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Chapter 1

How classical strain improvement of Penicillium 
chrysogenum enhanced penicillin production
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Chapter 1

Introduction
Penicillins are β-lactam antibiotics found to be effective against many bacterial 
infections. These molecules were discovered by Alexander Fleming in 1928 by 
accident as a fungus contaminated a plate inoculated with Staphylococcus and 
caused a zone of growth inhibition. The fungus was identified as from the genus 
Penicillium, and the substance released by the fungus was termed penicillin. 
However, the original levels of penicillin produced by the fungus were low, while 
the original fungus was difficult to grow. It was only until Howard Florey and 
Ernst Boris Chain at the Radcliffe Infirmary in Oxford realized the mass-pro-
duce of penicillins to make it available for treatment of infected soldiers during 
World War II. This antibiotic turned out to be an infection-fighting agent of enor-
mous potency active against a range of Gram-positive and negative bacteria.

Between 1941 and 1943, Moyer, Coghill and Raper at the USDA Northern Re-
gional Research Laboratory (NRRL) in Peoria, Illinois in the United States, 
developed methods for industrialized penicillin production and isolated high-
er-yielding strains of the Penicillium fungus. In the following seventy years, 
classical strain improvement (CSI) conducted at various companies has led to 
significantly increased β-lactam antibiotics production from 0.1 g/L in the 1950s 
to more than 50 g/L using modern high-yielding industrial strains for the produc-
tion of β-lactam antibiotics (Elander, 2003). Until now, penicillins are still widely 
available as antibiotics all over the world at an affordable price.

Classical strain improvement is based on repeating rounds of random mutagen-
esis and selection. In this process, many beneficial mutations are collected (Bar-
reiro et al., 2012), but the exact molecular basis of improved penicillin production 
is largely unknown. Recent research tries to understand the underlying molecular 
mechanisms of the industrial strain improvement process, in order to understand 
how P. chrysogenum became an excellent cell factory for penicillin production.

Classical strain improvement of P. chrysogenum

The process of classical strain improvement started in an academic setting with a 
natural isolated strain NRRL1951 obtained from a mouldy cantaloupe in a local 
market in Peoria (Illinois, USA). This fungus was chosen due to its much high-
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er penicillin production in submerged cultures comparing to the low levels of 
penicillin production by the P. notatum strain NRRL1249B21 originally isolated 
by Fleming. NRRL1951-B25 was isolated from single spore selection of strain 
NRRL1951 and subsequently treated with different mutagenic techniques such as 
UV irradiation, X-ray and nitrogen mustard and improved variants were selected 
by screening for penicillin production. During this process, the X-1612 mutant 
strain (obtained upon X-ray treatment) formed the basis for the Wisconsin Q-176 
mutant strain that was obtained after ultraviolet irradiation of X-1612. Q-176 is 
the first strain in Wisconsin family. After several rounds of colony selection and 
mutagenesis, several improved strains in Wisconsin family were obtained, such 
as Wisconsin BL3-D10, 48–701, and 49–133, and then eventually evolved into the 
international laboratory reference strain Wisconsin54-1255 after several steps 
of nitrogen mustard mutagenesis and selection and one step of ultraviolet irra-
diation (Fig. 1). The genome sequence of the Wisconsin54-1255 strain became 
available in 2008 (van den Berg et al., 2008). 

Besides the efforts of the academic researchers, several companies developed 
their own industrial strains for high-level penicillin production. Although most 
of this information is non-released, some information can be gathered from sci-
entific reviews (Elander, 2003; Jami et al., 2010). For example, Gist-brocades 
(later on DSM, The Netherlands) developed a series of DS strains and Antibi-
oticos S.A. (Spain) produced a series of AS and E strains from the Wisconsin 
family. Current industrial P. chrysogenum strains produce more than 50 g/L pen-
icillin in fed-batch cultures (Peñalva et al., 1998), while in an industrial setting, 
these levels will likely be much higher.
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Biosynthetic pathway of penicillin production

Biosynthesis of β-lactam antibiotics starts with the condensation of L-α-ami-
noadipic acid (A), cysteine (C) and valine (V) into the tripeptide δ-(L-α-ami-
noadipyl)-L-cysteinyl-D-valine (LLD-ACV) catalysed by an cytosolic enzyme 
called δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase (ACVS), which is a 
424-kDa non-ribosomal peptide synthetase (NRPS) encoded by the pcbAB gene 
located in the penicillin biosynthetic gene cluster (BGC) (Aharonowitz et al., 
1992) (Fig. 2). The LLD-ACV tripeptide is converted into isopenicillin N cat-

Fig. 1. Scheme of main Penicillium chrysogenum industrial strains during the process 
of classical strain improvement. Derived from an infected cantaloupe, a natural isolated 
strain NRRL1951 was discovered, then evolved into a series of variants with higher pen-
icillin production, such as Wisconsin family, P2, AS-P family and DS family by different 
mutagenic approaches and selection. For the abbreviations used in the scheme: S, selec-
tion; X, X-ray irradiation; UV, ultraviolet irradiation; NM, nitrogen mustard treatment. 
The production levels of penicillin V are 4 mg/g DW (NRRL1951), 20 mg/g DW(Wis-
consin54-1255), 95 mg/g DW (DS17690), respectively (Nijland et al., 2010). Figure from 
(Salo et al., 2015)
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alysed by Isopenicillin N synthase (IPNS), a cytosolic enzyme of 38 kDa en-
coded by the pcbC gene that is also part of the penicillin BGC (Muiier et al., 
1991). When isopenicillin N enters the microbody, then the final step in peni-
cillin biosynthesis occurs, which is catalysed by the acyl-CoA: isopenicillin N 
acyl-transferase (IAT) encoded by penDE gene, the third enzyme located within 
the penicillin BGC, resulting in penicillin G or V, respectively, depending on 
the aminoadipic acid side chain being replaced by a phenyl- or phenoxyacetyl 
group (Barredo et al., 1989). IAT is capable of substituting L-α-aminoadipic acid 
with phenylacetic acid (PAA) or phenoxyacetic acid (POA) only when these pre-
cursors are activated to their coenzyme A (CoA) thioesters, and this reaction is 
mainly catalysed by a phenylacetyl CoA ligase (PCL) encoded by the phl gene 
that does not belong to the penicillin BGC (Stefan S Weber et al., 2012b). In the 
absence of a side chain precursor, then isopenicillin N will be converted in nat-
ural penicillins such as Penicillin N and L, or the side chain is removed to yield 
6-aminopenicillanic acid (6-APA), which then rapidly reacts with carbon dioxide 
to form an undesirable byproduct 8-hydroxypenillic acid (8-HPA) (Henriksen et 
al., 1997; Jørgensen et al., 1995). The IAT enzyme contains a peroxisomal target-
ing signal (PTS1), and localizes in the microbody (Müller et al., 1992; Stefan S 
Weber et al., 2012a). PCL containing a PTS1 signal sequence (SKI) also localizes 
in the microbody. However, the removal of phl gene only caused a 40% decrease 
of penicillin G production, indicating that there are other PCL enzymes func-
tioning in P. chrysogenum (Koetsier et al., 2009; Lamas-Maceiras et al., 2006).

Microbodies are important organelles, including peroxisomes found in all eu-
karyotes, and are especially required for efficient penicillin biosynthesis in P. 
chrysogenum as it seems to have lost its capability to synthesize penicillins in 
the cytosol (Müller et al., 1992). However, in Aspergillus nidulans penicillin bi-
osynthesis still occurs as IAT is localized to both the cytosol and microbody 
(Brakhage et al., 2009). It has been reported that higher β-lactam-producing 
strains contain greater numbers of microbodies. Also, the penicillin production 
increased significantly by overexpressing a proliferation gene pex11 which re-
sulted in the increase of microbody abundance (Kiel et al., 2005), whereas the 
production of penicillin V has been reduced significantly in peroxisome-defi-
cient mutants of P. chrysogenum strain Wis54-1255 (Meijer et al., 2010). The pH 
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Fig. 2. The scheme of penicillin biosynthetic pathway (Meijer et al., 2010). L-α–AAA: 
L-α-aminoadipic acid; LLD-ACV: δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine; IPN: Iso-
penicillin N; PenG: Penicillin G; PenV:Penicillin V; PAA: Phenylacetic acid; POA: phe-
noxyacetic acid. ACVS: δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase; IPNS: 
Isopenicillin N synthase; IAT: acyl-CoA:6-amino penicillanic acid acyltransferase; PCL, 
phenylacetyl CoA ligase.

Genome modifications improved industrial strains 

Genome, proteome and transcriptome analysis have revealed some of the under-
lying mechanisms on how classical strain improvement resulted in higher pen-
icillin yielding strains. An important step in the industrial strain improvement 
process was the amplification of the penicillin BGC (pcbAB-pcbC-penDE). The 
genome of strain NRRL1951 and Wisconsin54-1255 only contains a copy of this 
BGC in a genomic region with a length of 56.9 kb, consisting of a 53.7 kb frag-
ment and a 3.2 kb shift fragment bounded by a conserved TGTAAA/T hexanu-
cleotide (Fig. 3). Strains NRRL1951 and Q176 have the same organization of the 
entire BGC. However, the outer 3.2 kb of the genomic region was orientation 
reverted during classical mutagenesis from these strains to Wisconsin54-1255. 
In later strains, this genomic region was amplified multiple times. For instance, 

of the cytosol in filamentous fungi is between 6.5 and 7.0, while the pH of the 
microbody is 7.5, which is close to the pH optima of IAT (pH 8.0) and PCL (pH 
8.5) (Van der Lende et al., 2002).
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NCPC10086 harbors seven copies of the BGC with a length of 56.9 kb, includ-
ing a 53.7 kb “new shift fragment” in the genome (Wang et al., 2014). P2 strain 
(Panlabs, Taiwan) contains an amplified large 100 kb region, including a 40 kb 
fragment outside of the BGC region, which is comparable to what was previously 
reported for AS-P-78 strain with no inversion of the 3.2 kb shift fragment (Fierro 
et al., 1995). Amplifications of the 56.9 kb region occurred in E1 strain (Antibi-
oticos S.A. ,Spain) which contains 12 - 14 copies (Fierro et al., 1995). Addition-
ally, P. chrysogenum npe10 is a non-producing mutant isolated after mutagenesis 
of Wisconsin54-1255 in which a 56.9 kb region harboring the three biosynthetic 
genes was deleted, resulting in a penicillin non-producing phenotype (Cantoral 
et al., 1993). Notably, the amplified region contains other ORFs which were am-
plified together with BGC. However, studies demonstrated that those ORFs did 
not play an essential role for penicillin biosynthesis, as the presence of the three 
penicillin biosynthetic enzymes alone was sufficient to restore β-lactam synthe-
sis in a mutant lacking the complete region (García-Estrada et al., 2007; van den 
Berg et al., 2007). 

It still remains unclear why a 100 kb region is amplified in some strains while 
amplification of a 56.9 kb fragment occurred in other strains. It is also unknown 
why the inversion of a 3.2 kb region and the amplification of the 56.9 kb region 
took place at a certain specific site in the genome (van den Berg et al., 2007). A 
possible explanation of the BGC amplification in P. chrysogenum during CSI is 
that the TTTACA hexanucleotide and its inverse complement TGTAAA located 
at the borders of the amplified region may be hot spots for site-specific recombi-
nation after mutagenesis (F. Fierro et al., 1995; Wang et al., 2014). 

Although several copies of penicillin BGC occur in high-yielding strains, it has 
been reported that there is no linear relationship between the number of peni-
cillin gene clusters, the enzyme levels and penicillin production. An industrial 
strain DS47274, derived directly from strain DS17690 through amplicon curing, 
equipped with a single gene cluster, performs higher penicillin production and 
increased expression levels of the penicillin biosynthetic pathway genes, pcbAB, 
pcbC, and penDE than its progenitor Wisconsin54-1255 which also contains a 
single BGC (Nijland et al., 2010). Also, the penicillin production was monitored 
and compared among a series of DS linage strain with the number of penicillin 
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Fig. 3. Comparative organizations of the amplified regions in different P. chrysogenum 
strains. NRRL1951 and Wisconsin54-1255 contain single copy of the penicillin biosyn-
thetic gene cluster, while the latter has an inversion of the outer 3.2 kb shift fragment 
bounded by a conserved TGTAAA/T hexanucleotide. Other strains (NCPC10086, AS-P-
78, P2 and E1) contain several copies of the amplified regions as indicated. Figure from 
(Wang et al., 2014).

BGC amplicons varying from 0 to 8. The results showed that the penicillin V 
production increased with more copies of BGC but was saturated at high copy 
numbers, probably because the protein level of IAT was saturated already at low 
BGC copy numbers. This suggests that the IAT activity is limiting for penicillin 
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biosynthesis at high BGC copy numbers.

