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6.1. General discussion

Aspergillus niger is a widely used host for the industrial productiof enzymes as a
result of its natural and high secretion capacitgroteins to the extracellular environment. As a
result of many years of investigation and straiprovement, the production of maiy niger
native enzymes have successfully improved resulimghigh production levels, whereas
researchers still face several problems in reactatigfactory production levels of heterologous
proteins. Many studies have been focusing on thdenstanding of the metabolism and
physiology alongside with genetic engineering ofhgnateps of the secretory pathway (reviewed
in Fleissner and Dersch, 2010). A main bottleneok tieterologous protein production is
attributed to difficulties of the host in the fahdj and maturation of foreign proteins in the ER.
An increase bulk and flux of proteins in the EReaftresults in protein misfolding and/or
misassemble, triggering an increase in the ER rigldmachinery and quality control
mechanisms, a condition known as ER stress or ipraecretion stress (Guillemetet al.,
2007). This thesis investigates the effects ofrttalulation of different components of the
niger secretory pathway, with special emphasis on_théolded Potein Response (UPR) and
Endoplasmic_Rticulum Associated Bgradation (ERAD) pathways and its relation to girot
secretion efficiency. The main conclusions andeariguestions from our research will be
addressed and discussed in more detail in theAfmipsections.

6.1.1. The double-edged sword of HacA activation

The UPR is a signal transduction network activdigdER stress or perturbations in the
ER homeostasis. Removal of a 20 nt intron fromhaeA mMRNA by IreA activates the UPR
pathway (Muldert al., 2004), which affects a large number of genesliguetteet al., 2007).
In Chapter 5 we have explored the physiological taadiscriptomic consequences ofAamiger
strain bearing a constitutive activiacA form, therefore expecting a full activation of gen
under HacA control and other components of the PRRway. In Fig. 1 is depicted a schematic
representation of pleiotropic effects of HacAAnniger and its presumed involvement in the
down- regulation of genes encoding secretory engyme

Like in the S cerevisae UPR, HacA binding results in a direct activationda
transcriptional up-regulation of folding enzymeggierset al., 2000; Gasseet al., 2007).
Mulder and co-workers (2006) have define a sehaperones and foldases that contain putative
UPR elements or UPR binding sites in their promeoégion, which includéipA, cypB, pdiA,
prpA, tigA and the transcription factdiacA itself. Studies inScerevisiae, A. niger and in
mammalian cells where Hac ortologs (Hacl/HacA/XB&iJ the UPR have been studied have
shown that this pathway is not solely a linear oese engaging transcription factor activation
followed by folding machinery up-regulation, buvatves the up-regulation of many other genes
involved in different processes throughout the ey pathway, such as glycosylation,
intracellular vesicular transport between orgamsellmembrane proliferation, ERAD, among
others (Traverst al., 2000; Shaffeet al., 2004; Kimateet al., 2006; Arvast al., 2006; Gasser
et al., 2007; Guillemetteet al., 2007; Bommiasamyt al., 2009). Analysis of our data set
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(Chapter 5) revealed that only about 10% of theAYaap-regulated genes seem to contain an
UPRE sequence in the proximity of the start codeA@0bp), making it unlikely that the large
set of HacA® induced genes will be under direct HacA regulatierom this point of view, it
seems more plausible that more regulators will havele in activating different secretory
machinery through a cascade signal activated byAldaainidentified HacA target(s). Following
research should focus on the identification of latguy elements that coordinate the expression
of the genes involved in protein synthesis andetexr.
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Figure 1. Schematic overview of the consequences of a d¢atigé activation of the UPR
transcriptional regulator HacA and putative modetsts role on RESS.

The repression of extracellular enzymes transonphas also been related to the
activation of the UPR pathway and describes then@imena known as response to secretion
stress (RESS). The down-regulation of secretedreagysuch as glucoamylase (Al-Shegklal.,
2004), xylanases and cellulases (Palaula., 2003) reflects an effort from the fungi to preve
the entry and overload of newly synthesized pretémo the ER. In our study (Chapter 5) we
have shown that down-regulation is not confineditgle carbohydrate degrading enzymes, like
glucoamylase, but extends to the transcriptionofaend its regulon, in our case the AmyR
regulon. These results obtained by transcriptomadyesis could be experimentally shown by the
inability of HacA™" to grow on starch (Chapter 5, Fig. 7). The meda(s) that regulates the
repression of AmyR and its target genes under ttatige HacA activation is not known but
some hypothesis can be considered. Al-Sheikh ang@vockers (2004) have shown that
repression involves a 1.0-2.0 kb promoter regiothefglaA gene. As no UPRE were described
in this region, a direct binding and repressiorHagA to these secreted enzymes, transporters or
amyR itself seems unlikely. We speculate that AmyR espion might come from the activation
of an unidentified repressor, directly or indirgcthvolving HacA. Alternatively, the down
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regulation of an unidentified AmyR activator alseesis plausible (Fig. 1). These putative
repressor or activator proteins may be presenhénldarge set of genes of unknown function
found to be differentially expressed in the H&CAtrain (Chapter 5, Supplementary Table S1).
The RESS mechanism resembles the mammalian UPRHoragulated by PERK. Upon UPR

activation, this transcription factor mediates achaism which prevents the influx of new

proteins into the ER by mRNA translation attenua{iBels and Koumenis, 2006).

