673) have been described in
bacteria [43]. Characterized bacterial L-rhamnose transporters from the L-
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rhamnose transporter family (RhaT) (TC 2.A.7.6) clustered together in a separate
subgroup in the phylogenetic tree (Fig 1). This was expected because they are
not related to the MFS (2.A.1) and have no similarities with proteins from this
superfamily [44]. The remaining fungal functionally validated sugar transporters
are clustered in two additional subgroups corresponding to other MFS families:
the sugar porter (SP) family (TC 2.A.1.1) and the drug:H1 antiporter-1 (12
spanner) (DHAT) (TC 2.A.1.2) (Fig 1). Analysis of the genomic locus of the
RhtA encoding gene revealed directly upstream of rht4 an ORF coding for a
hypothetical secreted glycoside hydrolase, hereinafter referred to rhaB, from the
GH78 family (Protein ID 131668) which only includes a-L-rhamnosidases. The
hypothetical RhaB is a 832 amino acid protein with low similarity to functionally
validated a-L-rhamnosidases. However, its amino acid number is in the range of
RhaE from A. nidulans (861 aa), and many of the characterized bacterial
rhamnosidases [13]. The rhaB-rhtA tandem localization, which could conform a
L-rhamnose uptake system in A. niger, was found to be present as well in
Aspergillus luchuensis and Aspergillus kawachii, which have been reported to be
the same species [45], and are closely related to A. niger. Taking the above-
described findings into account, RhtA was considered a strong candidate to be a
transporter specific for L-rhamnose. In order to validate this hypothesis, and to
unravel the function of this eukaryotic transporter with a FucP domain signature,
RhtA was selected for functional validation and characterization in the present
study.

Functional validation of the 4. niger sugar transporter RhtA

In order to test the functionality of the RhtA transporter, the engineered S.
cerevisiae strain EBY.VW4000, a monosaccharide transporter null mutant, was
chosen as host for the heterologous expression of the rhtA coding gene. S.
cerevisiae is not able to use L-rhamnose as a carbon source, so a direct functional
complementation approach based on the use of this deoxy sugar could not be
performed with this strain. Despite this, and as discussed below, heterologous
expression of the transporter in this genetic background gave clear insights about
the possible role of RhtA on L-rhamnose transport. The yeast strain was
transformed with the 2p expression plasmid p426HXT7-6His-rhtA, containing
the gene's cDNA under control of the constitutive promoter HXT7, and the
terminator CYCl.. Single colony transformants were isolated from minimal
medium agar plates containing 2% (w/v) maltose and the ability of rAtA4 to restore
growth of the EBY.VW4000 transformant strain in the presence of different
monosaccharides was studied. Ten-fold serial dilutions of logarithmically
growing cells from at least three different transformants expressing rht4 were
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spotted on different minimal medium plates supplemented with 1% (w/v) of the
following carbon sources: D-glucose (G; 56 mM), D-fructose (F; 56 mM), D-
mannose (Mn; 56 mM) and maltose (M; 29 mM). Yeast rhtA transformants
showed an ability to restore growth on D-fructose, albeit at a slow pace, but were
not able to restore growth on D-glucose and D-mannose (Fig 2). This result
indicated that RhtA was functional as a transporter in S. cerevisiae, but as
expected none of the substrates tested seemed to be ideal for this transporter. The
fact that D-fructose was used as a substrate by RhtA allowed us to perform sugar
competition assays on plate, which gave more insights in possible additional
substrates for this transporter. Hence, the ability of an rAtA4 transformant to grow
in the presence of D-fructose (F; 28 mM) was compared to its ability to grow in
plates containing D-fructose (F; 28 mM) mixed with either D-glucose (G; 56 mM
or 5.6 mM), D-xylose (X; 66 mM or 6.6 mM), L-arabinose (A; 66 mM or 6.6
mM), D-sorbitol (S; 55 mM or 5.5 mM) or L-rhamnose (R; 61 mM or 6.1 mM).
The rhtA transformant strain was able to grow in the presence of most of the sugar
mixes tested, but it was unable to grow on D-fructose in the presence of a high
and low concentration of L-rhamnose, suggesting that D-fructose uptake by RhtA
was strongly inhibited by L-rhamnose (Fig 3A). D-fructose uptake by RhtA was
also inhibited by L-arabinose, at a concentration of 66 mM, but not at a
concentration of 6.6 mM. The results suggested that RhtA could have a higher
affinity for L-rhamnose than for any of the other sugars tested. To determine the
lower boundary for D-fructose uptake inhibition, the experiment was then
repeated with lower L-rhamnose concentrations (0.0006 mM to 6.1 mM) in the
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Figure 3 EBY.VW4000 rhaA+ growth inhibition assays. a) Growth of yeast
strain EBY.VW4000 expressing the rhtA gene on minimal medium with maltose
M; 29 mM), D-fructose (F; 28 mM), and D-fructose (F; 28 mM) supplemented with
the potentially competing carbon sources: D-glucose (G; 56 mM and 5.6 mM), D-
xylose (X; 66 mM and 6.6 mM), L-arabinose (A; 66 mM and 6.6 mM), D-sorbitol
(S; 55 mM and 5.5 mM) or L-rhamnose (R; 61 mM and 6.1 mM); b) growth of
yeast strain EBY.VW4000 expressing the rhtA gene on minimal medium with D-
fructose (F; 28 mM), and D-fructose (F; 28 mM) supplemented with a range of L-
rhamnose concentrations (0.0006mM to 6.1 mM)

presence of D-fructose (28 mM) as carbon source (Fig 3B). As shown in Fig 3B,
growth was inhibited by L-rhamnose concentrations as low as 0.06 mM. The fact
that such a low concentration of L-rhamnose, around 500 times lower than of D-
fructose, was able to inhibit growth, pointed to the deoxy sugar as a possible true
substrate of the RhtA transporter. To prove that the strong growth inhibitory
capacity of L-rhamnose was exclusively associated to the RhtA transporter, and
not due to an unexpected toxicity of L-rhamnose on the yeast itself, a different
strain (CEN.PK2-1C), isogenic to EBY.VW4000, harboring the p426HXT7-
6His-rhtA, was also grown in the same conditions. The CEN.PK2-1C strain
expressing RhtA was able to grow in the presence of D-fructose 28 mM + L-
rhamnose 0.06 mM (Fig 4A), thus indicating that the D-fructose uptake inhibition
invoked by L-rhamnose was RhtA dependent, as inhibition of growth did not
occur in the yeast strain with functional endogenous D-fructose transport
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systems. Finally, a competition plate assay was performed using two alternative
deoxy sugars: L-fucose (Fc; 6.1 mM) and 2-deoxy-D-ribose (Dr; 7.5 mM). The
RhtA transformant showed normal growth, as can be observed in (Fig 4B). Taken
together, these results suggested that 4. niger RhtA could be a very specific
transporter for L-rhamnose, unable to use other deoxy sugars as substrates.

a) b)
CEN.PK2-1C rhtA* EBY.VW.4000 rhtA*
M 29 mm
CEN.PK2-1C rhtA*
. F 28 mm
Fc 6.1 mm
+
Eaopam CEN.PK2-1C rhtA —
+ +
R 0.06 mM EBY.VW.4000 rhtA* | Dr 7.5 mm