Another genetic modification can be found related to phenylacetate catabolism. 
Phenylacetic acid (PAA) is the side chain precursor for penicillin G (PenG) bio-
synthesis, but this weak acid can also be metabolized by Penicillium. A mutation 
(L181F) in the pahA gene introduced during CSI that encodes a phenylacetate 
2-hydroxylase strongly reduced phenylacetic acid metabolism in the Wisconsin 
family strains as compared to the NRRL1951 strain. Because of the reduced deg-
radation of phenylacetic acid, penicillin production was stimulated (Rodríguez-
Sáiz et al., 2001). In addition, a mutation (A394V) mutation in this gene was 
revealed by gene sequence comparison of P. notatum (the Fleming’s isolate) and 
P. chrysogenum NRRL1951 and this caused the inactivation of the phenylacet-
ic acid 2-hydroxylase. This mutation directly boosted the penicillin production 
(Rodríguez-Sáiz et al., 2005).

Further insights in how classical strain improvement contributed to higher peni-
cillin production can be derived from a proteomic comparison of three different 
strains of P. chrysogenum (NRRL1951, Wisconsin54–1255 and AS-P-78) (Jami 
et al., 2010). During classical strain improvement, the levels of proteins involved 
in cysteine biosynthesis increased whereas the levels of enzymes involved in 
valine catabolism decreased. Cysteine synthase (Pc21g14890) was more than 
2-fold overrepresented in the Wisconsin54-1255 and AS-P-78 strain, and the pu-
tative methylmalonate-semialdehyde dehydrogenase (Pc20g11520), involved in 
valine catabolism, is overrepresented in the NRRL1951 strain. Another impor-
tant change in high yielding strains is that they contain lower levels of proteins 
involved in the biosynthesis of other secondary metabolites (such as pigments 
and isoflavonoids), and lower levels of proteins related to host infection and vir-
ulence. Also, elevated levels of enzymes of the pentose phosphate pathway were 
noted in the AS-P-78 strain. This in particular concerns enzymes involved in 
the non-oxidative phase of this pathway, like ribose-5-phosphate isomerase B 
(Pc22g21440) or transketolase (Pc22g13590). NADPH is generated in the oxida-
tive branch while ribose 5-phosphate, which is one precursor for the synthesis of 
nucleotides, is generated in the non-oxidative branch of pentose phosphate path-
way. There is a high demand for NADPH in high penicillin yielding strains, in 
particular because of the biosynthesis of cysteine. 1 mole of penicillin produced 
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requires about 8–10 mole of NADPH (Nasution et al., 2008). The proteome anal-
ysis provides a global overview on the protein expression difference among the 
three strains in a lineage. They provide insights in the possible mechanisms of 
the higher penicillin production during CSI, but for a complete picture, additional 
genomic and transcriptomic data is essential.

More recently, Salo and co-workers (Salo et al., 2015) found a wide spread of 
mutations introduced by the CSI across the chromosomes. Herein, a comparative 
analysis of the genome sequences of three P.chrysogenum strains (NRRL1951, 
Wisconsin54-1255, DS17690) was conducted. It appears the result of a statistical 
spread of mutations over the chromosome with no over-representation of specific 
functional classes of enzymes and processes. However, more detailed inspec-
tion revealed many changes that can be directly linked to the improvement pro-
cess. During CSI, silencing of many secondary metabolite pathways occurred. 
Nine secondary metabolite gene clusters accumulated mutational changes that 
likely inactivated the corresponding nonribosomal peptide synthase and seven 
polyketide synthetases. Indeed, one of the secondary metabolite gene clusters in-
activated during the CSI, the sorbicillinoids production pathway. One of the two 
polyketide synthases involved in this pathway collected two mutations during 
the CSI, and also the entire pathway was silenced during the early stages of CSI, 
which led to the elimination of the yellow pigment termed sorbicillinoids from 
the secondary metabolisms in P. chrysogenum. Sorbicillinoids are well known 
contaminants of penicillins that were purified from early producing strains as the 
pigment stains the crystals yellowish. Therefore, one early requirement during 
CSI was to eliminate yellow pigment formation. Recent follow-up work repaired 
the key mutation in the keto synthase domain of the polyketide synthase SorA 
(Pc21g05080) and this led to a full recovery of the production of sorbicillins in a 
high yielding penicillin producer as well as the expression of the genes involved 
in this pathway. The latter turned out to be the result of an autoregulatory phe-
nomenon in which the products of the pathway stimulate the transcription of the 
pathway genes through the action of two transcription factors (Salo et al., 2016). 

A further remarkable phenomenon during the CSI is the inactivation of the Vel-
vet complex. This complex acts as a global regulator of secondary metabolism 
and of sexual reproduction in various filamentous fungi including P. chrysoge-
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num (Veiga et al., 2012a). The core member of the Velvet complex includes VeA, 
VelB and LaeA that were discovered and characterized originally in Aspergillus 
nidulans (Bayram et al., 2008; Bok and Keller, 2004). As the genome sequence of 
P. chrysogenum Wisconsin54-1255 became available (van den Berg et al., 2008), 
five genes (velA, laeA, velB, velC, vosA) were identified to have high sequence 
similarity with the genes encoding velvet subunits in A. nidulans (Dreyer et al., 
2007; Kopke et al., 2013). Deletion of laeA and velA in P. chrysogenum resulted 
in the downregulation of all genes involved in penicillin biosynthesis and caused 
significantly reduced penicillin production, which suggests that they act as posi-
tive regulators of penicillin biosynthesis by activating expression of pcbAB, pcbC 
and penDE (Hoff et al., 2010; Kosalková et al., 2009). Work done with A. nidu-
lans indicates that VelC interacts with VelA and LaeA, and also acts as a strong 
activator of penicillin biosynthesis while VelB acts as a repressor of this process. 
Additionally, VelB and VosA activate conidiation whereas VelC plays an oppo-
site role (Kopke et al., 2013). Salo and coworkers found that these genes have 
been repetitively targeted during the strain improvement (Salo et al., 2015). For 
example, LaeA was mutated twice resulting in amino acid change (Gly338Ser, 
Lys284Glu) and a stop codon was introduced into VelA at site 315 which resulted 
in a C-terminal truncation. Therefore, it is very likely that the Velvet complex in 
the DS17690 strain was functionally impaired during the CSI, which will con-
tribute to a reduced expression of secondary metabolite gene clusters which will 
also have negative impact on penicillin formation. 

Genome-scale metabolic models for penicillin production

Recently, genome-scale metabolic models (GEMs) have been developed, which 
are now used widely as powerful tools to support systems biology research. 
GEMs are stoichiometric representations of the enzymatic and spontaneous bi-
ochemical reactions associated with an organism’s metabolic network at the ge-
nome scale (Lerman et al., 2012). These models have been widely used for the 
study of bacterial metabolism, especially for E. coli, such as engineered strain 
improvement for some valuable products in the past decades (Wang et al., 2010). 
Agren and co-workers developed a software suite named RAVEN Toolbox for 
reconstruction of GEMs for eukaryotic organisms, and built a GEM named 
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iAL1006 for P. chrysogenum Wisconsin54-1255 (Agren et al., 2013). Then an 
integrative analysis was performed by applying a random sampling algorithm in 
order to identify genes that are differentially expressed between Wiscons54-1255 
strain and DS17690 strain. It was found that 58 fluxes in total were significantly 
changed and 612 genes were differentially expressed in the two strains. Also, 36 
reactions were identified as having a significantly higher flux with up-regulated 
genes in DS17690 strain. Fifteen reactions identified as being transcriptionally 
controlled and up-regulated in DS17690 strain were found to be directly involved 
in penicillin biosynthesis, for example, reactions involved in cysteine and va-
line biosynthesis and sulfate reduction, as well as the penicillin producing reac-
tions catalysed by isopenicillin N synthase and ACV synthase. This GEM of P. 
chrysogenum elucidates some of the underlying reasons for the improved penicil-
lin production in industrial strains and assigned potential metabolic engineering 
targets for further improving this process. However, the model is still incomplete 
and also did not take into account the mutational impact of CSI that inactivated 
enzymes and pathways.

Amino acid precursors for penicillin production, synthesis, regulation, and 
localization

Penicillins are derived from an unusual tripeptide produced by the ACVS. 
L-α-aminoadipic acid (α-AAA) is synthesized from α-ketoglutarate and acetyl-
CoA as an intermediate of the L-lysine biosynthesis pathway. This amino acid 
can be recycled for the synthesis of either lysine or LLD-ACV since it is replaced 
by a phenyl- or phenoxyacetyl group and released from isopenicillin N in the 
final step of penicillin synthesis. Therefore, P. chrysogenum strains in principle 
will only require low amounts of α-AAA, although the production of the tripep-
tide can be limited by the availability of α-AAA as shown by observations that 
α-AAA can enhance penicillin production in specific strains (Nasution et al., 
2008). It has been reported that lysine inhibits the homocitrate synthase activity, 
the first enzyme of the lysine biosynthesis pathway, and thus represses its own 
synthesis (Gunnarsson et al., 2004) and this is in line with observations that ly-
sine inhibits the biosynthesis of penicillin in P. chrysogenum (Bañuelos et al., 
1999). A comparison between a low-producing strain (Wisconsin54-1255) and a 
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high-producing strain (AS-P-78) showed that the onset of penicillin biosynthesis 
is less sensitive to the presence of lysine in the medium with AS-P-78 compared 
to Wisconsin54-1255 even though penicillin production was suppressed to a sim-
ilar extent by lysine in both strains. This indicates that current industrial strains 
may already have lost their sensitivity to lysine inhibition of penicillin synthesis 
during the CSI selection and this may have contributed to the enhanced produc-
tion of the antibiotic (Luengo et al., 1979). 

It has been reported that the intracellular concentration of α-AAA, and not 
of cysteine and valine, limits the synthesis of the tripeptide ACV and IPN in 
low-producing strains (Q 176, D6/1014/A, P2 and Wisconsin54-1255) (Hönlinger 
and Kubicek, 1989). When cells are supplemented with α-AAA in the medium, 
the intracellular α-AAA concentration increases and the penicillin production is 
elevated. In addition, strains (D6/1014/A) producing higher levels of penicillin 
harbor elevated intracellular α-AAA levels than low producing strains such as 
Q176 (Jaklitsch et al., 1986). Jørgensen and co-workers found a small increase 
in penicillin-V production in an industrial high-producing strain with slightly 
increased intracellular pool levels for valine, cysteine and α-AAA when they 
simultaneously added these precursors to a fed-batch fermenter (Jørgensen et al., 
1995). Nevertheless, a recent metabolome study of the steady-state relation be-
tween central metabolism, amino acid biosynthesis and penicillin production in 
P. chrysogenum indicated that the feedback inhibition of lysine is absent in high 
yielding strain DS17690 as there is no relation between the concentration of free 
lysine and α-AAA (Nasution et al., 2008). Also, the penicillin flux seems only to 
be influenced by the intracellular cysteine concentration rather than by the other 
two amino acids α-AAA and valine. Since cysteine biosynthesis requires a large 
supply of NADPH and ATP, it was suggested that penicillin production is mostly 
influenced by the availability of energy. Additionally, an integrative analysis of 
Wisconsin54-1255 and DS17690 strain indicated that many reactions involved 
in cysteine and valine biosynthesis, as well as in sulfur metabolism which also 
contributes to cysteine biosynthesis, were up-regulated in DS17690 strain (Agren 
et al., 2013). This seems not to be the case for the reactions involved in α-AAA 
production, which suggests that penicillin production in high yielding strains 
might be more dependent on cysteine and valine availability than α-AAA. In this 
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analysis, none of the reactions of the pentose phosphate pathway were identified 
as limiting even though cysteine and penicillin biosynthesis require a large sup-
ply of NADPH. Overall, the findings on limitations likely differ for the various 
strains, their cultivation conditions as well as levels of penicillin produced, but 
the general consensus seems that high yielding industrial strains are limited for 
cysteine and valine biosynthesis.

Cysteine biosynthesis

Biosynthesis of cysteine may occur by two different pathways in fungi (Fig. 4). 
One is the transsulfuration pathway and the other is the direct sulfhydrylation 
pathway (Ostergaard et al., 1998). The transsulfuration pathway starts with the 
formation of O-acetyl-homoserine from L-homoserine through the transfer of 
an acetyl group from acetyl-CoA. Next, the intermediate L-homocysteine is 
formed from O-acetyl-L-homoserine and sulfide. Next, L-homocysteine reacts 
with L-serine to form cystathionine, which is converted into cysteine and α-ke-
tobutyrate. The direct sulfhydrylation pathway contains only two reactions, and 
starts with the formation of O-acetyl-serine from L-serine through the transfer of 
an acetyl group from acetyl-CoA. The O-acetyl-serine then reacts with sulfide to 
form L-cysteine involving the enzyme O-acetyl-L-serine sulfhydrylase.

Both pathways exist in Aspergillus nidulans and Cephalosporium acremonium. 
However, the direct sulfhydrylation pathway plays a main role in A. nidulans 
(Pienia̧żek et al., 1973), while the transsulfuration pathway dominates in C. acre-
monium (Treichler et al., 1979). It has been well established that the transsulfura-
tion pathway exist in P. chrysogenum as mutants with impaired O-acetyl-L-ho-
moserine sulfhydrylase (OAHS) activity are unable to grow on inorganic sulfur 
sources (Dobeli and Nuesch, 1980). Ostergaard et al. identified the O-acetyl-L-
serine sulfhydrylase (OASS) activity in P. chrysogenum and demonstrated the 
existence of direct sulfhydrylation pathway in this organism (Ostergaard et al., 
1998). Additionally, OASS enzyme is considered to be located in the mitochon-
dria while OAHS of the transsulfuration pathway is located in the cytosol (van 
den Berg MA, unpublished results).