Although we did not obtain evidence for ER membraroliferation in the HacX' strain
(unpublished data), up-regulation of lipid-biosyests related genes in the HaCAstrain
suggests an expansion of ER to harbour and incréeseprotein folding capacity in this
organelle. The involvement of XBP1 (the HacA ortme in mammalian cells) in events
beyond ER stress response has been well descnbeauofessional secretory mammalian
systems, suggesting a broader role for XBP1 (Sheffal., 2004; Bommiasamgt al., 2009).
The idea of a “physiological UPR” activated in sory cells different from a “stress UPR”
activated by a disturbed ER homeostasis, as descfdr secretory mammalian systems (Gass
al., 2002), might represent a new UPR paradigm ianféntous fungi and has not been
associated with th&. cerevisiae UPR. Recent evidence for a “physiological UPR"Anniger
comes from the study of Jgrgensen and co-workéd89)2 The high secretion capacity of
extracellular enzymes by. niger comes from its saprophyte lifestyle. The trangongc
response when growing on maltose (Jgrgeesah, 2009) much resembles the “physiological”
UPR in mammalian systems (Gatsal., 2002; Shaffert al., 2004) and comprises a large
overlap of the gene set observed under constitdtagd activation (Chapter 5). Hence, the
transcriptional regulation of secretory pathway egemreflects a general mechanism for
modulation of secretion capacity in response tocthreditional need for extracellular enzymes.
Hence, althoughA. niger shares many common features with thecerevisae UPR, new
evidences point to a closer relation to the UPResysas it has been described secretory
mammalian cells. The impaired growth shacA (Chapter 2) and reduced growth of H&EA
(Chapter 5) suggests that the activity of HacA #hdie fine tuned and controlled to sustain
optimal growth.

6.1.2. Can heterologous protein production benefit from constitutive hacA activation?
Aspergillus niger is frequently used as a microbial cell factory tbe production of
heterologous proteins, not only for being able aketcare of post-translational modifications
essential for protein activity, but mostly becaon$és natural high secretion capacity. However,
producing a foreign proteins alongside with the ptaxity of folding, trafficking and secretion
processes often results in undesirable lower yialtdor accumulation of unfolded proteins in
the ER, which can be toxic for the cells. Incregskmowledge on the UPR pathway and its
association with the increase of folding relatedyemes, ER proliferation and overall secretory
pathway expansion (Traveesal., 2000; Arvast al., 2006; Guillemettet al., 2007; this thesis),
led to the study and modulation of individual UP&mponents to increase heterologous protein
production. Some studies & cerevisiae have shown, for example, that overproducing BiP
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increases the secretion yields of several heteoolgroteins (Shuskt al., 1998; Harmseet

al., 1996; Kim et al., 2003). Similar results were found in other fyngbt only when
overexpressing BiP (Lombraf@al., 2004), but also other folding enzymes like FRIbljinson

et al., 1994; Moralejoet al., 2001; Smithet al., 2004) and calnexin (Conesh al., 2002;
Klabundeet al., 2007). On the other hand, some studies revehaétds not always the case that
increasing the folding machinery has benefits ootgn production (Harmsest al., 1996;
Robinsonet al., 1996; van Gemeres al., 1998; Ngianet al., 2000; Smithet al., 2004) and can
even be detrimental (van der Heige al., 2002). These studies show that the yields of
heterologous protein obtained is variable and mdepends on the properties of the protein
expressed. Other approaches have focused on enparthe secretory pathway by
overexpressing the UPR transcriptional regulatoiCAdacA. InS. cerevisiae, overexpressing
T. reeset HAC1 improved the secretion yields Bécillus a-amylase, but had no effects @n
reeseé endoglucanase | secretion; whereas disruptioRlAC1 in S cerevisiae decreased the
secretion of these two heterologous proteins (Matket al., 2003a). InP. pastoris, expressing

S cerevisiae HAC1 increased the secretion rate of a Fab antibodyrfemt (Gassezt al., 2006).
More recently, Guerfal and co-workers (2010) hakiews that overexpressing Haclp
pastoris could slightly improve the surface expression levef mouse interferop; human
thrombomodulin and human erythropoietin but not tleels of human interferop-
Overproduction ofhacA in A. awamori increasedT. versicolor laccase angreprochymosin
production (Valkonert al., 2003b).