Figure 4 EBY.VW4000 rhaA+ and CEN.PK2-1C rhaA+ growth inhibition
assays. a) Growth of yeast strains CEN.PK2-1C and EBY.VW4000 expressing
the rhtA gene on minimal medium with maltose (M; 29 mM), D-fructose (F; 28
mM) or D-fructose (F; 28 mM) supplemented with L-rhamnose (R; 0.06 mM); b)
Growth of EBY.VW4000 rhaA+ on minimal medium containing D-fructose (F;
28 mM) or D-fructose (F; 28 mM) supplemented with L-fucose (Fc; 6.1 mM) or
2-deoxy-D-ribose (Dr; 6.1 mM)
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Transcriptional analysis of the 4. niger sugar transporter coding gene rht4
According to the RhtA protein abundance profile obtained by plasmalemma
proteome analysis, the expression of the transporter seemed to be specifically
induced by L-rhamnose. This fact, together with the additional findings described
above, indicated that RhtA could be a Lrhamnose transporter. However, in yeast
complementation experiments RhtA showed an ability to transport D-fructose,
so in A. niger the transporter's biological role could be related to D-fructose
uptake as well. Having this into account, new fermentations of the 4. niger N400
wild type strain were performed, using the same set-up as described above, in
order to study the transcriptional response of rit4 to D-sorbitol 100 mM
(reference), L-rhamnose 5 mM, and D-fructose 5 mM. Samples, obtained two
hours after mycelium transfer, were processed, and RT-qPCR analysis was
performed. As expected, the rht4 gene was strongly induced in the presence of
L-rhamnose, while its expression levels in the presence of D-fructose were found
to be similar to those observed in the reference condition (Fig 5). This result
showed that L-rhamnose, but not D-fructose, acts as an inducer of the RhtA
transporter at transcriptional level, suggesting that RhtA is not a natural D-
fructose transporter. As mentioned above, the gene rhaB, coding for a
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Figure 5. Transcriptional analysis of rhtA. Relative transcription levels were
measured by RT-qPCR, in A. niger N400 sampled 2 hours after mycelium transfer
to minimal medium with 100 mM D-sorbitol (ref), 5 mM L-rhamnose or 5 mM D-
fructose. Transcript levels are relative to reference sample (D-sorbitol 100 mM),
indicated with an asterisk. Results are given as relative transcript ratios in log
scale (1g(10)). The values provided in the figures correspond to two biological
replicates per culture condition. Error bars are means of three technical replicates
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hypothetical a-L-rhamnosidase (JGI A. niger ATCC 1015 Protein ID 131668),
was found to be located directly upstream of r4¢4. The amino acid analysis of the
hypothetical a-L-rhamnosidase revealed the presence of a classical N-terminal
secretion signal peptide. Thus, it would be possible that both rhaB and rhtA gene
products have a coordinated action, releasing and transporting L-rhamnose
monomers respectively. This would imply that both proteins are coordinately
expressed in the presence of the sugar. To obtain more insight into the
transcriptional responses of rht4 and rhaB to L-rhamnose, time course
fermentations were done, in cultures containing either D-sorbitol 100 mM, L-
rhamnose 1mM or L-rhamnose 5SmM as sole carbon source. Sampling was
performed every hour after mycelium transfer, until the L-rhamnose was depleted
from the medium for two hours. The RT-qPCR results obtained showed a fast
transcriptional response of 74¢A to the presence of L-rhamnose (Fig 6), while in
the D-sorbitol reference condition rhtA expression remained at low level (S2
Fig). One hour after mycelium transfer the r4¢4 expression level in the presence
of an initial L-rhamnose concentration of 1mM was approximately 1000 fold
higher than those observed in the reference condition (D-sorbitol 100 mM; t =
1h). A maximum was observed two hours after transfer, with r4¢4 transcriptional
levels being 5000 fold higher than in the reference condition. The rhtA
transcription profile for the first three hours was the same in the 5 mM L-
rhamnose fermentation (S2 Fig). The maximum rht4 expression levels remained
constant during the time course experiment until the deoxy sugar was completely
consumed (Fig 6). After this point, 74124 mRNA levels decreased approximately
80 fold. Once the rhtA mRNA levels decreased, they remained constant at least
2 hours, being still around 50 times higher than its expression levels in the
reference condition. High mRNA stability could be the reason why the rhtA4
expression levels kept being relatively high, even several hours after the sugar
was completely consumed. The results displayed in Fig 6 show that 7kaB has a
similar expression profile to the one observed for rht4: its expression was
activated in the presence of L-rhamnose and remained constant until the sugar
was depleted from the medium (reference condition: D-sorbitol 100 mM; t = 1h).
Therefore both genes seem to have a specific coordinated response to the
presence of L-rhamnose in the environment. To further understand the regulatory
mechanisms underlying the L-rhamnose uptake system encoded by the 744 and
rhaB genes, the role of the regulators RhaR, involved in L-rhamnose release and
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catabolism [18], and CreA, mediating carbon catabolite repression in plant cell
wall utilization systems [46], was studied.
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Figure 6 Time course transcriptional analysis of rhAtA and rhaB. Relative
transcription levels, measured by RT-qPCR, of rhtA (black bars) and rhaB (white
bars) during A. niger N400 fermentations in minimal medium with an initial
concentration of L-rhamnose 1 mM. Concentration of L-rhamnose over time is
represented by grey line with triangles (concentration at t = 4h is equal to 0).
Transcript levels of both genes always refer to the reference sample (D-sorbitol 100
mM; t = 1h). Results are given as relative transcript ratios in logarithmic scale
(1g(10)). The values provided in the figures correspond to two biological replicates
per culture condition. Error bars are means of three technical replicates
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Figure 7 Role of the CreA and RhaR transcriptional regulators on the expression
of rhtA and rhaB. Strains N402 (WT; black bars), NW283 (AcreA; grey bars), and
JS014 (ArhaR; open bars) were used. Relative transcription levels were measured
by RT-qPCR in samples obtained 2 hours after mycelium transfer to 5 mM L-
rhamnose or 5 mM Lrhamnose plus 50 mM D-glucose. Relative transcript levels of
rhtA and rhaB were calculated using the pre-culture condition of each strain (D-
sorbitol 100 mM; t = 18h), sampled prior to the mycelium transfer to inducing and
inducing/ repressing conditions, as reference (*). Results are given as relative
transcript ratios in logarithmic scale (1g(10)). The values provided in the figures
correspond to two biological replicates per culture condition. Error bars are means
of three technical replicates
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To do this, a transcriptional analysis of both genes in the strains N402 (WT),
NW283 (dcreA) and JS14 (ArhaR) (see Materials and Methods section for
construction details) was done. The wild type and the Acred and ArhaR strains
were pre-cultured in MM with 100 mM D-sorbitol for 18 h, and transferred to
MM with either SmM L-rhamnose or 5 mM L-rhamnose plus 50 mM D-glucose.
Samples were taken two hours after mycelium transfer, and were subsequently
processed for RT-qPCR analysis. As previously observed, both rht4 and rhaB
were induced by L-rhamnose. Their transcriptional levels in the presence of the
deoxy sugar were similar in both the wild type (N402) and AcreA (NW283)
strains (Fig 7). In the presence of L-rhamnose plus D-glucose, rit4 and rhaB
were heavily repressed in the wild type strain, and only partly derepressed in the
AcreA mutant. Regarding the regulatory mechanisms mediating the activation of
rhtA and rhaB, the expression of both genes in the presence of L-rhamnose was
strongly reduced in the ArhaR strain, suggesting that the RhaR transcriptional
activator is responsible for the induction of these genes.

Determination of the RhtA ability to transport L-rhamnose

To prove that RhtA can use L-rhamnose as substrate, a tritium labeled L-[°H(G)]-
rhamnose uptake experiment was performed. In this experiment, the L-rhamnose
uptake ability of the EBY.VW4000 RhtA strain was determined, using as a
negative control the EBY.VW4000 strain expressing the A. niger specific D-
xylose transporter XItB [47]. Additionally, to further investigate the RhtA
transporter selectivity, D-[1-'*C]-xylose and D-['*C(U)]-fructose were also
tested as possible substrates. As shown in Fig 8, the RhtA strain showed a L-
rhamnose uptake rate of 5.28x107 £ 0.87x10> nmol min. mg DW.i, while the
transport of the methylpentose by the control strain could not be detected. This
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Figure 8 Functional
characterization of A. niger RhtA
sugar transporter. Uptake at high
cell density of radiolabeled
substrates by S. cerevisiae
4 1 EBY.VW4000 expressing the
Aspergillus niger L-rhamnose
transporter gene rhtA (black bars)
or D-xylose transporter gene xI/iB
(open bars). Radiolabeled L-
_]_ rhamnose, D-xylose or D-fructose
were added at a  final

_ Bl | concentration of 20 pM

Uptake rate (nmol min-1 g DW-1)
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result, together with the previous findings reported in this study, confirmed that
RhtA is a functional L-rhamnose transporter in 4. niger. As expected, the control
strain EBY.VW4000_ XItB strain was able to transport D-xylose, with an uptake
rate of 1.12x107 + 0.31x10 7> nmol min.1 mg DW.i, while the RhtA expressing
strain could not. Finally, radiolabeled D-fructose uptake measurements
confirmed the observations previously done in the functional complementation
studies performed for XItB and RhtA: the EBY.VW4000 RhtA transformant
could transport D-fructose with an uptake rate of 0.37x10 £ 0.06x 10> nmol min.
1mg DW, while D-fructose uptake by the XItB strain could not be detected. The
L-rhamnose uptake rate determined for RhtA is significantly lower than that one
reported for the E. coli L-rhamnose transporter [43], however, the experimental
approach used by Tate et al., which performed overnight cultivations of different
E. coli strains (WT and L-rhamnose negative strains) for that purpose, make a
comparison difficult. The L-rhamnose uptake rate determined for RhtA was,
however, comparable to the maximum sugar uptake rate determined for other
fungal MFS transporters, like the D-xylose transporters GXS1 from Candida
intermedia [48] or XylH from Debaryomyces hansenii [49].