Cysteine biosynthesis requires a large supply of NADPH, but the two pathways 
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Fig. 4. Two pathways for biosynthesis of L-cysteine in fungi, direct sulfhydrylation 
pathway (left) and transsulfuration pathway (right) (Ostergaard et al., 1998). Enzymes 
involved in these two pathways: (1) Serine transacetylase; (2) O-acetyl-L-serine sulf-
hydrylase; (3) homoserine transacetylase; (4) O-acetyl-L-homoserine sulfhydrylase; (5) 
cystathionine β-synthase; (6) cystathionine γ-lyase; (7) β-cystathionase; (8) cystathionine 
γ-synthase.

Sulfur metabolism

L-cysteine biosynthesis requires sulfide as sulfur donor. Fig. 5 shows that sulfide 
is formed in the sulfur assimilation pathway, which starts with the uptake of 
sulfate from the exterior of the cell by the sulfate permease encoded by sutB 
(van de Kamp et al., 1999). Next, the inorganic sulfate is converted into aden-
osine-5-phosphosulfate (APS) catalysed by ATP sulfurase, whereupon 3-phos-
pho-adenosine-5-phosphosulfate (PAPS) is formed from APS by APS kinase. 
PAPS can be reduced to sulfite by PAPS reductase. PAPS can also be converted 
back into APS by 3’(2’),5’-bisphosphate nucleotidase, which also catalysed aden-

differ in this demand. In the direct sulfhydrylation pathway, 5 moles of NADPH 
are required for the synthesis of 1 mole of cysteine, while the transsulfuration 
pathway requires 8 moles of NADPH. Thus, depending on the pathway used, the 
energetic consequences for penicillin production may differ.
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Fig. 6. The two branch pathways in Pentose Phosphate Pathways: the oxidative branch 
and non-oxidative branch.

Fig. 5. The sulfur metabolism pathways in P. chrysogenum strains (Agren et al., 2013). 
APS: adenosine-5-phosphosulfate; PAPS: 3-phospho-adenosine-5-phosphosulfate; PAP: 
adenosine 3',5'-bisphosphate; AMP: adenosine 5'-phosphate.

osine 3’,5’-bisphosphate (PAP) and H2O into adenosine 5’-phosphate (AMP) and 
phosphate. Finally, sulfite is reduced to sulfide by sulfite reductase. This path-
way requires the supply of NADPH and ATP.
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Pentose phosphate pathway

The pentose phosphate pathway contains two branches (Fig. 6), an oxidative 
branch and a non-oxidative branch. NADPH is generated in the oxidative branch, 
and is needed for biosynthesis, especially for cysteine and penicillin production 
in P. chrysogenum, while ribose 5-phosphate (R5P) is generated in non-oxi-
dative branch and required for the synthesis of nucleotides and nucleic acids. 
The non-oxidative branch is also responsible for converting the excess 5-carbon 
sugars back into glycolysis. In the oxidative branch, two moles of NADPH are 
generated from the reduction of NADP+ with the conversion of 1 mole of glu-
cose-6-phosphate (G6P) into 1 mole of ribulose 5-phosphate. In the non-oxidative 
branch, ribulose 5-phophate (Ru5P) is reversibly isomerized or epimerized into 
ribose 5-phosphate (R5P) or xylulose-5-phosphate (Xu5P), respectively. Then ri-
bose 5-phosphate and xylulose 5-phosphate are converted into glyceraldehyde 
3-phosphate (G3P) and sedoheptulose 7-phosphate (S7P) catalysed by transke-
tolase. Next, erythrose 4-phosphate (E4P) and fructose 6-phosphate (F6P) are 
formed from G3P and S7P catalysed by transaldolase. G3P and F6P also can be 
formed from Xu5P and E4P catalysed by transketolase. The transketolases and 
transaldolases connect the pentose phosphate pathway to glycolysis, feeding ex-
cess sugar phosphates into the main carbohydrate metabolic pathways.

The pentose phosphate pathway is the main source for NADPH generation in 
P. chrysogenum. Generally, it is assumed that penicillin biosynthesis requires a 
higher flux through the oxidative branch of pentose phosphate pathway since 1 
mole of penicillin formed requires 8 - 10 moles of NADPH. However, Christensen 
and coworkers compared a high- and low-yielding strain of P. chrysogenum un-
der penicillin-producing and non-producing conditions and investigated the flux 
through the pentose phosphate pathway (Christensen et al., 2000). This flux was 
basically the same under both cultivation conditions even though the high-yielding 
strain produced about seven times more penicillin than the low-yielding strain as 
monitored through the use of a 13C-tracer labelling method. This showed that no 
stoichiometric relation exists between penicillin production and the flux of pen-
tose phosphate pathway. Nevertheless, van Gulik and co-workers compared four 
conditions by growing one high-producing P. chrysogenum strain DS12975 on 
different carbon and nitrogen sources using combinations of two carbon sourc-
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es (glucose and xylose) and two nitrogen sources (ammonium and nitrate) (van 
Gulik et al., 2000). They found that conditions with increased demand for cyto-
solic NADPH imposed by C or N metabolism on top of the required supply for 
sulfate reduction led to a vast decrease in penicillin production. This suggests a 
strong correlation between NADPH supply and penicillin production. The same 
conclusion resulted from a study by Kleijn and coworkers (Kleijn et al., 2007) 
who compared the flux through the oxidative branch of the pentose phosphate 
pathway in penicillin-G producing and non-producing chemostat cultures of P. 
chrysogenum DS17690 and observed that significantly higher oxidative pentose 
phosphate fluxes occurred under penicillin-G producing conditions. The exact 
discrepancy between this observation and that of Christensen and co-workers 
(Christensen et al., 2000) is unknown but could again relate to strain differenc-
es and the vastly different levels of penicillin production. Also, differences in 
specific growth rate could affect the pentose phosphate pathway split-ratio. This 
split-ratio is a metabolic parameter, representing the fraction of glucose 6-phos-
phate entering the oxidative branch of the pentose phosphate pathway in relation 
to the total uptake of glucose by the cell. Although the pentose phosphate path-
way is the main source for generating cytosolic NADPH, there are other possible 
sources of NADPH include cytosolic NADP-dependent isocitrate dehydrogenase 
(Loftus et al., 1994) and NADP-dependent mannitol dehydrogenase (Hult et al., 
1980). Harris and coworkers identified a cytosolic NADP+-dependent isocitrate 
dehydrogenase which produces NADPH in the P. chrysogenum DS17690 strain 
and also revealed the presence of a mitochondrial NADPH dehydrogenase that 
oxidizes cytosolic NADPH via the mitochondrial shuttle (Harris et al., 2006).

Approaches for genome engineering 

Genome engineering is a type of genetic editing in which DNA is inserted, delet-
ed or replaced in the genome of a living organism in order to introduce site-spe-
cific modifications. The basic principle is that site-specific double-strand breaks 
(DSBs) at desired locations in the genome are created by engineered nucleases, 
then repaired through nonhomologous end-joining (NHEJ) or homologous re-
combination (HR), resulting in targeted mutations, which could help to under-
stand the function of a given gene. 
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Up to date, there are four types of approaches available for precise genome ed-
iting. Firstly, meganucleases have been used as a valuable tool for targeting spe-
cific genomic sites since 1990s due to their high specificity, which could rec-
ognize one long nucleotide sequence within a genome and induce a DSB at the 
specific site (Rouet et al., 1994; Silva et al., 2011). However, this approach has 
one major limitation that the target locus must contain a meganuclease cleavage 
site. Therefore, new meganucleases have been engineered to target the desired 
recognition sites (Arnould et al., 2006; Grizot et al., 2010) and to improve this 
process. The second technology depends on zinc-finger nucleases (ZFNs) which 
are artificial restriction enzymes generated by fusing a zinc finger DNA-binding 
domain to a DNA-cleavage domain. The zinc finger domains can be designed 
to target and bind specific sequences of DNA, then the nuclease domain cleaves 
the DNA at the desired sequence(Urnov et al., 2010). The third method is similar 
to ZFNs, but is named transcription activator-like effector nucleases (TALENs) 
that are made by fusing a TAL effector DNA-binding domain to a DNA cleavage 
domain of the restriction enzyme FokI (Christian et al., 2010; Joung and Sander, 
2013). Although these two approaches are powerful tools for precise genome ed-
iting, they also have some limitations, such as off-target cleavage, being expen-
sive and time-consuming since targeting a new site requires engineering a new 
protein (Wang et al., 2016). 

With the advent of CRISPR/Cas9 (clustered regularly interspaced short palin-
dromic repeats/CRISPR-associated protein 9) technology, a revolutionary tool 
for genome engineering has become available. CRISPRs were discovered by 
Ishino and coworkers in 1987 and described as interrupted clustered repeats in 
the genome of E.coli with unknown functions, then reported to widely exist in 
genomes of numerous bacterial and archaeal strains (Ishino et al., 1987). In 2005, 
a hypothesis for the function of CRISPR/Cas was made, which suggested that 
CRISRP/Cas serve as a defense immunity system against bacteriophage infec-
tion since many space sequences within CRISPRs derived from plasmid and viral 
origins (Bolotin et al., 2005; Pourcel et al., 2005). An infection experiment with 
the dairy bacterial strain Streptococcus thermophiles in 2007 for the first time 
proved that CRISPR/Cas serves as an adaptive immunity system (Barrangou et 
al., 2007). Since the function of CRISPR/Cas aroused the great interest of many 
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researchers, in the next few years, many details about the system were revealed 
and it was suggested that CRISPR/Cas could be developed into a promising tool 
for genome editing. In 2012, CRISPR/Cas-meditating genome editing was rap-
idly developed for genome engineering in many different species and opened a 
new era for modifying and editing DNA due to its high efficiency and straight-
forward design (Cong et al., 2013). Nødvig and coworkers (2015) developed a 
simple and versatile CRISPR-Cas9 based system adapted for use in filamentous 
fungi, harboring four CRISPR-Cas9 vectors equipped with commonly used fun-
gal markers, which allow for selection in a broad range of fungi, and a script that 
identifies protospacers that target gene homologs in multiple species to facilitate 
introduction of common mutations in different filamentous fungi (Nødvig et al., 
2015). Pohl and co-workers developed powerful CRISPR/Cas9 tools for mark-
er-based and marker-free genome modifications in P. chrysogenum, which would 
be very useful for discovering novel secondary metabolites, exploring functions 
of unknown gene clusters and unraveling underlying mechanisms of classical 
strain improvements (Pohl et al., 2016).

Mechanism of CRISPR/cas9 technology

The CRISPR-Cas9 genome editing system (Fig. 7) consists of two key molecules 
that introduce a change (mutation) into the DNA: 1) a nuclease termed the Cas9 
protein, which acts as a pair of ‘molecular scissors’ that can cut the two strands 
of DNA at a specific location in the genome; 2) a piece of guide RNA(gRNA), 
which is designed to find and bind to a specific sequence in the genome. The 
gRNA contains two parts: one part is composed of 18 - 20 nucleotides which 
are complementary to the target DNA sequence and another part is a long scaf-
fold-like RNA, used to bind Cas9 nuclease and to form a gRNA/Cas9 complex, 
which can guide the Cas9 protein to the same location of the genome sequence 
and to make a specific double strand break (DSB) across both strands of the 
DNA. One notable thing is that the genome DNA needs to contain protospac-
er-adjacent-motifs (PAMs) which is composed of three nucleotides (NGG). Only 
then the gRNA/Cas9 complex is able to identify and generate the DSBs. The 
cell will recognize the DNA damage and will try to repair the break by one of 
two different mechanisms, namely, Non-homologous end joining (NHEJ) or Ho-
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mologous Recombination (HR), both will introduce small insertion or deletions 
or exogenous nucleotide sequences. A whole range of specific genome modifi-
cations can be made by using these systems which are useful for studying the 
impact of CSI on strain improvement or metabolic flux improvement.