We previously showed that the expression of a @loglase-Glucuronidase (GlaGus)
fusion construct irA. niger did not lead to a successful secretion of thiggunainto the growth
medium (Chapter 4). To examine whether constitusigigvation of HacA had a positive effect
on the secretion of the GlaGus protein the GlaGussoh construct was transformed to the
HacA“* and HacA'" strains (Chapter 5). For both strains a transfotmveas selected that
contained a single copy of the GlaGus constructB@#B3pyrG*, Chapter 4). Expression is
driven by thegpdA promoter. Western blot analysis (Fig. 2) was pend on medium samples
and total protein extract samples. No GlaGus pnateuld be detected in the culture medium in
both strains using the Gus antibody (data not shoWwig. 2 illustrates that when using an
antibody against Gus, relatively low amounts ofdoéllular GlaGus could be detected in both
HacA“* and HacA'" strains. No activity could be measured in protsitracts or culture media
of either strains expressing GlaGus (data not showhis suggests that production of this
heterologous fusion protein is difficult (low amashin the wild-type strain and doesn’t seem to
be much improved by a constitutive activation ofcAa Furthermore, the Gus antibody
recognized smaller proteins in the protein extoddhe HacA™ strain which might suggest that
the proteolytic fragments are more stable in theAY4 strain. A possible explanation might be
the increased abundance ER-chaperones in the ¥atrain that prevent rapid degradation. We
cannot rule out the possibility that glycosylatioh Gus might interfere with its enzymatic
activity.
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It~ | |
Figure 2. Effects of a constitutive activation of HacA orethmounts of GlaGus fusion protein in total
intracellular protein extracts. Western analysis\performed on samples from H&EAHacA"" and
N402 (negative control) grown in CM for 24h at 309@n micrograms of total protein were separated

by gel electrophoresis and immunodetected with mirGus antibody. Detection was carried out
through a chemiluminescence reaction for 30 minute®w indicates the expected GlaGus band size.

Can heterologous protein production benefit fratifieial activation of HacA? Results
from literature are controversial but most seempdimt out a beneficial effect of HacA activation
on production levels. The results presented in Rigare preliminary but suggest thpt
glucuronidase could be one of the heterologous evliee production and secretion cannot be
improved by manipulatinbacA activation. On the other hand, even though theASashows a
limited growth phenotype and most of the centratabelism is repressed (Chapter 5); it is still
capable to support similar levels of heterologormtgin (GlaGus) as observed in the HACA
strain (Fig. 2), and therefore this topic deseifuether attention. It is clear from previous stigie
and this preliminary study that constitutive actioa of hacA does not per definition results in
higher production levels. It is likely that eachtdrelogous protein to be produced is unique and
will challenge the host in a different way.

6.1.3. ERAD: the only way to destruction?

The UPR and the ERAD are two pathways which haenbshown to be linked and
cooperatively work when the ER is overloaded witisfolded proteins (Traverat al., 2000;
Casagrandet al., 2000; Nget al., 2000; Friedlandest al., 2000). The ERAD pathway is part of
a complex ER quality control (ERQC) system that itows protein folding and assembly as well
as detects and targets terminally misfolded pret&n destruction (reviewed in Sayeed and Ng,
2005). Studies inS cerevisae and mammalian systems have identified several ERAD
components and collectively infer that ERAD sulissa are recognized, targeted,
retrotranslocated, polyubiquitylated and finallygceded by the 26S proteasome (reviewed in
Vembar and Brodsky, 2008). IA. niger the ERAD pathway is still poorly understood. In
Chapter 4 we have given the first steps on thetiiieation and characterization of ERAD
components that act at different levels within theghway. Surprisingly, none of the ERAD
genes studied derA, mnsA, mifA, doaA and hrdC — was found to be essential A niger.
Moreover, phenotypic differences from the deletiand the wild-type strains were limited to the
AdoaA strain. Deletion ofdoaA in A. niger resulted in an irregular morphology and reduced
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sporulation phenotype. I8 cerevisiae, Doalp plays a role in the ubiquitin-dependenteno
degradation by a direct interaction with Cdc48pig0gt al., 2004; Mullallyet al., 2006). It has
also been shown i8. cerevisiae that Doal has a role in cell morphology (Kuretzel., 2007)
and in the response to DNA damage (Hanwhgl., 2002); therefore, thadoaA phenotype
observed may not entirely relate to ERAD. Thesesoltypic) results did not vary when the
deletion strains were challenged to express or-express a heterologous protein, although
degradation seemed to be compromised in some st{@hapter 4). The lack of a clear
phenotype when deleting individual ERAD genes seeptserent with the idea that under
normal growth and no ER stress conditions this yayhis not activated (only basal levels).
However, the production of heterologous proteinassally associated with ER stress; and the
often low protein production yields obtained arérilatited, to some extent, to degradation
mechanisms by the host (Goudtal., 1997).