Deletion analysis of the A. niger rhtA and rhaB genes

To further understand the biological role of the L-rhamnose transporter and the
hypothetical a-L-rhamnosidase in 4. niger, deletion strains of r4t4 (JS16) and
rhaB (JS19) were constructed (see Materials and Methods section for
construction details). In each case, two knockout strains were isolated, and their
growth phenotype was studied by plating them on minimal media supplemented
either with D-glucose (1% w/v), L-rhamnose (1% w/v) or rhamnogalacturonan I
(RGI1) (1% w/v) as sole carbon source. The N402 wild type strain and the
regulator mutant ArhaR were used as controls. Growth in D-glucose was
comparable, whereas clear differences could be observed in L-rhamnose plates
(Fig 9). In the presence of the methylpentose, the ArhaR mutants did not grow
(as was described by Gruben et al. (2014) [18]). The two ArhtA mutants were
severely affected, showing less growth and sporulation, while the ArhaB
transformants showed a normal growth. The growth reduction observed with the
ArhtA mutants suggests a relevant role for RhtA in L-rhamnose uptake. The fact
that the Arht4 mutants are still able to grow in the presence of L-rhamnose as
sole carbon source indicates that 4. niger must possess at least one other
transporter capable of transporting the monosaccharide. All strains grew poorly
in the presence of RG1, although slightly less growth could be observed in the
ArhaR mutant.
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Figure 9 Phenotype analysis of A. niger strains N402 (WT), JS14 (ArhaR),
JS16 (ArhtA) and JS19 (ArhaB). A. niger strains were plated on minimal media
supplemented either with D-glucose (1%; w/v), L-rhamnose (1%; w/v) or
rhamnogalacturonan I (RG1) (1%; w/v) as sole carbon source, and cultured for
144 hours. Mutants with the same gene deleted showed the same growth
pattern; the figure depicts only one representative knockout strain per gene
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Discussion

The prediction of substrate specificity of (sugar) transporters by using general
classification systems is difficult, and traditional methods based on shared
primary sequence similarity (e.g. the standard Blast algorithm) are in many cases
not precise enough [47,50]. The use of profile hidden Markov models (HMM) to
segregate sugar transporter proteins based on their substrate has been shown as
an effective approach, however their precision largely depends on the availability
of a consistent training set of biochemically characterized proteins with the
function of interest [36,47]. In this study we aimed, for the first time, to identify
a eukaryotic L-rhamnose transporter and consequently, no eukaryotic examples
of L-rhamnose transporters were available in the literature. Bacterial examples of
L-rhamnose transporters from E. coli and Salmonella typhimurium identified in
the early 1990s [43] belong to the TC 2.A.7.6 transporters family, which has no
similarity with MFS transporters, and have not been associated to the transport
of sugars in eukaryotic organisms. To identify putative transporters specific for
L-rhamnose we have taken advantage of the fact that A. niger possesses complex
regulatory circuits that control tightly the expression of protein sets, including
extracellular enzymes, transporter proteins and metabolic enzymes, specific for
the utilization of different sugars [7]. Therefore, the analyzes of global
transcriptomic and proteomic responses of the fungus to a variety of specific
culture conditions can be useful approaches to get insights in the specific
structural elements, including specific sugar transporters, required for the
utilization of specific carbon sources. The activation of structural genes involved
in L-rhamnose utilization by A. niger and other fungi have been shown to require
the presence of an inducing carbon source which can be either L-rhamnose or
pectic polysaccharides [16,18,51]. Assuming that the above also holds for L-
rhamnose specific transporters, RhtA was selected by applying stringent
differential protein expression criteria. Heterologous expression of candidate
transporters in the S. cerevisiae monosaccharide transporter null strain
EBY.VW4000 has been a very effective tool to study the function of single
monosaccharide transporters in isolation. Although this strain naturally only
utilizes hexoses like D-glucose and D-fructose, it has been amended to
metabolize D-xylose or L-arabinose [52-54]. Accordingly, the strain can be used
to screen for L-arabinose and D-xylose transporters. In a similar manner, a
microbial L-rhamnose utilization pathway transferred to the EBY.VW4000 strain
would allow screening for L-rhamnose transporters. By using an alternative
approach, we managed to get important insights in the possible role of 4. niger
RhtA as a functional L-rhamnose transporter. First, we showed that RhtA is
expressed as a functional transporter able to transport D-fructose. Subsequently,
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we determined that L-rhamnose had an extraordinary ability to specifically
inhibit growth of the EBY.VW4000 RhtA strain, even at micromolar levels. This
fact, plus additional insights observed at genomic, transcriptomic and proteomic
level gave strong indications that RhtA acts as a specific transporter for L-
rhamnose, but did not provide direct evidence. To assay transport capacity and
quantify uptake kinetics, radiolabeled sugar uptake experiments can be
performed with the mentioned yeast strain [33, 34, 36, 55-57]. This approach was
followed in the present study as a final step to prove the ability of RhtA to
transport L-rhamnose. Besides the ability of RhtA to transport L-rhamnose, we
have obtained important insights into the biological role of the transporter. The
tandem localization of rhtA with the a-L-rhamnosidase coding gene rhaB, and
their coordinated transcriptional response to the presence of L-rhamnose,
indicated that both proteins could have a joint action in releasing and transporting
the sugar. We also investigated if, besides rhaB, additional hypothetical a-L-
rhamnosidase genes (1180185/An08g09140, 1160525/An18g04800,
1132057/An01g06620, 1180185/  Anl15g04530, 1126821/An04g09070,
1134376/An07g00240, and 1165677/An10g00290; Protein accession numbers in
ATCC 1015 and CBS 513.88 genomes) were co-localized with sugar transporters
and noticed that the co-expressed rhaB-rhtA tandem was a unique case in A.
niger. The transcriptional profile of rhtdA and rhaB genes also suggests a
coordinated role for the utilization of the deoxy sugar. In the presence of an initial
L-rhamnose concentration of 1mM their expression was strongly induced while
the sugar was being consumed. Concentrations even lower than 1 mM might
therefore also induce this system, as it occurs in the case of the D-xylose
utilization system in 4. niger, where a concentration of 0.1 mM D-xylose already
exerts a strong activation of structural genes like x/nB and x/nD [58]. Regarding
the expression regulation of the transporter and the o-L-rhamnosidase genes
mediated by RhaR, we also analyzed the microarray expression data of 4. niger
WT and a ArhaR strain grown on L-rhamnose (accession number GSE51023)
recently deposited by Gruben et al at GEO [18], observing that in this
independent study using a different setup rhtA (Anl12g05710) and rhaB
(An12g05700) were not induced in a RhaR knockout strain. Therefore, both
microarray (Gruben et al) and RT-qPCR (this study) data analysis of two
independent studies indicated that RhaR is responsible for rht4A and rhaB
transcriptional activation. However, although the effect produced by RhaR in the
regulation of these genes is very clear, as can be observed in Fig 7 their induction
was not fully abolished in the ArhaR strain. This might indicate the influence of
another transcriptional regulator that responds to the presence of L-rhamnose.
Previously, a second transcriptional factor (FST14) was suggested to be involved
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in the regulation of the P. stipitis pectinolytic network [16], and this could also
be the case in 4. niger, as recently suggested by Gruben et al [18]. In the presence
of L-rhamnose plus D-glucose, rit4 and rhaB were heavily repressed in the wild
type strain, and only partly derepressed in the Acre4 mutant. While this result
suggests a role of CreA in controlling the expression of rht4 and rhaB, as
reported before for other sugar utilization systems [11, 46, 59, 60], a different
glucose-repression mechanism seems to have a major role in the transcriptional
regulation of these genes. The existence of CreA-independent glucose repression
mechanisms controlling the regulation of o -L-rhamnosidase genes [13], and the
phenylacetic acid uptake system [61], has been previously reported in A.
nidulans. The isolation of 74t4 and rhaB deletion strains allowed us to investigate
the relevance of both proteins in 4. niger. On one hand, the absence of RhtA
produced a growth and sporulation defect in the Arht4A mutants on L-rhamnose
containing media, underpinning the relevant biological role of RhtA for transport
of L-rhamnose. Similar phenotype analyzes performed in filamentous fungi,
where different sugar transporter mutant strains were studied, produced disparate
results. In some cases, an altered growth phenotype could not be detected in plate
assays containing the transporter's specific substrate [30, 55, 62, 63], which is
probably due to overlapping substrate specificities. In this regard, the most
notorious case corresponds to S. cerevisiae, where many genes had to be
disrupted before its ability to transport D-glucose was abolished [29]. However,
as we observed in the present study, the absence of certain transporters in
filamentous fungi has also been shown to be accompanied with clear growth
defects [64-66]. On the other hand, the absence of rkaB did not affect negatively
the mutant growth in the presence of RG1. This result is not surprising, bearing
in mind that a-L-rhamnosidase genes appear to be quite redundant in the 4. niger
genome. RhtA is, according to our knowledge, the first functionally validated
eukaryotic transporter containing a FucP domain structure. It is also the first
eukaryotic L-rhamnose transporter functionally validated to date, therefore this
study provides major insights about the utilization of this monosaccharide by
fungi. The identification of RhtA will also have an impact in the design of new
microbial strains using L-rhamnose-rich biomass as feedstocks, like pectic
polysaccharides from plants [67], or ulvan from green seaweeds [23,68], for the
production of fuels and chemicals.