Fig. 7. The mechanism of CRISPR/Cas9 technology in filamentous fungi. A) A target 
sequence in the genome is cut at the PAM site by Cas9 guide RNA (sgRNA). B) Chimeric 
sgRNA construct carrying hammerhead (HH) ribozyme, sgRNA and hepatitis delta virus 
ribozyme (HDV). C) A fungal AMA1 based vector harboring Cas9 and sgRNA encoding 
genes is transformed into a fungus. Site-specific double strain breaks (DSB) are induced 
by the Cas9/sgRNA complex system. Left lane: the DNA DSB is repaired by NHEJ, 
resulting in mutations (yellow spot). Right lane: Co-transformation of AMA1 fungal vec-
tor and donor DNA (both in linear or circular form) into fungus, the DSBs are repaired 
by homologues recombination (HR) resulting in target integration (orange spot). Figure 
from (Nødvig et al., 2015).
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Concluding remarks
Classical strain improvement has turned P. chrysogenum strains into excellent 
factories for the production of β-lactam antibiotics, but the underlying mecha-
nisms have remained obscure for decades. Researchers tried to reach a deeper 
understanding of the genetic and biochemical mechanisms for improved pen-
icillin production by use of all kinds of systems biology approaches, such as 
integrating the genomic, transcriptomic and metabolomics data. Several changes 
during this CSI process became quickly apparent, for example, the amplifica-
tion of penicillin BGC, the upregulation of genes involved in the three amino 
acid precursors biosynthesis, and the lower levels of proteins involved in the bio-
synthesis of other unrelated secondary metabolites. However, more recent com-
parative genomic studies revealed the gene inactivation of Velvet complex in 
high-producing strains and specific point mutations in genes directly involved 
in precursor supply. This comparison will help to elucidate the genetic basis of 
improved penicillin production as the function of unknown mutations introduced 
during the CSI process can be explored by powerful genetic tools, such as CRIS-
PR-Cas9 genome editing for studying gene function and impact of each mutation 
on penicillin formation. This will be helpful in identifying the importance of the 
genes of interest and will provide a deeper insight on how classical strain im-
provement of Penicillium chrysogenum enhanced penicillin production.

Scope of thesis
This thesis presents a study on the role of specific genes involved in amino acid 
metabolism towards cysteine biosynthesis and their mutations introduced during 
classical strain improvement in the production of penicillin by the filamentous 
fungus Penicillium chrysogenum. 

Chapter 1 gives an overview of studies revealing beneficial changes during 
classical strain improvement in a series of industrial P. chrysogenum strains for 
enhanced penicillin production by integration of genomic, transcriptomic and 
proteomic data. In particular, the major difference concerned the amplification of 
the penicillin biosynthetic gene cluster in higher producer strains. The available 
genome sequence of Wisconsin54-1255 in 2008, in combination with transcrip-
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tome studies in follow-up strains revealed some further mechanisms, including 
the altered expression of genes involved in amino acid metabolism that likely en-
hance precursor fluxes towards penicillin production, the reduction of production 
of other unrelated secondary metabolites as well as the increased proliferation of 
microbodies in which critical enzymatic steps during penicillin biosynthesis are 
localized. It also describes the detailed penicillin biosynthetic pathway, as well as 
precursor supply, most notably the biosynthesis of the three amino acids precur-
sors and NADPH supply. Novel methods for genome engineering, especially the 
CRISPR/Cas9 technology, are briefly introduced in this chapter. 

Chapter 2 presents a study on the gene function of seven mutations introduced 
during classical strain improvement revealed by genome sequencing and compar-
ison among three P. chrysogenum strains (NRRL1951, Wisconsin54-1255 and 
DS17690). These mutations are predicted to be involved in amino acid metab-
olism towards cysteine biosynthesis, and the influence of these point mutations 
on gene function were predicted by protein sequence alignment by NCBI protein 
blast and a SusPect tool. The enzyme function of these genes and the impact of 
their point mutations were determined by purifying the respective proteins after 
overexpression in E. coli. The results indicate that several of the mutations in-
troduced during CSI contributed to an enhanced availability of cysteine mostly 
through the inactivation of competing pathways, suggesting that cysteine is key 
factor for penicillin production.

Chapter 3 describes the identification and functional analysis of two genes en-
coding serine/homoserine O-acetyltransferase as the enzyme catalyzing the first 
committed step of direct sulfhydrylation or transsulfuration pathways, respec-
tively. Their specific activities and gene expression levels suggest that the trans-
sulfuration pathway is more active in P. chrysogenum strains. Furthermore, the 
gene of the direct sulfhydrylation pathway was readily deleted by use of CRIS-
PR/Cas technology, and resulted in retarded cell growth and reduced production 
of secondary metabolites, such as isopenicillin and 6-aminopenicillin acid, as 
well as metabolites related to chrysogine and roquefortine. These defects could, 
however, be restored when the medium was supplemented with appropriate 
amount of cysteine, except for the production of roquefortine related metabolites. 
These data suggest that the direct sulfhydrylation pathway is important, but not 



30

Chapter 1

References
Agren, R., Liu, L., Shoaie, S., Vongsangnak, W., Nookaew, I., Nielsen, J., 2013. The 

RAVEN toolbox and its use for generating a genome-scale metabolic model for 
Penicillium chrysogenum. PLoS Comput Biol. 9, e1002980.

Aharonowitz, Y., Cohen, G., Martin, J. F., 1992. Penicillin and cephalosporin biosynthetic 
genes: structure, organization, regulation, and evolution. Annu Rev Microbiol. 
46, 461-495.

Arnould, S., Chames, P., Perez, C., Lacroix, E., Duclert, A., Epinat, J. C., Stricher, F., 
Petit, A. S., Patin, A., Guillier, S., Rolland, S., Prieto, J., Blanco, F. J., Bravo, J., 
Montoya, G., Serrano, L., Duchateau, P., Paques, F., 2006. Engineering of large 
numbers of highly specific homing endonucleases that induce recombination on 
novel DNA targets. J Mol Biol. 355, 443-458.

Banuelos, O., Casqueiro, J., Fierro, F., Hijarrubia, M. J., Gutierrez, S., Martin, J. F., 1999. 
Characterization and lysine control of expression of the lys1 gene of Penicillium 
chrysogenum encoding homocitrate synthase. Gene. 226, 51-59.

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Rome-
ro, D. A., Horvath, P., 2007. CRISPR provides acquired resistance against virus-
es in prokaryotes. Science. 315, 1709-1712.

essential for cell growth and secondary metabolism in P. chrysogenum strains. 

Chapter 4 presents a study on the impact of classical strain improvement on the 
pentose phosphate pathway. The pentose phosphate pathway is the main source of 
NADPH supply in the cell and the NADPH demand of cells producing penicillin 
is high as it is required for cysteine biosynthesis (8-10 moles of NADPH required 
for 1 mole of penicillin). There are two genes encoding Ribose 5-phsopahte (Rpi) 
in P. chrysogenum, which is rpiA and rpiB. The CSI introduced a point muta-
tion in rpiB gene in high-producing strain, causing almost complete inactivation 
of the enzyme. Furthermore, the rpiB gene could be readily removed from the 
genome of P. chrysogenum DS54468 without an apparent phenotype in growth 
and secondary metabolite formation, whereas various attempts failed to inacti-
vate the rpiA gene. Considering the lower expression of RpiB and the mutation 
induced inactivation as well as the high enzyme activity of RpiA as determined 
in this study, these data suggest that RpiA is the main isomerase catalyzing the 
conversion of Ru5P into R5P while RpiB seems dispensable.



31

Introduction

Barredo, J. L., van Solingen, P., Díez, B., Alvarez, E., Cantoral, J. M., Kattevilder, A., 
Smaal, E. B., Groenen, M. A. M., Veenstra, A. E., Martín, J. F., 1989. Clon-
ing and characterization of the acyl-coenzyme A: 6-aminopenicillanic-aid-acyl-
transferase gene of Penicillium chrysogenum. Gene. 83, 291-300.

Barreiro, C., Martin, J. F., Garcia-Estrada, C., 2012. Proteomics shows new faces for the 
old penicillin producer Penicillium chrysogenum. J Biomed Biotechnol. 2012, 
105-109.

Bayram, O., Krappmann, S., Ni, M., Bok, J. W., Helmstaedt, K., Valerius, O., Braus-Stro-
meyer, S., Kwon, N. J., Keller, N. P., Yu, J. H., Braus, G. H., 2008. VelB/VeA/
LaeA complex coordinates light signal with fungal development and secondary 
metabolism. Science. 320, 1504-1506.

Bok, J. W., Keller, N. P., 2004. LaeA, a regulator of secondary metabolism in Aspergillus 
spp. Eukaryot Cell. 3, 527-535.

Bolotin, A., Quinquis, B., Sorokin, A., Ehrlich, S. D., 2005. Clustered regularly inter-
spaced short palindrome repeats (CRISPRs) have spacers of extrachromosomal 
origin. Microbiology. 151, 2551-2561.

Brakhage, A. A., Thön, M., Spröte, P., Scharf, D. H., Al-Abdallah, Q., Wolke, S. M., 
Hortschansky, P., 2009. Aspects on evolution of fungal β-lactam biosynthesis 
gene clusters and recruitment of trans-acting factors. Phytochemistry. 70, 1801-
1811.

Cantoral, J. M., Gutierrez, S., Fierro, F., Gil-Espinosa, S., van Liempt, H., Martin, J. F., 
1993. Biochemical characterization and molecular genetics of nine mutants of 
Penicillium chrysogenum impaired in penicillin biosynthesis. J Biol Chem. 268, 
737-744.

Christensen, B., Thykaer, J., Nielsen, J., 2000. Metabolic characterization of high- and 
low-yielding strains of Penicillium chrysogenum. Appl Microbiol Biotechnol. 
54, 212-217.

Christian, M., Cermak, T., Doyle, E. L., Schmidt, C., Zhang, F., Hummel, A., Bogdanove, 
A. J., Voytas, D. F., 2010. Targeting DNA double-strand breaks with TAL effec-
tor nucleases. Genetics. 186, 757-761.

Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P. D., Wu, X., Jiang, 
W., Marraffini, L. A., Zhang, F., 2013. Multiplex genome engineering using 
CRISPR/Cas systems. Science. 339, 819-823.

Dobeli, H., Nuesch, J., 1980. Regulatory properties of O-acetyl-L-serine sulfhydrylase 
of Cephalosporium acremonium: evidence of an isoenzyme and its importance 
in cephalosporin C biosynthesis. Antimicrob Agents Chemother. 18, 111-117.

Dreyer, J., Eichhorn, H., Friedlin, E., Kurnsteiner, H., Kuck, U., 2007. A homologue of 



32

Chapter 1

the Aspergillus velvet gene regulates both cephalosporin C biosynthesis and hy-
phal fragmentation in Acremonium chrysogenum. Appl Environ Microbiol. 73, 
3412-3422.

Elander, R. P., 2003. Industrial production of β-lactam antibiotics. Appl Microbiol Bio-
technol. 61, 385-392.

Fierro, F., Barredo, J. L., Diez, B., Gutierrez, S., Fernandez, F. J., Martin, J. F., 1995. The 
penicillin gene cluster is amplified in tandem repeats linked by conserved hexa-
nucleotide sequences. Proc Natl Acad Sci USA. 92, 6200-6204.

Garcia-Estrada, C., Vaca, I., Lamas-Maceiras, M., Martin, J. F., 2007. In vivo transport 
of the intermediates of the penicillin biosynthetic pathway in tailored strains of 
Penicillium chrysogenum. Appl Microbiol Biotechnol. 76, 169-182.

Grizot, S., Epinat, J. C., Thomas, S., Duclert, A., Rolland, S., Paques, F., Duchateau, P., 
2010. Generation of redesigned homing endonucleases comprising DNA-bind-
ing domains derived from two different scaffolds. Nucleic Acids Res. 38, 2006-
2018.

Gunnarsson, N., Eliasson, A., Nielsen, J., 2004. Control of fluxes towards antibiotics and 
the role of primary metabolism in production of antibiotics. Adv Biochem Eng 
Biotechnol. 88, 137-178.

Harris, D. M., Diderich, J. A., van der Krogt, Z. A., Luttik, M. A., Raamsdonk, L. M., 
Bovenberg, R. A., van Gulik, W. M., van Dijken, J. P., Pronk, J. T., 2006. En-
zymic analysis of NADPH metabolism in beta-lactam-producing Penicillium 
chrysogenum: presence of a mitochondrial NADPH dehydrogenase. Metab Eng. 
8, 91-101.

Henriksen, C. M., Holm, S. S., Schipper, D., Jorgensen, H. S., Nielsen, J., Villadsen, J., 
1997. Kinetic studies on the carboxylation of 6-amino-penicillanic acid to 8-hy-
droxy-penillic acid. Process Biochem. 32, 85-91.

Hoff, B., Kamerewerd, J., Sigl, C., Mitterbauer, R., Zadra, I., Kurnsteiner, H., Kuck, U., 
2010. Two components of a velvet-like complex control hyphal morphogenesis, 
conidiophore development, and penicillin biosynthesis in Penicillium chrysoge-
num. Eukaryot Cell. 9, 1236-1250.

Hönlinger, C., Kubicek, C. P., 1989. Regulation of delta-(L-alpha-aminoadipyl)-L-cystei-
nyl-D-valine and isopenicillin N biosynthesis in Penicillium chrysogenum by 
the alpha-aminoadipate pool size. FEMS Microbiol Letter. 65, 71-75.

Hult, K., Veide, A., Gatenbeck, S., 1980. The distribution of the nadph-regenerating man-
nitol cycle among fungal species. Archi Microbiol. 128, 253-255.

Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., Nakata, A., 1987. Nucleotide se-
quence of the iap gene, responsible for alkaline phosphatase isozyme conver-



33

Introduction

sion in Escherichia coli, and identification of the gene product. J Bacteriol. 169, 
5429-5433.