According toS cerevisiae model, Hrd3p is responsible for the activity anabgity of
Hrd1p (E3 ubiquitin ligase) (Plempet al., 1999b; Gardneet al., 2000). Derlp is part of the
Hrd1 complex and it has been attributed a roldéretrotranslocation of targeted proteins to be
delivered to the proteasome (Lilley and Ploegh 2@Bdderet al., 2008). The Sec61p is the
retrotranslocation channel associated with ERADssates during degradation (Gilleeeal.,
2000). In the absence of DerA, Sec61p might acraalternative retrotranslocon for Der/Hrd
substrates. Additionally, i8. cerevisiae, some substrates of this complex have been showa t
targeted to destruction by a HRD/DER independenhvpay (Hayneset al., 2002). If such
pathway exists iPA. niger remains to be investigated but could account foraliernative
degradation pathway if HrdC fails to activate thdrAlcomplex.

In mammalian cellaViifl is an UPR target and contains an ER stress-resgosiement
(van Laaret al., 2000). Its function seems to be to mediate tamstocation of the 26S
proteasome from the cytoplasm to the ER membraoa EHR stress (van Laat al., 2001).
Moreover, studies have shown MIF1 forms a complegk WDR1 (Schulzest al., 2005) and that
the knockdown of this gene leads to the stabilratf ERAD substrates (Hoet al., 2004).
Mnsl codes for axl,2-mannosidase which is responsible for the clgavad theal,2-mannose
from misfolded glycoproteins, an event that wikhdethe protein to be eliminated by the ERAD
machinery (Cabradt al., 2001; Terminet al., 2009).Mnsl disruption or inhibition has shown to
stabilize glycoproteins (Jakabal., 1998; Liuet al., 1999). If bothmifA andmnsA deletions also
stabilize ERAD substrates A niger, it is possible that these substrates are no taegegnized
as misfolded and continue their journey to theolwihg organelle. On the other hand, under
AmifA and AmnsA conditions, ERAD substrates might accumulate indgR-compartments, as
the ERACs (ERassociated ampartments) proposed f8r cerevisiae (Huyeret al., 2004). These
ERACs are suggested to be retaining sites where soisfolded proteins are targeted to in order
not to interfere with normal cellular functions (& et al., 2004). Similar structures_(@lity
Control compartments) have been described in sontamadian cells but are often associated
with the development of diseases (Kopito, 2000; Kdasian and Kurganov, 2004; Rodriguez-
Gonzalezet al., 2008). InS. cerevisiae , the ERACs have no negative effects on proteiffidra
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through the ER nor lead to UPR induction; and temined substrates will eventually be
degraded via the proteasome (Hugteal., 2004) or autophagy (Fu and Sztul, 2009).

Alongside with the ERAD-proteasome, vacuoles regpng among other functions, the
second degradation system (Klionskly al., 1990). Vacuoles contain many proteases (e.g.
vacuolar proteases proteinase A (Pep4p), carboxdase Y (CPY), proteinase B (Prblp),
carboxypeptidase S (CPS)) that are relatively necifip and directed toward degradation of a
large variety of substrates (reviewed in van derzdHa1996). Substrates are directed to the
vacuole for degradation by different routes, gaasma membrane proteins are targeted to the
vacuole in both a constitutive manner, as a meacootinually refreshing the amino acids
population; or a signal dependent manner, in otdedown-regulate signalling or transport
functions (reviewed in Li and Kane, 2009). Vacuol@® also involved in constitutively
removing cytosolic and organellar proteins, andennstarvation conditions basal levels of
autophagy possibly account for the degradationheké proteins (Mizushima and Klionsky,
2007). To understand the possible role of vacuotbe degradation of heterologous proteins, it
will of interest to identify mutants in which theolsynthesis or transport step to the vacuole is
hampered. As the vacuole is an essential orgasatt approaches require the generation of
conditional mutants in which the vacuolar functeam be blocked temporarily.

Impairing the ERAD pathway results in ER-retentafrdegradation-substrates (Chapter
4) and this could become toxic for the cells. Taet thatA. niger is able to cope with this may
suggest the existence of alternative mechanisnby-pass pathways to relief the cells from the
accumulation of misfolded proteins. The strategynuddulating the ERAD pathway as an
approach of strain improvement for heterologoustgino production requires a deeper
knowledge on “if” and “how” these alternative menltsmns in filamentous fungi co-operate to
deliver substrates for destruction.
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