138



Materials and Methods

Strains and growth conditions

The Aspergillus niger strains used in this study were N400 (NRRL3, ATCC9029,
CBS120.49), N402 (cspAI) [69], NW283 (fwnAl, cspAl; lysA7 pyrA6; creAd4)
[59], MA169.4 (cspAl, kusA:: DR-amdS-DR, pyrG-) [70], and its derivatives
JS14, (4rhaR), JIS16 (ArhtA) and JS19 (4rhaB) constructed in this study. A. niger
spores were generated on complete medium (CM) plates. Mycelial biomass for
transfer experiments was produced in 18 hour pre-cultures after the inoculation
of 106 spores ml.i in culture medium containing: 6 g L1 (w/v) NaNOs, 1.5 g L+
(w/v) KH2POs4, 0.5 g L1 (w/v) KCl, 0.5 g L-1 (w/v) MgSO:H:0 and Vishniac salts
[71,72], with 5 g L-1(w/v) yeast extract, D-sorbitol 100 mM, and the appropriate
supplements to complement auxotrophic mutations (initial pH 6.0). For the
plasma membrane proteomics analysis, equal amounts of water-rinsed mycelium
of the wild type strain A. niger N400 were transferred to 1-liter benchtop
fermenters (Sartorius) with 750 mL of minimal medium (MM) containing: 6 g
L1 (w/v) NaNOs, 1.5 g L1 (w/v) KH2PO4, 0.5 g L1 (w/v) KCl, 0.5 g L1 (w/v)
MgSO:H:0, Vishniac salts, and one of the following carbon sources: L-arabinose
5 mM, D-mannose 5 mM, D-sorbitol 100 mM plus D-xylose 0.1 mM, and L-
rhamnose 5 mM. Two biological replicates per condition were studied.
Fermenters were kept at 30°C, stirred at 1000 rpm and aerated with filtered air
(0.6 L min-1), keeping oxygen levels over 60%. The initial pH, set at 4.0, was
allowed to drop until pH 3.5 and kept constant afterwards by sodium hydroxide
addition. These culture conditions were also used in the study of rht4
transcriptional response to D-sorbitol 100 mM, L-rhamnose 5 mM, and D-
fructose 5 mM; and also in the time course fermentations in cultures containing
D-sorbitol 100 mM, L-rhamnose 1 mM, or L-rhamnose 5 mM. For the analysis
of the regulatory mechanisms controlling rhtA and rhaB, the A. niger mycelial
biomass of the strains N402, NW283 (4creA) and JS14 (4rhaR) was produced in
18 hour pre-cultures (2 Erlenmeyer flasks per strain) after the inoculation of 10s
spores ml.i in culture medium containing: 6 g L-1 (w/v) NaNOs, 1.5 g L-1 (w/v)
KH:POs4, 0.5 g L-1 (w/v) KCl, 0.5 g L1 (w/v) MgSOsH:0, Vishniac salts, 1 g L
(w/v) yeast extract, 100 mM D-sorbitol, and the appropriate supplements to
complement auxotrophic mutations (initial pH 6.0). Equal amounts of mycelium
from each strain were then transferred to 100 mL Erlenmeyer flasks with the
same medium composition, containing 5 mM L-rhamnose or 5 mM L-rhamnose
plus 50 mM D-glucose as carbon sources. Cultures were performed in an orbital
shaker for two hours at 30°C and 225 rpm. The phenotype analysis of the
different 4. niger mutant strains obtained in this study was done in agar plates,
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containing MM plus the appropriate supplements and carbon sources. The S.
cerevisiae strain EBY.VW4000 (CEN.PK2-1C hxti3A4::loxP; hxtl5::AloxP;
hxtl6A4:: loxP; hxtl4A::loxP; hxtl2A::loxP; hxt9A::loxP; hxtllA::loxP;
hxt10A::loxP; hxt8A4::loxP; hxt514A4:: loxP; hxt2A::loxP; hxt3674.:loxP; gal2A;
stliA::loxP; agtl::loxP; ydI247wA::loxP; yjr160cA.::loxP) [29], that was used in
this study for the functional validation of the r4t4 gene, was grown at 30°C and
maintained in solid complete medium containing 10 g L1 (w/v) of yeast extract,
20 g L+ (w/v) of peptone and 20 g L+ (w/v) of maltose. The EBY.VW4000
derived strains obtained in the present study where grown in liquid minimal
medium (MM) containing 6.7 g L-1(w/v) of yeast nitrogen base with ammonium
sulphate (w/o amino acids) (Difco), supplemented with leucine (30 mg L-1; w/v),
tryptophan (20 mg L-1; w/v) and histidine (20 mg L-1; w/v), and using 20 g L
(w/v) of maltose as carbon source. The S. cerevisiae wild type strain CEN.PK2-
1C (MATa; his3A41; leu2-3 _112; ura3-52; trpl1-289; MAL2-8.; SUC?2) strain was
used as a control strain. For the yeast spot assays, the different S. cerevisiae
strains were grown overnight as mentioned above and harvested in exponential
phase by centrifugation. Cells were then diluted to the following optical densities
at 600 nm (OD600): 1, 0.1, 0.01 and 0.001, and subsequently 5 p 1 droplets were
spotted on 1.5% agar plates containing MMplus the appropriate supplements and
different carbon sources. For radiolabelled sugars uptake experiments S.
cerevisiae strains were cultured in baffled flasks with MMsupplemented with
methionine and arginine for enhanced growth, and histidine, leucine and
tryptophan to complement auxotrophic mutations. Incubations were done in an
orbital shaker at 30°C and 225 rpm.

A. niger membrane associate proteome purification, quality control
analysis, sample preparation for LC-MS/MS and proteomics data analysis
The A. niger membrane proteome preparation and purification was performed as
described [36]. A. niger mycelium samples (2+3 g, press-dried), washed and
resuspended in 20 mM HEPES buffer (pH 7.6) containing 150 mM NaCl and
protease inhibitor cocktail for yeast & fungi (Sigma-Aldrich), were mechanically
disrupted using a French press (8000 psi). Three differential centrifugation steps,
at low (500 g), medium (5,000 g) and high speed (~85,000 g), were performed to
pellet light organelles (P3). P3 pellets were resuspended using a Dounce
homogenizer in 1 mL of 20 mM HEPES buffer (pH 7.6), containing 250 mM
sucrose. The P3 suspensions were subsequently overlaid in a discontinuous
sucrose density gradient, prepared by layering successive solutions, with
decreasing sucrose concentrations (6 x 1 mL; 1.20 M to 0.70 M), upon one
another. Sucrose density gradients were centrifuged (~100,000 g = 60 min) to
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isolate different membrane-associated fractions from P3 pellet. Five fractions
were obtained (P3A, P3B, P3C, P3D and P3E). The plasma membrane (PM)
marker vanadate-sensitive H + ATPase and the mitochondrial membrane
cytochrome c oxidase activities were then measured in the initial cell free extract,
the P3 pellet and the P3A to P3E fractions derived from it. Compared to the cell
free extract, the P3 pellet was 2.4 to 3.2 times enriched in plasma membranes.
No further enhanced PM enrichment was found in the P3A to P3E fractions,
therefore the P3 pellets were considered to be more optimal for the analysis of
plasmalemma proteins, that were further processed and subjected to shotgun
proteomics analysis. Cytochrome c¢ oxidase activity measurements were
performed using the *Cytochrome ¢ Oxidase Assay Kit® from Sigma-Aldrich
(CYTOCOX1), following the user manual. The vanadate-sensitive H + ATPase
enzyme assay was performed as described previously [73]. The protocol used in
order to prepare membrane proteins for LC-MS/MS analysis has been described
in detail previously [36]. LC-MS/MS analyzes were done at Radboud Proteomics
Centre as described previously [74]. The obtained raw mass spectrometry
proteomics data was deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD004909. The analysis
of the LC-MS/MS spectra obtained from the proteomics experiment, were
identified and quantified using the MaxQuant software [75], as described [36].