Jaklitsch, W. M., Hampel, W., Röhr, M., Kubicek, C. P., Gamerith, G., 1986. α-Aminoa-
dipate pool concentration and penicillin biosynthesis in strains of Penicillium 
chrysogenum. Canadian J Microbiol. 32, 473-480.

Jami, M. S., Barreiro, C., Garcia-Estrada, C., Martin, J. F., 2010. Proteome analysis of the 
penicillin producer Penicillium chrysogenum: characterization of protein chang-
es during the industrial strain improvement. Mol Cell Proteomics. 9, 1182-1198.

Jørgensen, H., Nielsen, J., Villadsen, J., Møllgaard, H., 1995. Analysis of penicillin V bio-
synthesis during fed-batch cultivations with a high-yielding strain of Penicillium 
chrysogenum. Appl Microbiol Biotech. 43, 123-130.

Joung, J. K., Sander, J. D., 2013. TALENs: A widely applicable technology for targeted 
genome editing. Nature Rev Mol Cell Biol. 14, 49.

Kiel, J. A., van der Klei, I. J., van den Berg, M. A., Bovenberg, R. A., Veenhuis, M., 2005. 
Overproduction of a single protein, Pc-Pex11p, results in 2-fold enhanced peni-
cillin production by Penicillium chrysogenum. Fungal Genet Biol. 42, 154-164.

Kleijn, R. J., Liu, F., van Winden, W. A., van Gulik, W. M., Ras, C., Heijnen, J. J., 2007. 
Cytosolic NADPH metabolism in penicillin-G producing and non-producing 
chemostat cultures of Penicillium chrysogenum. Metab Eng. 9, 112-123.

Koetsier, M. J., Jekel, P. A., van den Berg, M. A., Bovenberg, R. A., Janssen, D. B., 2009. 
Characterization of a phenylacetate-CoA ligase from Penicillium chrysogenum. 
Biochem J. 417, 467-476.

Kopke, K., Hoff, B., Bloemendal, S., Katschorowski, A., Kamerewerd, J., Kuck, U., 
2013. Members of the Penicillium chrysogenum velvet complex play function-
ally opposing roles in the regulation of penicillin biosynthesis and conidiation. 
Eukaryot Cell. 12, 299-310.

Kosalkova, K., Garcia-Estrada, C., Ullan, R. V., Godio, R. P., Feltrer, R., Teijeira, F., 
Mauriz, E., Martin, J. F., 2009. The global regulator LaeA controls penicillin 
biosynthesis, pigmentation and sporulation, but not roquefortine C synthesis in 
Penicillium chrysogenum. Biochimie. 91, 214-225.

Lamas-Maceiras, M., Vaca, I., Rodriguez, E., Casqueiro, J., Martin, J. F., 2006. Am-
plification and disruption of the phenylacetyl-CoA ligase gene of Penicillium 
chrysogenum encoding an aryl-capping enzyme that supplies phenylacetic acid 
to the isopenicillin N-acyltransferase. Biochem J. 395, 147-155.

Lerman, J. A., Hyduke, D. R., Latif, H., Portnoy, V. A., Lewis, N. E., Orth, J. D., Schrim-
pe-Rutledge, A. C., Smith, R. D., Adkins, J. N., Zengler, K., Palsson, B. O., 
2012. In silico method for modelling metabolism and gene product expression 



34

Chapter 1

at genome scale. Nat Commun. 3, 929.
Loftus, T. M., Hall, L. V., Anderson, S. L., McAlister-Henn, L., 1994. Isolation, charac-

terization, and disruption of the yeast gene encoding cytosolic NADP-specific 
isocitrate dehydrogenase. Biochemistry. 33, 9661-9667.

Luengo, J. M., Revilla, G., Villanueva, J. R., Martin, J. F., 1979. Lysine regulation of 
penicillin biosynthesis in low-producing and industrial strains of Penicillium 
chrysogenum. J Gen Microbiol. 115, 207-211.

Meijer, W. H., Gidijala, L., Fekken, S., Kiel, J. A., van den Berg, M. A., Lascaris, R., Bo-
venberg, R. A., van der Klei, I. J., 2010. Peroxisomes are required for efficient 
penicillin biosynthesis in Penicillium chrysogenum. Appl Environ Microbiol. 
76, 5702-5709.

Muiier, W. H., Van Der Krift, T. P., Krouwer, A. J. J., Wosten, H. A. B., Van Der Voort, 
L. H. M., Smaal, E. B., Verkleij, A. J., 1991. Localization of the pathway of the 
penicillin biosynthesis in Penicillium chrysogenum. EMBO J. 10, 489-495.

Muller, W. H., Bovenberg, R. A. L., Groothuis, M. H., Kattevilder, F., Smaal, E. B., Van-
dervoort, L. H. M., Verkleij, A. J., 1992. Involvement of microbodies in penicil-
lin biosynthesis. Biochimica Et Biophysica Acta. 1116, 210-213.

Nasution, U., van Gulik, W. M., Ras, C., Proell, A., Heijnen, J. J., 2008. A metabolome 
study of the steady-state relation between central metabolism, amino acid bio-
synthesis and penicillin production in Penicillium chrysogenum. Metab Eng. 10, 
10-23.

Nijland, J. G., Ebbendorf, B., Woszczynska, M., Boer, R., Bovenberg, R. A., Driessen, A. 
J., 2010. Nonlinear biosynthetic gene cluster dose effect on penicillin production 
by Penicillium chrysogenum. Appl Environ Microbiol. 76, 7109-7115.

Nodvig, C. S., Nielsen, J. B., Kogle, M. E., Mortensen, U. H., 2015. A CRISPR-Cas9 
system for genetic engineering of filamentous fungi. PLoS One. 10, e0133085.

Ostergaard, S., Theilgaard, H. B. A., Nielsen, J., 1998. Identification and purification of 
O-acetyl-L-serine sulphhydrylase in Penicillium chrysogenum. Appl Microbiol 
Biotech. 50, 663-668.

Peñalva, M. A., Rowlands, R. T., Turner, G., 1998. The optimization of penicillin biosyn-
thesis in fungi. Trends Biotechnol. 16, 483-489.

Pienia̧żek, N. J., Stȩpień, P. P., Paszewski, A., 1973. An Aspergillus nidulans mutant lack-
ing cystathionine β-synthase: Identity of L-serine sulfhydrylase with cystathio-
nine β-synthase and its distinctness from O-acetyl-L-seline sulfhydrylase. BBA 
- General Subjects. 297, 37-47.

Pohl, C., Kiel, J. A., Driessen, A. J., Bovenberg, R. A., Nygard, Y., 2016. CRISPR/Cas9 
based genome editing of Penicillium chrysogenum. ACS Synth Biol. 5, 754-764.



35

Introduction

Pourcel, C., Salvignol, G., Vergnaud, G., 2005. CRISPR elements in Yersinia pestis ac-
quire new repeats by preferential uptake of bacteriophage DNA, and provide 
additional tools for evolutionary studies. Microbiology. 151, 653-663.

Rodriguez-Saiz, M., Barredo, J. L., Moreno, M. A., Fernandez-Canon, J. M., Penalva, M. 
A., Diez, B., 2001. Reduced function of a phenylacetate-oxidizing cytochrome 
p450 caused strong genetic improvement in early phylogeny of penicillin-pro-
ducing strains. J Bacteriol. 183, 5465-5471.

Rodriguez-Saiz, M., Diez, B., Barredo, J. L., 2005. Why did the Fleming strain fail in 
penicillin industry? Fungal Genet Biol. 42, 464-470.

Rouet, P., Smih, F., Jasin, M., 1994. Introduction of double-strand breaks into the genome 
of mouse cells by expression of a rare-cutting endonuclease. Mol Cell Biol. 14, 
8096-8106.

Salo, O., Guzman-Chavez, F., Ries, M. I., Lankhorst, P. P., Bovenberg, R. A. L., Vreeken, 
R. J., Driessen, A. J. M., 2016. Identification of a polyketide synthase involved 
in sorbicillin biosynthesis by Penicillium chrysogenum. Appl Environ Microbi-
ol. 82, 3971-3978.

Salo, O. V., Ries, M., Medema, M. H., Lankhorst, P. P., Vreeken, R. J., Bovenberg, R. A., 
Driessen, A. J., 2015. Genomic mutational analysis of the impact of the classical 
strain improvement program on beta-lactam producing Penicillium chrysoge-
num. BMC Genomics. 16, 937.

Silva, G., Poirot, L., Galetto, R., Smith, J., Montoya, G., Duchateau, P., Paques, F., 2011. 
Meganucleases and other tools for targeted genome engineering: perspectives 
and challenges for gene therapy. Curr Gene Ther. 11, 11-27.

Treichler, H. J., Liersch, M., Nüesch, J., Döbeli, H., 1979. Role of sulfur metabolism in 
cephalosporin C and penicillin biosynthesis. Genet Indust Microorgan. DC, 97-
104.

Urnov, F. D., Rebar, E. J., Holmes, M. C., Zhang, H. S., Gregory, P. D., 2010. Genome ed-
iting with engineered zinc finger nucleases. Nature Reviews Genetics. 11, 636.

van de Kamp, M., Pizzinini, E., Vos, A., van der Lende, T. R., Schuurs, T. A., Newbert, R. 
W., Turner, G., Konings, W. N., Driessen, A. J., 1999. Sulfate transport in Peni-
cillium chrysogenum: cloning and characterization of the sutA and sutB genes. J 
Bacteriol. 181, 7228-7234.

van den Berg, M. A., Albang, R., Albermann, K., Badger, J. H., Daran, J. M., Driessen, A. 
J., Garcia-Estrada, C., Fedorova, N. D., Harris, D. M., Heijne, W. H., Joardar, V., 
Kiel, J. A., Kovalchuk, A., Martin, J. F., Nierman, W. C., Nijland, J. G., Pronk, J. 
T., Roubos, J. A., van der Klei, I. J., van Peij, N. N., Veenhuis, M., von Dohren, 
H., Wagner, C., Wortman, J., Bovenberg, R. A., 2008. Genome sequencing and 



36

Chapter 1

analysis of the filamentous fungus Penicillium chrysogenum. Nat Biotechnol. 
26, 1161-1168.

van den Berg, M. A., Westerlaken, I., Leeflang, C., Kerkman, R., Bovenberg, R. A., 2007. 
Functional characterization of the penicillin biosynthetic gene cluster of Penicil-
lium chrysogenum Wisconsin54-1255. Fungal Genet Biol. 44, 830-844.

van der Lende, T. R., Breeuwer, P., Abee, T., Konings, W. N., Driessen, A. J., 2002. As-
sessment of the microbody luminal pH in the filamentous fungus Penicillium 
chrysogenum. Biochim Biophys Acta. 1589, 104-111.

van Gulik, W. M., de Laat, W. T., Vinke, J. L., Heijnen, J. J., 2000. Application of meta-
bolic flux analysis for the identification of metabolic bottlenecks in the biosyn-
thesis of penicillin-G. Biotechnol Bioeng. 68, 602-618.

Wang, F. Q., Zhong, J., Zhao, Y., Xiao, J., Liu, J., Dai, M., Zheng, G., Zhang, L., Yu, 
J., Wu, J., Duan, B., 2014. Genome sequencing of high-penicillin producing 
industrial strain of Penicillium chrysogenum. BMC Genomics. 15 Suppl 1, S11.

Wang, H., La Russa, M., Qi, L. S., 2016. CRISPR/Cas9 in genome editing and beyond. 
Annu Rev Biochem. 85, 227-264.

Wang, H., Ma, H., Zhao, X., 2010. Progress in genome-scale metabolic network: a re-
view. Sheng Wu Gong Cheng Xue Bao. 26, 1340-1348.

Weber, S. S., Bovenberg, R. A., Driessen, A. J., 2012a. Biosynthetic concepts for the 
production of beta-lactam antibiotics in Penicillium chrysogenum. Biotechnol 
J. 7, 225-236.

Weber, S. S., Polli, F., Boer, R., Bovenberg, R. A. L., Driessen, A. J. M., 2012b. In-
creased penicillin production in Penicillium chrysogenum production strains via 
balanced overexpression of isopenicillin N acyltransferase. Appl Environ Mi-
crobiol. 78, 7107-7113.