Construction of S. cerevisiae EBY.VW4000 strain expressing A. niger rhtA
gene

The chemically synthesized rhtA cDNA coding sequence (4. niger ATCC 1015
JGI prot. ID: 1119135) was PCR amplified from plasmid using primers
HE rhtA FW and HE rhtA RV (S2 Table), using Phusion polymerase
(ThermoFisher Scientific) following the manufacturers protocol. The fragment
was then digested with Spel and Xhol and cloned into the S. cerevisiae expression
vector p426HXT7-6His, linearized with the same restriction enzymes, under the
control of the constitutive promoter HXT7p and the terminator CYCIt.
Transformation of S. cerevisiae EBY.WV4000 was performed as described
previously [76].

Construction of JS14 (4drhaR), JS16 (4ArhtA) and JS19 (ArhaB)

Using the split-marker approach, the previously identified L-rhamnose regulator
gene thaR (JGI ATCC 1015 Prot ID 1116273) [18], the rhamnose transporter
gene rhtA (JGI ATCC 1015 Prot ID 1119135), or the putative rhamnosidase gene
rhaB (JGI ATCC 1015 Prot ID 131668) were deleted from the genome of the
MA169.4 strain (isogenic of N402), which is defective in the Non-Homologous
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End-Joining (NHEJ) pathway through a transiently silenced kusA4 gene [70,77].
A schematic representation of the four experimental steps required can be found
in S3 Fig, PCR results that confirm the correct deletion of the genes from the
genome can be found in S4 Fig and primers used are listed in S2 Table. As an
example we describe the construction of JS14 (4rhaR) knockout strains, the other
strains were constructed in the same manner with the corresponding primers.
First, homologous regions were amplified from A. niger N402 genomic DNA
using primers KO rhaRS5' FW with KO _rhaRS5' RV and KO rhaR3' FW with
KO rhaR3' RV, and the marker gene was amplified from pAO4-13 using
primers KO pyrG FW and KO pyrG RV. Second, these three fragments were
used as template to create marker-flank fusion fragments using primers
KO rhaRS' FW with KO pyrG2 RV and KO pyrG2 FW  with
KO rhaR3' RV. Third, the resulting fragments were used to transform MA169.4
as previously described [78]. Single A. niger transformant colonies were purified
and the transiently silenced kusA gene was restored on MM plates containing
fluoroacetic acid (FAA). Finally, correct marker localization in the strain JS14
(4rhaR) was checked by PCR using genomic DNA as template, and the primer
pairs CH locusrhaR FW with KO pyrG2 RV and KO pyrG2 FW with
CH_locusrhaR _RV. Deletion of the rhaR gene was confirmed by PCR using the
primers CH rhaR FW and CH _rhaR RV.

RNA extraction and transcriptional analysis of rht4 and rhaB genes

Mycelium samples were disrupted with glass beads in a Fastprep-24 instrument,
and RNA was isolated using a Maxwell 16 instrument using the Maxwell 16 LEV
simplyRNA kit (Promega). Reverse transcription and qPCR analysis were
performed following the protocols and instruments described in Mach-Aigner et
al., 2012 [79]. In short, after treatment with DNase I, cDNA was synthesized
from 0.45 ug RNA using the RevertAid H Minus First Strand cDNA synthesis
kit (Thermo Fisher). All reactions were performed according to the
manufacturer's instructions. All quantitative PCRs (qPCRs) were performed in
triplicate in a Rotor-Gene 3000 cycler (Qiagen). The amplification mixture (final
volume, 15 pl) contained 7.5 pl of 2x ABsolute QPCR SYBR Green mix, 100
nM forward and reverse primers and 2.5 pl cDNA (diluted 1:100). The primers
used for qPCR analysis were designed using the software Quant- Prime [80], and
are listed in S2 Table. Each run included a no-template control and a no-
amplification control (0.015% SDS added to the reaction mixture). The cycling
conditions comprised a 15 min initial polymerase activation at 95°C, followed by
40 cycles of 95°C for 15 s, 59°C for 15 s, and 72°C for 15 s. The previously
described histone-like gene hist transcript (4. niger ATCC 1015 gene ID 207921)
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and the Golgi Transporter gene (4. niger CBS 513.88 An02g04120) were used
as reference for normalization of the expression data [58,79]. Dissociation (or
melting) curve analysis was performed on each qPCR reaction to confirm that
the primer pairs used produced a single amplification product. Results are given
as relative transcript ratios in logarithmic scale (1g(10)). The values provided in
the figures correspond to two biological replicates per strain and culture
condition.

Sugars analysis

Sugars present in the 4. niger culture supernatants were measured through high-
pressure liquid chromatography (HPLC) analysis. A Thermo Accela equipped
with a Shodex KC-811 column, coupled to a refractive index detector
(Spectrasystem RI-150, sample frequency 5.00032 Hz) and a UV-VIS detector
(Spectrasystem UV1000, A: 210 nm), was used. Separations were performed by
isocratic elution with 0.01 N H2SOx, at a flow rate of 0.8 mL min.i. Crotonate (6
mM) was used as an internal standard.

Radiolabeled sugar uptake determinations

Sugar uptake assays were performed as described previously, with minor
adjustments [81]. Liquid cultures using MM, supplemented with methionine (20
mg L-1; w/v), arginine (20 mg L-1; w/v), leucine (30 mg L-1; w/v), tryptophan (20
mg L-1; w/v) and histidine (20 mg L-1; w/ v), with 1% (w/v) maltose as carbon
source, were inoculated with strains EBY.VW4000 XItB (control), and
EBY.VW4000 RhtA, and incubated for 5 days. Cells were then harvested by
centrifugation (4000 g, 10 min), washed with 50 mL ice-cold ultrapure water,
and washed again with ice-cold PBS (pH 6.5). Cells were then resuspended in
PBS (pH 6.5), divided in 40 pL aliquots, and kept on ice. Aliquots were incubated
for 5 min at 30°C before the uptake assay was started. To start the assay, 10 pl of
a 100 pML-[*H(G)]-rhamnose, D-['*C(U)]-fructose or D-[1-'*C]-xylose solution
(Campro Scientific, Veenendaal) was added. After exactly 20 seconds the
reaction was quenched by the addition of 1 mL of ice-cold wash buffer (PBS, pH
6.5, with 500 mM of the corresponding non-labeled substrate solution), followed
by a vacuum filtration step (0.45 um HV filters, 1225 sampling manifold,
Millipore), and two subsequent washing steps with 5 mL of ice-cold washing
buffer. After drying for 5 min in the vacuum manifold, the filters were transferred
to scintillation vials with 5 mL scintillation liquid (Ultima Gold, Perkin Elmer),
and activity was counted (Packard Tricarb 1600TR). All reactions were
performed in triplicate. Negative control reactions, where quenching was done
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before substrate addition and without incubation, were performed for each
reaction.

Bioinformatic analysis

DNA and protein sequences were obtained from the JGI 4. niger ATCC 1015
genome database [37]. Retrieved sequences were subsequently used in additional
searches using the BLAST tools at the NCBI database. Protein transmembrane-
aware multiple alignments were done using a PRALINE, incorporating
TMHMM2.0 transmembrane helix prediction tool [82,83]. SignalP4.1 was used
to detect the signal peptide for secretion in the RhaB protein [84].
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General discussion

Structure, mechanism and function of MFS sugar transporters

In this thesis the identification and characterization of ten sugar transporters
belonging to Major Facilitator Superfamily (MFS) families 2.A.1.1 (the Sugar
Porter (SP) family), and 2.A.1.7 (the Fucose:H" Symporter (FHS) family) are
presented. In this chapter I will discuss the most important structural features of
these transporter families and how they function. MFS proteins transport various
compounds such as sugars, drugs, amino acids and alcohols across cellular
membranes, and prokaryotic and are widespread among all forms of life. In all
cells types, they play an important role in the import of carbon and energy sources
and export of toxic compounds, and in mammals specifically they play a role in
cell-cell communication and distribution of compounds between various tissues.
Upon binding of the substrate, MFS transporters undergo a series of
conformational changes as reviewed by Quistgaard et al., 2016 [1]. To fully
understand the mechanism of these changes, a deep understanding of the tertiary
protein structure is required. Since the first MFS crystal structure was published
of LacY in 2003, many MFS families now have a representative crystal structure
solved. Fortunately, of the 2.A.1.1 SP family, structures are solved in several
different conformations (LacY and XylE), making it possible to draw conclusions
on the mechanism of action. The study of these various conformational states
with- and without bound substrate has led to the formulation of a mechanistic
model that has recently been updated [1]. Furthermore, using homology
modeling on crystal structures in combination with these models, researchers
were able to pinpoint specific functional residues, involved in substrate binding,
anion binding, gating or eliciting conformational changes. Here I will discuss
these mechanisms and functional residues, as these studies also provide insights
for the development of tailor-made synthetic transporters tuned towards the
specifics of second generation feedstocks. Furthermore, I will discuss some novel
insights on the regulatory mechanisms that are involved in nutrient uptake.

Structural basis for transport; the ‘clamp-and-switch’ model

As already mentioned in chapter 2, the MFS transporters have one of three
mechanisms of action. They can function as uniporters, where a metabolite is
transported over the membrane, driven by its concentration gradient. They can
function as antiporters, where two metabolites are transported over the
membrane in opposite direction, driven by the concentration gradient of one of
the metabolites. They can also function as symporters, where two metabolites are

155



transported over the membrane in the same direction, driven by the concentration
gradient of one if the two metabolites. These transporters can be divided based
on secondary structure predictions for transmembrane helices (TMHs) and loops
that connect the TMHs and are found at the terminal ends of the proteins. Based
on evolutionary and homology studies, the twelve TMHs in MFS transporters are
subdivided in two times six TMHs in the N-terminal and C-terminal domains.
Those bundles of six TMHs are subdivided into two inverted repeats of 3 TMHs
[2]. After the discovery of LacY, when it became evident that (single) proteins
were responsible for solute transport, the alternative access model was
formulated [3]. The model postulated that the transporter protein that is spanning
the membrane, changes conformation upon binding of the substrate, exposing the
substrate binding site to the cytoplasm with a changed binding affinity as
depicted in figure 1. This hypothesis has since been confirmed and expanded
using various biochemical and biophysical experimental approaches using the
model transporter LacY to develop the approaches, as outlined in [4]. Also, many
crystal structures have been solved that give physical evidence to the predicted
structures of these proteins, and even full cysteine scanning has been performed
to identify all crucial residues [5]. The 3- ErT

dimensional structure of the sugar transporters LOW Na®

RIGHT

HIGH Na*

LacY and XylE have even been crystallized in
more than one conformation. This abundance _th
of experimental and structural data has led to N — o 1:1-,3
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in the rocker-switch mechanistic model. In all A
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Figure 1 Drawing of the
alternative access model by
Jardetsky et al.
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are curved, and retain this structure in the outward open state. This shape is used
to switch between conformations, interchanging inverted topology repeats [6].
The formation of interactions between the periplasmic domains then results in
the closing of the periplasmic cleft and the loss of interactions between the
cytoplasmic domains results in the opening of the cytoplasmic cleft, exposing the
substrate to the other side of the membrane and vice versa. The two
conformations described in this model are indeed found in crystal structures such
as the inward open LacY of Abramson and the outward open FucP of Dang, 2010
[7][8]. Conformations between the inward and the outward open conformations,
however, have also been captured in resolved crystal structures for MFS
transporters. These structures display a range of ‘occluded’ states, where the
binding site is inaccessible from either side of the membrane. These
conformations are not possible if we assume the previously mentioned curved
shape of the B-helices with full rigidness of the two (N- and C-) domains. The
first helices of the 3-helix inverted repeats (helix 1, 4, 7 and 10; see figure 2) are
bend in occluded states in contrast to the opened states. The bending of these
helices forms a clamp on the opened side of the substrate-binding pocket and
forms the occluded state that can clearly be distinguished as an inward-open
occluded or outward-open occluded state. After formation of the clamp, the
protein switches to the other conformation with the rocking movement. So a
transport cycle goes: binding of the substrate; bending of the A-helices to form
the clamp; rocker-switch movement with B-helices as axis; release of clamp on
opposite side with the subsequent release of the substrate. The clamp-and-switch

Figure 2 Two different schematic representations of the 12 transmembrane
helices of the FucP protein
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mechanism is the mechanism of action for the novel proteins of the SP and FHS
families that are identified in this thesis. Besides substrate binding and specific
conformational changes, these transporters also have domains functioning as
gates that influence substrate specificity [9]. Furthermore, these gating residues
are responsible for the transient interactions that occur between the N- and C-
terminal domains during the transport cycle. The best-understood gating motif is
the motif-A, responsible for closing the cytoplasmic gate and a key motif in all
MES transporters [10][1].

Chemical basis for transport; binding pocket and gating elements as a
basis for transporter bioengineering

In reverse genetics, a gene sequence is specifically engineered to study the
phenotypic effect of this change. It is regularly applied to identify functional
residues that are responsible for the biochemical characteristics of transporters.
In several cases, whole-protein cys-scanning has been performed, while in other
cases random chimera proteins have led to the identification of crucial residues
[5,11]. Yet another approach is the introduction of random mutations with
subsequent sequencing of functionally interesting variants. Using these
approaches, many functional residues were coupled to substrate or H+ binding in
several transporters. However, the sequence identity of MFS transporters is
typically as low as 15%, and functional regions determining substrate specificity
only align for very closely related proteins, as discussed in chapter 4 and
previously by Kasho et al. in 2006 [12]. However, in functional genome-based
screens they are easily recognized as MFS, because secondary structures are very
well conserved. The transporters that were identified in this thesis are part of the
Sugar Porters (SP) family and the Fucose:H" Symporter (FHS) family, that are
represented by the well-studied XylE and FucP of E. coli respectively. A
thorough study has been done to determine functional residue correspondence
between these transporters. These studies have led to a proposed model that
explains the evolutionary divergence between these transporters by the intragenic
rearrangement of 3-TMH units [13]. This theory was, however, soon disputed
with compelling arguments [2,14]. It can be concluded that identification of
functional residues for a sugar transporter of one family cannot be extrapolated
to transporters from other families, but it is likely that it is feasible within
families. In table 1 putative functional residues and motifs of the novel
transporters of this thesis are summarized, extracted from an inter-family primary
sequence alignment. For the SP-family protein XylE, an in-depth analysis has
been done on functional residues upon solving the crystal structure in several
conformations, binding xylose or glucose [10,15,16]. Many residues, shown to
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be involved in substrate binding, gating and proton binding have been identified.
These residues showed a high, but not a strict level conservation in the
transporters presented in this thesis. In figure 3, XylE is represented in the
cytoplasmic membrane and the functional residues that were identified are
highlighted. Furthermore, the three intracellular helices between TMH 6 and 7,
which pack into a bundle against residues 463-479 to cap the cytoplasmic side in
the outward open state and swing away in the inward open state, are indicated
with yellow [10]. The TMHMM tool was used to predict the transmembrane
segments represented, while the helices in the intracellular loops are derived from
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the crystal structures of Sun et al. In figure 3, the residues involved in binding
can be seen in their spatial conformation while binding Xylose (A) or Glucose
(B). While considering binding residues, it must be noted that lack of transport
does not mean lack of binding. In the previous section, it was discussed that
transport requires binding and subsequent conformational change. A substrate
that is structurally similar may bind but not induce a conformational change,
resulting in transport inhibition. It is generally accepted that co-utilization of
xylose and glucose will be an imported feature for the feasibility of renewable
biochemical production, but this preferred substrate problem must first be
addressed [17]. This problem is particularly important in the case of xylose
transporters, that in most cases are inhibited by glucose [18]. However, in the
studies presented in this thesis some very interesting exceptions have been
discovered. In chapter 3 and 4, the uptake of glucose and xylose by newly
identified transporters was studied, some of them displaying unique
particularities in terms of substrate specificity, are addressed. In one particular
experiment, where the transporters are expressed in a xylose-utilizing yeast
strain, it is found that MstG transports glucose but not xylose and therefore does
not support growth on xylose (Chapter 3, Figure 3) Similarly, XItB, like XylE,
transports xylose but not glucose and therefore does not support growth on
glucose (Chapter 4, Figure 4). MstG displays minor inhibition of glucose
transport in the presence of 10-fold excess of xylose (Chapter 3, Figure 6). While
for XItB, we found growth inhibition in the presence of glucose (Unpublished
results). In both cases, this suggests that there is binding without subsequent
conformational change that would result in transport of the (alternative) substrate
over the membrane. These two striking exceptions can give an indication of
functional residues, involved in the binding and transport of either substrate,
therefore, I hereby discuss some of the residues, that may be important for xylose
and glucose, but also other sugars.