37

Chapter 2

Impact of classical strain improvement of Penicilli-
um chrysogenum on amino acid metabolism during 
ß-lactam production 

Min Wu, Ciprian G. Crismaru, Oleksandr Salo, Roel A.L. Bovenberg, 
and Arnold J.M. Driessen

Submitted



38

Chapter 2

Abstract
To release high levels of the industrial production of b-lactams, the filamentous 
fungus Penicillium chrysogenum has been subjected to an extensive classical 
strain improvement (CSI) programme that lasted several decades. Overall, this 
has led to the accumulation of many mutations that were statistically spread over 
the genome. Detailed analysis revealed that several mutations targeted genes that 
encode enzymes involved in amino acid metabolism, in particular L-cysteine bi-
osynthesis, one of the amino acids used for β-lactam production. The respective 
genes with and without the mutations were cloned, expressed in E. coli, purified 
and enzymatically analysed. The mutations severely impaired the activities of a 
threonine and serine deaminase, which is predicted to inactivate competing path-
ways for L-cysteine biosynthesis. Likewise, tryptophan synthase, which converts 
L-serine into L-tryptophan, was inactivated by the mutation, while the mutation 
in the 5-aminolevulinate synthase, which utilizes glycine in its conversions, was 
found to be without an effect. Importantly, the CSI caused increased expression 
levels of a set of genes directly involved in cysteine biosynthesis. These results 
suggest that the CSI has targeted cysteine biosynthesis by inactivation of enzy-
matic conversions that directly compete for resources with the cysteine biosyn-
thetic pathway, which is consistent with the notion that cysteine is key component 
during penicillin production.
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Introduction
Over the past 70 years, the filamentous fungus Penicillium chrysogenum has been 
used as a major industrial producer of penicillin, which is one of the β-lactam 
antibiotics. To date, penicillins are still widely used against bacterial infections. 
Since the initial discovery of penicillin in 1928 by Alexander Fleming from a 
contaminant blue-green mould, classical strain improvement (CSI) was initiated 
during the second world war that after several decades of mutagenesis and se-
lection, resulted in industrial strains of P. chrysogenum that are used today. CSI 
has led to a massive accumulation of mutations some of which are responsible 
for the increased titers of penicillin production (Salo et al., 2015; van den Berg et 
al., 2008). However, the impact of most of the mutations on penicillin production 
remains unknown.

Recently, a comparative genomic analysis was carried out of the genome se-
quences of three P. chrysogenum strains that are part of a main lineage of the 
CSI, namely strain NRRL1951 (wild-type like natural isolate), Wisconsin54-1255 
(Laboratory reference strain, derivative of NRRL1951) and DS17690 (a high 
yielding strain, derivative of Wisconsin lineage) (Salo et al., 2015). The analy-
sis revealed that about 215 mutations occurred in genes of Wisconsin54-1255 as 
compared to the progenitor NRRL1951, while a further 869 mutations in genes 
occurred in strain DS17690 compared to its progenitor Wisconsin54-1255. Sta-
tistical analysis revealed that the mutations were spread over the genome and 
widely distributed among the different functional categories, such as transport 
and metabolism, transcription, cell cycle, energy production and conversion, and 
secondary metabolites biosynthesis. Given the large number of mutations, there 
is no specific class of genes that appears to be affected in particular.

Both from the genomic analysis, as well as from earlier genetic studies, it is clear 
that the CSI programme has led to improved penicillin production by a number of 
events. This includes the amplification of the penicillin biosynthetic gene cluster 
(Fierro et al., 1995), the altered expression of certain genes involved in amino 
acid metabolism (Jami et al., 2010; van den Berg et al., 2008), the reduction of 
production of other unrelated secondary metabolites (Cram and Tishler, 1948) as 
well as an increased proliferation of microbodies where some of the critical enzy-
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matic steps in penicillin biosynthesis are localized (Kiel et al., 2005). However, 
deeper inspection of the mutations accumulated during the CSI also revealed 
mutations that likely critically affected the functionality of enzymes involved 
in amino acid metabolism. The three precursors for penicillin biosynthesis, i.e., 
L-α-aminoadipic acid, cysteine and valine, are emerged from the general amino 
acid biosynthetic pathways (Stefan S Weber et al., 2012). Cysteine biosynthesis is 
also intimately connected to sulfur metabolism. Here we have focused on mutat-
ed genes that are predicted to be involved in amino acid and sulfur metabolism. 
From the genomic analysis, seven genes in amino acid metabolism were identi-
fied with mutations obtained during the CSI. Through functional analysis of the 
catalytic activities of the purified wild-type and mutated proteins, the potential 
impact of these identified mutations on amino acid metabolism were mapped. 
The data shows that many of the mutations served to optimize the production of 
cysteine, a key amino acid in penicillin biosynthesis.

Materials and methods

Strains and plasmids 

The genes of seven enzymes involved in amino acid metabolism and sulfur me-
tabolism that obtained mutations during the CSI, were synthetized as codon op-
timization versions for E. coli by Integrated DNA technologies. The respective 
genes were cloned into the pET28b or pBAD expression plasmid and transformed 
into E. coli DH5α competent cells. Next, the respective mutants were obtained 
by site-directed mutagenesis using the PCR primers listed in Table S1, and mu-
tations were verified by sequencing (Macrogen, Europe). Finally, all constructs 
were transformed into E. coli BL21(DE3) for protein expression and purification. 

Protein production and purification

 For protein production, E. coli DH5α cells were grown overnight in LB medi-
um containing 50 mg/mL kanamycin in a shaker at 37 oC and 200 rpm. Fresh 
LB medium (100 ml) supplemented with 50 μg/mL kanamycin was inoculated 
with the overnight culture to an initial OD600 nm of 0.05, and cells were grown at 
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37 oC and 200 rpm to an OD600 nm of about 0.5-0.6. The culture was transferred 
to 18 oC and incubated for 1 h while shaken at 200 rpm whereupon the inducer 
isopropyl β-D-1-thiogalactopyranoside (IPTG) was added into the medium to a 
final concentration of 0.1 - 1 mM. Growth was continued overnight. The cells 
were then harvested by centrifugation at 4,000 rpm for 15 min. The pellet was 
re-suspended in 2 mL lysis buffer (50 mM HEPES, 3 M NaCl, 1 M DTT, protease 
inhibitor cocktail tablet mini (cOmplete, Sigma-Aldrich), 10 mM imidazole), and 
cells were lysed by sonication (MSE SONIPREP 150). The cell lysate was then 
centrifuged at 17,000 g for 15 min at 4 oC. The cleared supernatant was applied 
to a Ni-NTA column according to the manufacturer’s instructions. After loading, 
the column was washed with 50 mM HEPES, 300 mM NaCl, 20 or 50 mM imi-
dazole, and bound protein was eluted with the same buffer containing an elevat-
ed imidazole concentration (150-300 mM range depending on the protein). The 
eluate was diluted with specific buffers (50 mM Tris-HCl, phosphate or HEPES 
buffer, pH 7-8) and concentrated using an Amicon Ultra-centrifugal filter (Mil-
lipore, USA) in order to remove the imidazole. Enzyme purity was judged by 
SDS-PAGE and the protein concentration was determined using the DC method.

Enzyme activity measurements

The L-serine/L-threonine deaminase (SD/TD) activity of Pc16g03260 and 
Pc13g07730 was determined by coupled assay using lactate dehydrogenase 
(LDH) (Cicchillo et al., 2004). The reaction mixture (total 200 μL) contained: 50 
mM Tris-HCl (pH 7.4), 50 μM pyridoxal 5’-phosphate (PLP) (Sigma-Aldrich), 50 
mM L-serine or L-threonine, 0.5 mM NADH, and 10 units LDH (Sigma-Aldrich). 
The reaction was started by the addition of purified protein (1 μg SD or 1.5 μg 
TD with L-serine; 0.15 μg SD or 0.055 μg TD with L-threonine) and the decrease 
of NADH at 340 nm was monitored over time in a 96-well microplate reader 
(Biotek Powerwave Microplate Spectrophotometer) for 10 min at 25 oC. Specific 
activities are expressed as μmol NADH consumed per min per mg of purified 
protein.

The L-threonine synthase (TS) activity was determined by the use of the Mal-
achite green reagent method described previously (Laber et al., 1999). The 
reaction mixture contained: 50 mM HEPES buffer (pH 7.5), 50 μM PLP, dif-
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ferent concentrations of O-phospho-L-homoserine (OPHS) purchased from Sig-
ma-Aldrich, and purified enzyme (~5 μg/mL). After incubation at 25 oC for 15 
min, the reaction was terminated by the addition of the Malachite green reagent, 
and after 10 min the released inorganic phosphate was detected at 630 nm in a 96-
well microplate reader. The specific activity is defined as the 1 μmol inorganic 
phosphate formed per min per mg of the purified TS enzyme.

The O-acetyl-L-serine sulfhydrylase (OASS) enzyme activity was determined 
by measuring the absorbance at 560 nm of reaction product L-cysteine with acid 
ninhydrin solution (Gaitonde, 1967; Ostergaard et al., 1998). The reaction mixture 
contained: 10 mM DTT, 50 μM PLP, different concentrations of O-Acetyl-Ser-
ine, and purified protein (0.2 mg/mL) in 100 mM potassium phosphate buffer 
(pH 7.2). To start the reaction, 5 mM Na2S (dissolved in 0.1M Potassium phos-
phate buffer, pH 6.8) was added, followed by incubation at 25 oC for 15 min. Re-
actions were stopped by the addition of 200 μL acid ninhydrin solution (250 mg 
ninhydrin in 4 mL HCl and 16 mL glacial acetic acid). The samples were boiled 
for 10 min and cooled in an ice-bath, followed by the addition of 400 μL 95% 
ethanol to form a pink-colored complex that was measured at 560 nm in a 96-well 
microplate reader. The specific activity is defined as μmol cysteine produced per 
min per mg of purified OASS enzyme.

The 5-aminolevulinate synthase (ALAS) enzyme activity was determined by 
monitoring the absorbance of the product of the reaction CoA as a conjugate 
with Ellman’s reagent (5,5’-dithio-bis-[2-nitrobenzoic acid], DTNB) (Qiu et al., 
2013). Briefly, a 50 μL reaction mixture containing 20 mM HEPES buffer, pH 
7.5, 0-120 mM Glycine, 0.5 mM Succinyl-CoA, 40 μM PLP and 0-5 μg of pu-
rified protein was incubated in a 96-well microplate at 25 oC for 10 min. The 
reaction was terminated with 50 μL of stop solution (50 mM Tris-HCl pH 8, 6 M 
Guanidine HCl). Next, 50 μL of Ellman’s reagent (50 mM Tris-HCl pH 8, 1 mM 
DTNB, and 1 mM EDTA) was added to the reaction mixture. Absorbance values 
were measured at 412 nm. One unit of specific activity is defined as 1 μmol CoA 
produced per min per mg of the purified protein under the specified conditions. 
The purified proteins were highly unstable in solution both on ice and room 
temperature, which is a characteristic of ALAS enzymes. The half-life is very 
short (about 45 min) in solutions on ice, however the protein can be kept in -80 oC  
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without loss of activity for several weeks.

Tryptophan Synthase (TrpS) enzyme activity was determined by monitoring the 
difference in absorption between indole and L-tryptophan at 290 nm at pH 7.5 
at 25 oC (Bartholmes et al., 1979). The reaction mixture contains (total 200 μL): 
100 mM Tris-HCl, pH 7.5, Indole (1 mM), L-serine (2-100 mM), 50 μM PLP, 180 
mM NaCl, 0.2 mM DTT, 1 mM EDTA and purified protein (85 μg). The absorb-
ance values were monitored by 96-well Microplate reader at 290 nm at 25 oC for 
20 min. One unit of specific activity is defined as 1 μmol Tryptophan converted 
by Indole per min per mg of the purified protein under the specified conditions.

The activity of 3’(2’),5’-bisphosphate nucleotidase was determined by a colori-
metric method that detects inorganic phosphate with malachite green (Baykov 
et al., 1988). A 100 μL reaction mixture contained 50 mM Tris-HCl buffer, (pH 
8), 2 mM MgCl2, 2 mM KCl, 0-5 μg purified protein, and 0.5 mM adenosine 
3’-phosphate 5’-phosphosulfate (PAPS). After 15 min of incubation at 25 oC, the 
malachite green reagent was added as described for the L-Threonine synthase 
and released inorganic phosphate was quantitated measuring the absorbance at 
630 nm. One unit of specific enzyme activity is expressed as 1 μmol inorganic 
phosphate produced per min per mg of the purified protein under the specified 
conditions. 

Microarray analysis

Samples for microarray analysis were taken after 5 days of growth in penicillin 
production medium. After filtration using a büchner funnel, the samples were 
quickly frozen using liquid nitrogen. Samples were processed as described earlier 
(van den Berg et al., 2008), but with the following modification; Double-stranded 
cDNA synthesis was carried out using 10 μg of total RNA and the components 
of the One Cycle cDNA Synthesis Kit (Affymetrix). The double-stranded cDNA 
was purified (Genechip Sample Cleanup Module, Qiagen) before in vitro tran-
scription and labeling (GeneChip IVT Labeling Kit, Affymetrix). Acquisition 
and quantification of microarray images and data filtering were performed using 
the GenChip Command Console Software (AGCC) (Affymetrix, Santa Clara, 
USA). Arrays were globally scaled to a target value of 100, using the average sig-
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nal from all probe sets. The arrays were analysed as previously described (Veiga 
et al., 2012b). Significant changes in expression of the replicate arrays experi-
ments were assessed statistically by using the software Significance Analysis of 
Microarray (SAM version 1.21).

Other analytical procedures

CD spectroscopy was performed as described using a Jasco J715 spectropolar-
imeter (Acid et al., 1988).