Previously, a substitution of a residue was found in Saccharomyces. cerevisiae
Gal2 and HXT36, corresponding to XylE N325, which can relieve the glucose
inhibition [18,19]. In our transporters, we found the substitution of this
asparagine by glycine in 4 cases, XItA, Strl and 2, and GatA. It was not
determined, however, if this amino-acid substitution results in relieve of transport
inhibition by glucose. To determine exactly which residues are responsible for
the discrimination between xylose and glucose, specific mutants should be tested.
The residues identified previously, summarized in Table 1, provide a starting
point for this analysis. As an example, the glutamate at position 189 of the XItB
transporter is unique in this position and could, therefore, be in part responsible
for the selectivity, so mutation to glutamine would confirm or reject this
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hypothesis. Also, the valine at position 194 of the MstG transporter is unique in
this position and could, therefore, be in part responsible for the selectivity, so
mutation to isoleucine would confirm or reject this hypothesis. Also, in our
transporters, one of the residues responsible for proton binding in E. coli XylE
(residue D27), is not conserved for XItA and Strl. This could mean that the
proton symport mechanism is altered or not functional for these transporters.

Design of the perfect xylose transporter

As mentioned before, native fungal transporters have a natural preference for the
use of glucose over xylose. As a result, the transport of alternative carbon sources
such as xylose is inhibited when glucose is present. With the current technology
and knowledge it is possible to engineer transporters and adjust their substrate
affinities. Several successful attempts have been made to adjust the transport
affinities and velocities for xylose and glucose, which have led to interesting
insights about functional residues. The functions of transporters are described
with the kinetic parameters Km and Vmax and roughly follow monod kinetics.
When improvements are done on a transporter we are optimizing these
parameters. Ideally, we want to build a transporter with a high capacity or speed,
Vmax, and we want the transporter to have a high affinity, or low Km, so it will
function at this high transport velocities even when low amounts of substrate is
available. Most importantly, we also want to the transporter to import xylose
without the competitive inhibition of glucose. In a study by Farwick et al., two
residues were identified that have a crucial effect on the competitive inhibition
by glucose [18]. These two residues are not directly involved in binding of the
substrate, but have a more subtle effect on the positioning and charge of the
neighbouring residues that are involved in binding. Even, changing the amino
acids that did directly bind the substrate resulted in most cases in a loss-of
function mutant. The residues that function in the binding of glucose that were
expected to be crucial in the selectivity are known and have been the target of

Table 1: Putative functional residues of the transporters identified in this
thesis. Identified by inter-family primary sequence alignment

[Young, 2012/2014 [Farwick, 2014 [Reznicek, 2015 Nijland, 2014

Lgafz residue # hxt36 residue

81 82 [83 [ 848586 219 | 376 [301]310[311]314]386[435| 206332333 (337338 341367 437 [ 241] 246 469
Mst6 | G |G| L|L|F|G]| T NJEl-]-]s][tim|lafJala|s[N[F[N][Y[W[wW][N
mstH |G |G |1 [L|Flae]| T N e m|s|k[mlct|lalalalvIn|[F[N][Flw|[w][nN
XitA G G F Vv Y G T E E E E K w T Q Q Q | N N E F W | W N
xmB |G |c|L | T|Fla| v a|olalelv|Tts|elalali[n|[1]lalr[w|w|n
XitC G G G L F G T N E R Q D w \') Q S Q| m N M N Y F w N
st |G |le|v]|[L|vy|e]| ¢ mlelk|r[alw|lalalala|l i [n][L[mM[Flw|[w][nN
Str2 G G F L F G T N A E S R L G Q Q Q C N | N F F w T
st3 |G|l |L|[1|Fle| T N JeElo|k|[T(m|t|lalalala[nN|[F[N|F[w|[w]|[nN
GatA | G | s | L[ L|Fla]| Vv K J[eJv]ialelvimlalala[T[n]elk[Yy[wlw]a
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many studies [20]. But these results suggests that mutations to these residues
adversely affect the transporter function, while mutations in residues in the
proximity of the binding pockets have led to this successful improvement as is
also shown in another study [19]. Young et al. were able to improve two
transporters by random evolution and selection [21]. For one of these
transporters, mutants were obtained with up to an order of magnitude improved
uptake velocity, but the increased Vmax in almost all cases came with a decreased
affinity for the substrate. One exceptional mutant showed an increased affinity as
well as an increased uptake rate, and surprisingly only had one single amino acid
substitution in a terminal region of the protein. The adjustment of residues in
terminal regions has in at least one other case also led to very successful
improvement of xylose transporters [22]. These examples show that the
functioning of transporters is still very poorly understood, and the greatest
improvements have come from random mutation in combination with a well-
designed assay. Furthermore, although researchers have been able to classify
transporters on the basis of their structure as described in the introduction, the
function of only a minute fraction of all the natural transporter has is known to
us. In this thesis we focussed on identifying the function of more of those
transporters and have shown that transporters with desirable characteristics are
definitely ‘out there’. Big steps to genetic engineering of cell factories can still
be made by mining the natural transportome, before we are ready to truly design
custom transporters.

Residues of the FHS transporters

Regarding the transporters of the fucose:H" Symporter family (FHS), functional
residues have also been proposed for the FucP transporter protein, upon solving
the crystal structure. An in-depth analysis of the FHS-family protein FucP has
been done on functional residues upon solving the crystal structure by [8].
Several functional residues have been identified that are responsible for the
binding of the substrate, binding of the proton or the interactions between the N-
and C-terminal domains. The proposed mechanism and residues were later partly
confirmed by Tryptophan fluorescence quenching studies [23]. Several of the
most important residues are conserved in our transporter such as the W38,
involved in substrate binding, and D46 and E135, involved in proton binding and
helix interactions. Several other residues that are crucial for FucP, have non-
conservative substitutions, such as W278A. The conserved D46 of TMH 1 is
proposed to be protonated, to let the substrate pass, then deprotonated by the
conserved E135 of TMH 4 to interact with W278 of TMH7 and close the
periplasmic side. To study this specific location, the sequence of RhtA was
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modeled on the FucP crystal structure 307Q. No tryptophan or amino acid of
similar function can be found in the RhtA sequence close to this position, and
thus apparently this interaction closing the periplasmic side does not exist for
RhtA. On the cytoplasmic side, a similar situation can be found. The conserved
E135 is proposed to interact with the W365 residue when not protonated, which
is substituted by phenylalanine. Therefore, also this interaction between the N-
and C-terminus is not conserved. The fucose crystal structure was solved in
conjunction with B-nonylglucoside, making it impossible to judge the effect of
these substitutions. However, it was expected that the binding cavity of the
rhamnose transporter is different from the cavity of the fucose transporter due to
the different plane of the methyl group and the y-hydroxyl group. The mechanism
of action, is expected to be similar, but cannot be formulated yet.

Regulation of and by transporters

Elaborate studies have been done to understand the lifecycle of Aspergillus
species, from spore germination to reproduction. Most of the regulatory events
that determine changes of the developmental stages of the fungus take place at
transcriptional level, and the region upstream of the Tata-box of the responsible
structural genes is a hot spot for the binding of activating and repressing elements.
Many transcriptional regulators have been identified that interact in cascades to
determine the fate of growing mycelium [24]. In the natural environment, fungi
change their metabolism for germination, vegetative growth, sexual
reproduction, non-sexual reproduction and dormancy in response to
environmental factors such as moisture content, salt and mineral availability, the
presence of carbon source, oxygen, other organism and even light. Because
filamentous fungi are multicellular, the response within a colony can be spatially
very diverse due to varying conditions. Gradients of signaling molecules are
believed to be responsible for this heterogeneity, which is mimicked on lab
studies on plate growth, but assumed to be absent in controlled submerged
fermentations. The regulation is mediated by the RNA- and DNA-binding zinc-
finger transcription factors. For the study of polysaccharide degradation and
(oligo-) saccharide transport, there are a number of transcription factors in A.
niger that are of major relevance. CreA is believed to be the most important
mediator for carbon catabolite repression (CCR), functionally characterized
already in 1973 [25]. CreA has two zinc finger domains and is an example of the
type I classical zinc finger proteins ubiquitously present in the A. niger genome
[26]. CreA is activated by the presence of glucose, high concentrations of xylose
and other repressing carbon sources [27]. It provokes direct and indirect
repression of genes involved in carbon utilization through DNA binding in a
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sequence consensus motif. This repression capacity is enhanced by additional
specific motifs located in close proximity [28]. The binding to these motifs in
promoter regions represses the expression of a wide variety of genes that are
involved in the utilization of alternative carbon sources to glucose. In addition to
CreA, other transcription factors have been characterized that control the
response to changes in environmental pH, or salinity, but also more specific
regulators controlling depolymerization, transport and metabolism of plant cell
wall components. Regarding the latter, a very well characterized transcription
factor for is XInR, the xylanolytic regulator [29]. XInR has only 1 zinc finger
domain of the strictly fungal class III zinc binuclear cluster type. It is a master
regulator that has analogs in many other fungal species such as the Xyrl in 7.
reesei. It interacts with other transcription factors such as the cellulose response
factors CIbR, CIrA, ClrB and the Activators of Cellulase Expression ACEI and
ACE2, to control the response to lignocellulosic biomass substrate [30]. The
relevant DNA binding motif has been studied in detail and a consensus sequence
was determined [31]. Furthermore, it functions in conjunction with the arabinose
response element AraR to control pentose metabolism and response to xylan
biomass substrate [32]. More recently, regulators have also been identified that
specifically mediate the response to pectin components, namely GaaR; for
response to galacturonic acid, and RhaR; for response to rhamnose. For these
regulators, binding sequences were also proposed [33,34]. These regulators all
belong to the strictly fungal class III transcription factors of which 296 can be
found in the 4. niger genome (Pfam domain PF00172). The relevance of the
CreA regulator for glucose transporters such as those identified in chapter 3, has
been demonstrated in previous studies [35]. Similarly, the relevance of XInR for
the efficient utilization of hemicellulosic biomass has been demonstrated
previously [36]. In chapter 4, however, it is demonstrated for the first time that
XInR and Xyrl are directly responsible and crucial for the induction of the
functionally characterized xylose transporters XItA and Strl, a strong indication
for a biological role of these transporters. In contrast, our studies suggest that in
some cases sugar transporters able to specifically transport a type of
monosaccharide are not controlled at transcriptional level by the corresponding
regulator. We found that XInB was only able to transport xylose of the many
sugars tested in this study, but is not controlled at transcriptional level by XInR.
Parallel to the studies performed for this thesis, a transcription factor similar to
XInR was identified, that mediates a response to galacturonic acid [34].
Therefore, an additional experiment was performed to show the relevance of this
regulator (GaaR) to the transporter (GatA) that was functionally validated in
chapter 5. This transcriptional analysis was done as described in chapter 5 and
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confirms the findings of Alazi et al. In figure 4 it can clearly be seen that the
expression of GatA is repressed in response to the presence of glucose and
induced in response to the presence of galacturonic acid. This induction is
abolished in the gaaR deletion strain, showing that the galacturonic acid regulator
is responsible for induction of GatA in response to the presence of galacturonic
acid. In a similar way, we demonstrated in chapter 6 that the expression of the
rhamnose transporter RhtA is dependent on the presence of the RhaR regulator.
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Figure 4 Transcript level of the GatA gene in 3 genetic backgrounds and 3
different carbon sources