Results

CSI mutations in genes involved in amino acid metabolism

In a recent genomic analysis (Salo et al., 2015) we have identified a large set 
of genes in P. chrysogenum that were mutated during the classical strain im-
provement (CSI) programme starting from the NRRL1951 strain up to the high 
penicillin yielding strain DS17690 that contains an amplification of the peni-
cillin biosynthetic gene cluster (BGC). The single penicillin BGC strain Wis-
consin54-1255 was analysed as an intermediate. To what extent these mutations 
have contributed to the improved strain characteristics in penicillin production is 
still poorly understood. Seven of the mutated genes encode enzymes involved in 
amino acid metabolism (Table 1). By using multiple sequence alignment (NCBI) 
and the tool SusPect (Yates et al., 2014), a prediction can be made of the enzyme 
function and possible impact of the mutation on the catalytic activity. A higher 
SusPect score suggests a greater likelihood of a deficiency in the enzyme activi-
ty, while the multiple sequence alignment determines if point mutations localize 
to highly conserved regions (Table 1). Only two amino acid metabolism genes 
(Pc20g08350 and Pc22g13500) were found to be mutated by comparison between 
the NRRL1951 and Wisconsin54-1255 strain (CSI stage I), whereas the rest five 
genes collected mutations during the CSI from Wisconsin54-1255 to DS17690 
(CSI stage II). Most of these mutations are predicted to be located in highly con-
served domains, especially the mutation in Pc16g03260 that is predicted to be in 
the highly conserved PLP binding site.
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Gene ID Base
change

Amino acid 
mutation

EC
number

Enzyme
function

CSI
stage Region SusPect

score
Pc20g04020 1144A>T T382S 4.2.3.1 Threonine synthase II Conserved 13

Pc13g07730 1070G>A R357H 4.3.1.19 Threonine deaminase II Highly 
conserved 29

Pc16g03260 136A>C K46Q 4.3.1.17 Serine deaminase II PLP bind-
ing site 95

Pc20g08350 1069A>G T357A 2.5.1.47 O-acetyl-L-serine 
sulfhydrylase I Highly 

conserved 20

Pc22g13500 796G>T A266S 2.3.1.37 5-aminolevulinate 
synthase I Conserved 23

Pc21g03590 94G>A E32K 4.2.1.20 Tryptophan
Synthase II Highly 

conserved 45

Pc13g06360 590C>T A197V 3.1.3.7 3'(2'),5'-bis-phosphate 
nucleotidase II Highly 

conserved 37

Pc12g10550 1384C>T V462I 1.1.1.95 D-3-phosphoglycerate 
dehydrogenase I Disordered 

region 8

Pc20g00530 357C>T - 1.1.1.95 D-3-phosphoglycerate 
dehydrogenase II

Pc23g00640 521G>A A174V 4.3.1.19
4.2.1.20

Threonine deaminase 
orTryptophan synthase II Highly 

conserved 51

Table 1. Genes involved in amino acid metabolism with mutations introduced during 
classic strain improvement of CSI Stage I (NRRL1951 to Wisconsin54-1255) and CSI 
Stage II (Wisconsin54-1255 to DS17690).

Bioinformatics analysis indicated that all the seven mutated genes are anno-
tated to be associated with cysteine biosynthesis (Fig. 1), either directly i.e., 
Pc20g08350 that encodes a putative O-acetyl-L-serine sulfhydrylase, or indi-
rectly i.e. Pc13g06360 encodes a 3’(2’),5’-bisphosphate nucleotidase, which is 
involved in sulfur assimilation. The remaining five genes are predicted to be 
involved in threonine, glycine and serine metabolism and since these path-
ways connect to cysteine biosynthesis, they may indirectly affect this process. 
Pc20g04020 encodes a threonine synthase involved in threonine biosynthesis, 
while the other genes are involved in the degradation of threonine, glycine and 
serine. Pc13g07730 and Pc16g03260 encode threonine/serine deaminases, which 
are able to consume both L-threonine and L-serine, while Pc22g13500 encodes 
a 5-aminolevulinate synthase for converting glycine into 5-aminolevulinate and 
Pc21g03590 encodes a tryptophan synthase that utilizes L-serine as a substrate. 

To validate the predicted enzyme functions and to assess the impact of the mu-
tations on the catalytic activity, the genes of the various wild-type and mutant 
proteins (Table 1) were expressed in E. coli BL21 (DE3) as C or N-terminal 
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6 × Histidine-tagged proteins. Proteins were purified to homogeneity by Ni+-
NTA affinity chromatography (Fig. 2) and further characterized enzymatically. 
Only in the case of the threonine deaminase mutant, the protein was also over-
expressed and purified as a C-terminal fusion to the maltose binding protein as 
will be discussed below.
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Comparative genomic analysis of the CSI lineage also revealed several other 
mutations in genes involved in amino acid metabolism (Table 1). Pc12g10550 
and Pc20g00530 are annotated as 3-phosphoglycerate dehydrogenases that 

Fig. 2. SDS-PAGE gels of the purified wild-type and mutant proteins. A. Threonine syn-
thase (lane 1 – mass marker, lane 2 – wild-type, lane 3 – T382S); B. Threonine deaminase 
(lane 4 – wild-type, lane 5 –R357H, lane 6 – wild-type + MBP fusion, lane 7 – R357H 
+ MBP fusion); C. Serine deaminase (lane 8 – mass marker, lane 9 – wild-type, lane 
10 – K46Q); D. O-acetyl-L-serine sulfhydrylase (lane 11 – mass marker, lane 12 – wild-
type, lane 13 – T357A); E. 5-amino-levulinate synthase (lane 14 – mass marker, lane 
15 – wild-type, lane 16 – A266S); F. Tryptophan synthase (lane 17 – mass marker, lane 
18 – wild-type, lane 19 – E32K); and G. 3’(2’),5’-bisphosphate nucleotidase (lane 20 – 
mass marker, lane 21 – wild-type, lane 22 – A197V). The arrows indicate the expected 
molecular weight of the respective enzymes in the SDS-PAGE gel based on molecular 
weight marker.
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Threonine synthase (Pc20g04020)

Pc20g04020 is the only gene in P. chrysogenum that is predicted to encode a 
threonine synthase. This enzyme is predicted to catalyses the conversion of 
O-phospho-L-homoserine into L-threonine and phosphate. L-threonine can be 
further converted into other amino acids such as L-cysteine. During the later 
stages of the CSI, the gene was mutated causing an amino acid change from 
threonine to serine at position 382. Multiple sequence alignment with related 
fungal threonine deaminase indicates that the point mutation is in a region that 
is not highly conserved and revealed that variants exists in related fungal species 
that already have a serine at this position instead of threonine. Furthermore, the 
impact of the substitution may be rather limited as both amino acids contain a hy-
droxyl group in the side chain hence a low SusPect score. Transcriptome data for 
P. chrysogenum strains Wisconsin54-1255 and DS17690 grown in shaken flasks 
with and without the penicillin side chain precursor phenylacetic acid showed 
that the Pc20g04020 gene is expressed, while the expression is slightly higher in 
DS17690 strain as compared to Wisconsin54-1255 (Table S2).

Both the wild-type and T382S mutant were overexpressed in E. coli BL21(DE3) 
and purified to homogeneity (Fig. 2A). Next, the purified protein was tested 
for threonine synthase (TS) activity and indeed the enzyme was able to con-

catalyse the first committed and rate-determining step in the phosphoserine 
pathway of serine biosynthesis. The enzyme converts 3-phospho-D-glycerate 
(3PG) and NAD+ into 3-phosphonooxypyruvate and NADH. The mutation in 
the Pc20g00530 gene is silent as it does not change the amino acid isoleucine at 
position 119. In Pc12g10550, the mutation site is located in a predicted disordered 
region yielding a very low SusPect score. Therefore, these proteins were not fur-
ther studied. A further mutation was found in the Pc23g00640 gene, predicted as 
a threonine deaminase or tryptophan synthase β which are both PLP-dependent 
enzymes. However, sequence alignment shows that the putative PLP binding site 
contains a histidine instead of a strictly conserved lysine which implies that the 
enzyme cannot use PLP (Sun et al., 2005). The exact function of this enzyme 
therefore remains unknown. Furthermore, this gene is not expressed in Wiscon-
sin54-1255 and DS17690 (Table S2), and therefore not included in this study.
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vert O-phospho-L-homoserine into L-threonine and phosphate. Moreover, ki-
netic analysis revealed that the T382S mutant was fully active showing only a 
somewhat reduced Km for O-phospho-L-homoserine and an elevated Vmax value, 
resulting in a kcat that was slightly higher than the wild-type (Table 2). Threonine 
synthase activity in some organisms, such as in Arabidopsis thaliana (Curien et 
al., 1996; Laber et al., 1999), Lemna paucicostata (Giovanelli et al., 1984) is stim-
ulated by S-adenosylmethionine (SAM). Also feedback-inhibition by L-cysteine 
has been reported, for instance for the threonine synthases of Bacillus subtilis 
(Skarstedt and Greer, 1973) and Glycine max (Greenberg and Madison, 1988). 
Therefore, we examined if the mutation affected the aforementioned processes. 
However, the activity of neither the wild-type nor mutant enzyme was stimulated 
by SAM (up to 1 mM) or inhibited by L-cysteine (up to 5 mM) (data not shown). 
Taken together, these data suggest that Pc20g04020 gene encodes a threonine 
synthase enzyme, while the point mutation (T382S) results in a slight increase 
in enzyme activity. Since the transcriptional level of Pc20g04020 gene in the 
DS17690 strain is elevated relative to Wisconsin54-1255, we conclude that the 
CSI has resulted in elevated threonine synthase activity.

Table 2. Kinetic parameters of wild-type and mutant threonine synthase (Pc20g04020).

Enzyme
Specific activity
(μmol/min/mg)

Vmax
(μmol/min/mg)

Km 
(mM)

kcat 
(s-1)

kcat/Km 
(s-1mM-1)

TS 0.25 ± 0.01 0.28 ± 0.01 0.36 ± 0.07 0.28 ± 0.01 0.80 ± 0.10
TS-T382S 0.30 ± 0.01 0.35 ± 0.02 0.90 ± 0.16 0.35 ± 0.01 0.39 ± 0.04

L-serine/L-threonine deaminase (Pc13g07730/Pc16g03260)

Pc13g07730 is annotated as a L-threonine deaminase (TD), while the Pc16g03260 
gene might function as a L-serine deaminase (SD). These enzymes deaminate 
L-threonine and L-serine resulting in the production of 2-oxobutanoate and 
pyruvate, respectively. Potentially, these enzymes compete with the L-cysteine 
biosynthetic pathway for the aforementioned substrates. Further bioinformat-
ics screening revealed no other threonine/serine deaminase orthologs in the P. 
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chrysogenum genome. Both genes were mutated during CSI stage II. The R357H 
mutation in Pc13g07730 is in a highly conserved domain leading to an intermedi-
ate SusPect score. This suggests a potential defect in activity. On the other hand, 
the K46Q mutation in Pc16g03260 concerns a conserved lysine which is part of 
the pyridoxal 5’-phosphate (PLP) cofactor binding site as evident from multiple 
sequence alignment (Fig. S1). PLP is the active form of vitamin B6, and is a coen-
zyme in a variety of enzymatic reactions. Threonine and serine deaminases are 
both PLP-dependent enzymes, where PLP will covalently bind through a Schiff 
base linkage to a conserved lysine at certain position, but also may interact with 
other sites. For example, the C3-hydroxyl group of PLP will be hydrogen-bonded 
to the side chain of N77 (Fig. S1, in grey color), while the phosphate group of 
PLP will be coordinated by the main chain amides from the tetraglycine loop 
(GGGGL198-202) according to the sequence alignment result (Fig. S1, in grey 
color), and as demonstrated for serine dehydratase from human liver (Sun et al., 
2005). PLP has the ability to covalently bind the substrate, and then acts as an 
electrophilic catalyst, thereby stabilizing a carbanionic reaction intermediate. In-
deed, the SusPect score indicates a severe catalytic defect by the K46Q mutation. 
Transcriptome data shows that both genes are expressed when P. chrysogenum 
is grown in shaken flasks (Table S2). Notably, the expression of Pc13g07730 is 
lower in the high penicillin yielding strain DS17690 as compared to Wiscon-
sin54-1255. 

Both wild-type and mutant proteins were expressed as His-tagged proteins in 
E. coli BL21(DE3) and purified to homogeneity (Fig. 2B and 2C). In case of the 
Pc16g03260 protein, the yield of purified protein was comparable for the wild-
type and K46Q mutant. However, in case of the Pc13g07730 protein, the R357H 
mutation dramatically reduced the protein yield suggesting that the mutant is 
highly unstable (Fig. 2B). In order to obtain sufficient amounts of the threonine 
deaminase for enzyme activity assays, the Pc13g07730 gene (wild-type and mu-
tant) was expressed as a C-terminal fusion with maltose-binding protein (MBP) 
using a pBAD expression system. MBP enhanced the expression and solubility of 
the threonine deaminase mutant. This resulted in the purification of both protein 
although the yield of the mutant was only ~14% compared to the wild-type (Fig. 
2B).
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Next, the purified enzymes were tested for serine and threonine deaminase ac-
tivity using L-threonine and L-serine as substrate resulting in the production 
of 2-oxobutanoate and pyruvate, respectively. Pc13g07730 showed a much high-
er L-threonine deaminase activity as compared to Pc16g03260, while the latter 
showed a slightly higher L-serine deaminase activity (Table 3). Both enzymes 
exhibit, however, higher activity with L-threonine than with L-serine. The spe-
cific threonine deaminase activity of the Pc13g07730 R357H mutant protein was 
reduced by almost 40-fold, while its serine deaminase activity was almost unde-
tectable. The Pc16g03260 K46Q mutant was completely inactive.