Sensing

To understand how sugars are detected, proteins should be considered that are
localized at the barrier of the periplasm and cytoplasm, namely in the cellular
membrane, and have domains that interact with both.

In mammals, glucose sensing is a critical attribute, related to various metabolic
dysfunctions and illnesses such as diabetes and is therefore well studied. An
interesting system was discovered in pancreatic P-cells that govern the
availability of insulin in mammalian blood. A constitutively expressed, high-
capacity, low-affinity glucose transporter rapidly imports glucose that is
subsequently sensed internally by the glucose-kinase system. In these dedicated
cells, this leads to a cascade of reactions and ultimately to excretion of insulin in
response to the extracellular glucose. Other studies provided evidence for the
existence of an important glucose sensing mechanism that involves a G-protein
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coupled receptor (GPCR) [37]. These 7-TMH proteins have an extracellular
sensor domain and an intracellular protein interaction domain. The latter domain
interacts with a heterotrimeric G-protein consisting of Ga, G and Gy, of which
Ga interacts with GDP. Upon interaction with the ligand, the signal is transferred
to the protein interaction domain, resulting in a cascade of associations and
dissociations that confer the downstream signal. Several of these proteins have
been shown to be involved in nutrient sensing for yeast species, such as GPR1 of
S. cerevisiae and GIT3 of S. pombe. More recently, the functioning of this system
for nutrient sensing in filamentous fungi has been demonstrated with GPR-4 of
Neurospora crassa [38] and GprB, GprD and GprH of 4. nidulans [39,40]. GprH
is a putative sensor for glucose and tryptophan, acts upstream of cyclic-AMP
signaling and is involved in primary metabolism and hyphal growth and represses
sexual development. Some of the transporters identified in this thesis, as can be
seen in chapters 4 and 5, were directly under control of specific transcription
factors, targeted to a relatively small subset of genes, including sugar transporter
genes. This suggests a more specific regulation than the general signaling
pathway of the cAMP-PKA. Therefore, while undoubtedly important for the
primary and more general response to nutrient availability, it is unlikely that the
GPCRs are responsible for the specific induction of the transporters studied in
this thesis. It is however possible that they would initiate induction of more
general, low-affinity transporters that facilitate the transfer of low amounts of
nutrients from the environment. The relative amounts of these compounds in the
cytoplasm then result in interaction between the various transcription factors and
a more tailored response. This is supported by findings such as those described
in chapter 5, where increased galacturonic acid shifts the balance towards
utilization of this compound and upregulation of metabolic enzymes for the
relevant pathway. A more targeted regulatory response is described in S.
cerevisiae, where the response to glucose is mediated in part by the function of
the non-transporting transceptors SNF3 and RGT2 [41]. These have a
cytoplasmic domain that is approximately 200 amino acids long and is crucial for
sensor function. The relevant genes such as the HXT glucose transporters are
repressed under non-induced conditions by a complex consisting of the zinc-
finger protein RGT1 with its co-repressors SSN6 and TUP1 and one of the two
STD1 and MTH1, of which MTHI1 has been shown to be crucial for DNA binding
[42]. When the sensors detect glucose in the environment, the co-repressors are
targeted for ubiquitination and degradation by kinases, thereby removing the
DNA-binding activity of RGTI, resulting in repression. The sensors have
probably evolved from regular transporters that retained the binding ability and
lost the ability to transport the ligand, independent of acquiring the long
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cytoplasmic tail [43]. The conformational change resulting from the binding is,
however, still sufficient to transfer the signal to the cytoplasm. In chapter 3 it was
predicted that the genome of 4. niger contains 469 genes coding for proteins of
the same superfamily as SNF3 and RGT2 (2.A.1, the Major Facilitator
Superfamily (MFS)) and 256 of the same family as SNF3 and RGT2 (2.A.1.1,
the Sugar Porter (SP) family). However, none of these proteins show a long C-
terminal tail of approximately 200 amino acids that would be required for signal
transduction. Several seem to have an enzyme fused to their cytoplasmic tail,
such as the ATCC1160823, potentially forming a metabolon as was shown in
bacteria [44]. So even though there are many different genes coding for sugar
proteins, none of them have the expected domain to interact with downstream
proteins, as described for S. cerevisiae. However, for filamentous fungi the down-
stream signal may not be mediated by such a tail. Recently, a set of two functional
glucose transporters was identified in the filamentous fungus Neurospora crassa.
When the transporter function was disabled through mutation, these transporters
retained their function as CCR inducers, and functioned as the previously
mentioned transceptors [45]. These proteins are close homologues of the A. niger
transporters MstG and MstH, characterized in chapter 3, and the previously
identified MstA [46].

Concluding remarks

Many microbes are able to survive in extreme environments, with very limited
resources or with very limited genetic potential, but the genetic diversity of fungi
makes them true masters of carbohydrate organic chemistry. That genetic
potential can be exploited to provide a biotechnological alternative to all kinds of
chemical processes.

Aspergillus niger in particular is ubiquitously present in soil and in other
environments where organic matter is available. This success is largely due to the
genetic potential to liberate the wide array of sugar monomers available from
their polymeric forms, transport those effectively into the cell and finally
metabolize them for energy and building blocks. It is of vital importance for the
fungus to be able to effectively regulate its diverse genetic potential in response
to these varying environments, due to chemical and structural limitations [47]. In
this thesis, we have employed state of the art tools at genetic, transcriptional, and
proteomic level to unravel part of the complex response of the fungus to the
presence of different carbon sources in the environment. In chapter 5, it was
demonstrated that by introducing a relatively small change at transcriptional
level, it is possible to change the regulatory balance for the metabolization of
sugars that induce different regulatory networks, thereby changing the
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preferential order of sugar uptake and metabolism. The sequential uptake of
carbon sources was in that case crucial to demonstrate the function of the
transporter. In chapters 2, 3 and 5 it was demonstrated that a more general
approach can be applied to identify specific sugar transporters. Using a
combination of computational approaches and“~omics” techniques, we were able
to predict the function of a number of transporters through functional
complementation of the S. cerevisiae monosaccharide transport null mutant
EBY.VW.4000. From a biotechnological point of view the genetic diversity and
the tightly regulated response of Aspergillus niger with respect to nutrient
transport and metabolism, supplies relevant building blocks, required to make the
production of biochemicals technically and economically more feasible. It is a
matter of time before the new advanced tools for automated molecular biological
research enable the full description of the fungal transportome. In that future, the
true transition will accelerate, and petrochemistry will be made history.
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