Fig. 3. CD spectra of the serine deaminase wild-type and K46Q mutant encoded by 
Pc16g03260 gene. When bound the apoenzyme, the co-factor PLP yields a typical CD 
spectrum with positive ellipticities at 330 and 415 nm. Serine deaminase enzyme (1 mg/
mL) was suspended in 10 mM potassium phosphate buffer (pH 7.5), 0.1mM EDTA, and 
0.1mM DTT.

The results of protein expression and enzyme assays show that the point mutation 
(R357H) severely reduces the stability and activity of the Pc13g07730 protein. 
Assuming that the protein stability is also reduced in P. chrysogenum, it ap-
pears that the mutation resulted in a near-to-complete loss of serine and threonine 
deaminase activity. Likewise, the K46Q mutation in Pc16g03260 leads to a com-
plete loss in the deaminase activity. To verify that K46 is indeed critical for the 
covalent binding to PLP, CD spectroscopy was performed on the wild-type and 
mutant proteins. The results show that the K46Q mutant of Pc16g03260 no longer 
binds PLP as the typical absorption peaks at 330 and 415 nm reminiscent of the 



52

Chapter 2

Table 3. Specific activities of threonine deaminase (Pc13g07730) and serine deaminase 
(Pc16g03260) wild-type and mutant enzymes.

Emzyme
Specific activity (μmol/min/mg)
L-threonine L-serine

Threonine deaminase
wild-type 31.2 ± 0.8 1.16 ± 0.02
R357H 0.79 ± 0.01 0.01± 0.04
Serine deaminase
wild-type 7.36 ± 0.19 1.64 ± 0.01
K46Q ND ND

ND: not detected.

O-acetyl-L-serine sulfhydrylase (Pc20g08350)

Multiple sequence alignment and protein modelling by Phyre2 (Kelley et al., 
2015) predict that Pc20g08350 encodes a cystathionine gamma-synthase (CGS) 
which catalyses the conversion of O-acetyl-L-homoserine and L-cysteine into 
L-cystathionine and acetate. Pc20g08350 has collected a point mutation (T357A) 
during CSI stage I (from NRRL1951 to Wisconsin54-1255), and this mutation 
concerns a highly conserved residue. The SusPect score is intermediate. The 
average transcript levels suggest that the gene is normally expressed (Table 
S2). Pc20g08350 wild-type and the T357A mutant were expressed in E. coli 
BL21(DE3) and purified to homogeneity (Fig. 2D). Next, the wild-type protein 
was tested with different substrates. Pc20g08350 was able to convert O-acetyl-L-
serine and hydrogen sulfide into L-cysteine and acetate, a reaction that is part of 
the direct sulfhydrylation pathway for L-cysteine biosynthesis. The enzyme was 
inactive with O-acetyl-L-homoserine and L-cysteine for the production of L-cys-
tathionine, or with O-acetyl-L-homoserine and hydrogen sulfide for the produc-
tion of L-homocysteine. These latter two reactions belong to the transsulfuration 

presence of PLP (Fig. 3) were absent. Taken together, these data indicate that the 
L-threonine and L-serine degradation is severely impacted by the mutations in 
Pc16g03260 and Pc13g07730, which potentially allows for a greater flux of these 
amino acids flow into L-cysteine biosynthesis.
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pathway. These data identify Pc20g08350 as an O-acetyl-L-serine sulfhydrylase 
(OASS) instead of CGS or O-acetyl-L-homoserine sulfhydrylase (OAHS). This 
suggests that in P. chrysogenum, L-cysteine can be formed through the direct 
sulfhydrylation pathway confirming an earlier report (Ostergaard et al., 1998). 
However, the reported molecular masses of the putative OASS protein of 59 and 
68 kDa differ from what is observed in this study which is 65.6 kDa. Also, the 
Km of 1.3 mM for OAS in the previous report differs from the Km value found for 
Pc20g08350 in this study which is about 21 mM (Table 4). It should be stressed 
that in an earlier report, the enzyme activity was not assigned to a specific gene 
and thus may be unrelated to Pc20g08350.

Table 4. Kinetic parameters of O-acetyl-L-serine sulfhydrylase (Pc20g08350) wild-type 
and mutant enzyme.

Enzyme
Specific activity 
(μmol/min/mg)

Vmax 
(μmol/min/mg)

Km 
(mM)

kcat 
( s-1)

kcat/Km 
( s-1mM-1)

wild-type 0.052 ± 0.001 0.074 ± 0.007 21.5 ± 5.6 0.08 ± 0.01 0.0039 ± 0.0005

T357A 0.073 ± 0.002 0.110 ± 0.013 25.3 ± 7.2 0.12 ± 0.01 0.0049 ± 0.0007

Substrates concentration: O-acetyl-L-serine: 5 to 60 mM; Na2S: 5mM.

Next, we examined the activity of the T357A mutant of Pc20g08350 which re-
vealed an increase in activity by about 40 % (Table 5). Since the kcat and kcat/
Km were both higher for the mutant as compared to the wild-type, the enzyme 
catalytic efficiency was improved by the mutation which in turn may lead to 
improved L-cysteine biosynthesis in the CSI optimized P. chrysogenum strains. 
The elevated activity of the Pc20g08350 mutant may arise from a reduced sub-
strate inhibition (Reed et al., 2010) for the OASS enzyme from E. coli (Mino et 
al., 2000), Spinacia oleracea (Warrilow and Hawkesford, 2000) and Salmonella 
typhimurium (Tai et al., 2001). However, neither OAS nor Na2S (both up to 50 
mM) inhibited the purified enzyme. O-acetylserine sulfhydrylase is also referred 
to as cysteine synthase. Therefore, these results identify the Pc20g08350 gene as 
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5-Aminolevulinate synthase (Pc22g13500)

5-Aminolevulinate synthase (5-ALAS) is a PLP-dependent enzyme that catal-
yses the conversion of glycine and succinyl-CoA into 5-aminolevulinate, coen-
zyme-A and carbon dioxide. The corresponding enzyme in P. chrysogenum is 
encoded by the Pc22g13500 gene and collected a A266S point mutation during 
stage I of the CSI. Multiple sequence alignment indicates that the point mutation 
is in a less conserved region and the low SusPect score suggests that its effect 
on the enzyme activity might be minor. However, since the gene is expressed 
(Table S2) and could potentially impact glycine levels in the cell, and thereby 
affect L-cysteine production, the impact of the mutation was examined by en-
zyme overexpression, purification and activity assays. As shown in Table 5, the 
enzyme exhibited the expected activity and the kinetics were not affected by the 
A266S mutation (Fig. 2E). This suggests that the mutation did not impact the 
activity and thus likely does not affect L-cysteine production.

Table 5. Kinetic parameters of 5-aminolevulinate synthase (Pc22g13500) wild-type and 
mutant enzyme.

Enzyme
Specific activity
(μmol/min/mg)

Km Glycine
(mM)

Vmax
(μmol/min/mg)

kcat

(s-1)
kcat/Km

(s-1mM-1)
wild-type 0.340 ± 0.021 6.6 ± 0.8 0.351 ± 0.008 0.404 ± 0.009 0.062 ± 0.005

A266S 0.335 ± 0.025 6.4 ± 1.0 0.346 ± 0.009 0.398 ± 0.011 0.062 ± 0.005

a cysteine synthase. Pc21g14890, Pc20g10940, Pc12g05420 and Pc13g05990 are 
also predicted to function as cysteine synthases. The first three genes are all ex-
pressed while Pc13g05990 gene is not expressed according to the transcriptome 
data in Table S2, but none were mutated during the CSI. Although our study 
provides direct evidence that the direct sulfhydrylation pathway is active in P. 
chrysogenum, multiple enzymes likely contribute to cysteine biosynthesis.
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Tryptophan synthase (Pc21g03590)

Tryptophan synthase (TrpS) is a PLP-dependent enzyme that consists of a α2β2 
complex and that catalyses the last two steps of tryptophan biosynthesis in bac-
teria, plants and fungi. It converts L-serine and indole-3-glycerol phosphate into 
L-tryptophan and glyceraldehyde. Each of the subunits is responsible for cata-
lyzing an individual step, which can be performed by isolated subunits. The α 
subunits catalyses the reversible formation of indole and glyceraldehyde-3-phos-
phate (G3P) from indole-3-glycerol phosphate (IGP). The β subunits cata-
lyse the irreversible condensation of indole and serine to form tryptophan in 
a PLP-dependent reaction. Sequence alignment suggests that the TrpS gene of P. 
chrysogenum specifies both the α and β subunit of the tryptophan synthase. Also 
the enzyme harbors the expected PLP-binding sites. During CSI stage II, TrpS 
has collected a point mutation (E32K) at a highly conserved position. Sequence 
alignment and a high SusPect score suggest that the mutation is located in the α 
subunit and likely compromises the protein function. Transcriptional data sug-
gests that TrpS is overexpressed in the high penicillin yielding P. chrysogenum 
strain DS17690 relative to the Wisconsin strain (Table S2). 

Table 6. Kinetic parameters for the wild-type and mutant Tryptophan synthase 
(Pc21g03590).

Enzyme
Specific activity 
(μmol/min/mg)

Km Serine 
(mM)

Vmax 
(μmol/min/mg)

TrpS 25.62 ± 1.83 8.92 ± 0.6 28.51 ± 0.46

TrpS-E32K ND ND ND
ND: not detected.

Wild-type and mutant TrpS were overexpressed in E. coli BL21(DE3) and puri-
fied by Ni+-NTA affinity chromatography. SDS-PAGE showed two distinct bands 
with a molecular mass in the 75 kDa range, whereas in the mutant, only the lower 
band was present (Fig. 2F). In addition, the sample showed some lower mass deg-
radation products. Due to the commercial unavailability of the substrate IGP, the 
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3’(2’),5’-bisphosphate nucleotidase (Pc13g06360)

3’(2’),5’-bisphosphate nucleotidase catalyses the hydrolytic conversion of aden-
osine 3’-phosphate 5’-phosphosulfate (PAPS) into adenosine 5’-phosphosulfate 
(APS) and phosphate, as well as the conversion of adenosine 3’,5’-bisphosphate 
(PAP) into adenosine 5’-phosphate (AMP) and phosphate. These reactions are 
essential for sulfur metabolism. The Pc13g06360 gene is annotated to specify 
the 3’(2’),5’-bisphosphate nucleotidase as verified by sequence alignment with a 
family of these enzymes. The Pc13g06360 gene was mutated during CSI stage 
II causing an alanine to valine substitution at position 197. This point mutation 
is in a highly conserved region, so might potentially affect the enzyme func-
tion. Importantly, transcriptional data shows that the Pc13g06360 gene is about 
2-fold downregulated in DS17690 strain compared to Wisconsin54-1255 (Table 
S2). This might give rise to reduced levels of 3’(2’),5’-bisphosphate nucleotidase 
activity.

To verify the enzyme function of Pc13g06360 and the impact of the mutation, 
the enzymes were expressed in E. coli and purified (Fig. 2G). Next, the activity 
of the wild-type and mutant protein was tested under these same conditions, i.e, 
with a fixed amount of substrate (0.5 mM) and purified enzyme (5 μg). The spe-
cific activity of the wild-type was 0.094 ± 0.006 μmol/min/mg, while the specific 
activity of the mutant was 0.08±0.006 μmol/min/mg. These data suggest that the 
mutation had only minor effect on enzyme activity, but when taken together with 
the reduced expression in the DS17690 strain, it appears that the overall activity 
is reduced in the high yielding strain. This might result in less consumption of 
PAPS and thus more of this substrate would be available for L-cysteine biosyn-
thesis.

forward reaction could not be tested. However, when the enzyme was tested for 
the conversion of indole and serine into L-tryptophan, a pronounced activity was 
evident with the wild-type whereas the mutant was completely inactive (Table 
6). The complete lack of L-tryptophan biosynthesis activity by the TrpS mutant, 
would be consistent with an improved flux of serine into L-cysteine biosynthesis.
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Table 7. Summary of the impact of CSI on cysteine biosynthesis-related enzymes.

Gene ID Mutation Enzyme Impact on enzyme 
activity

Potential impact on cysteine 
biosynthesis

Pc20g04020 T382S Threonine synthase Slight increase in 
activity

Increased L-threonine 
production stimulating 
L-cysteine production

Pc13g07730 R357H Threonine deaminase Highly unstable, 
low expression

Inactivation of a competing 
pathway that utilizes L-threo-
nine and L-serine

Pc16g03260 K46Q Serine deaminase Complete loss of 
activity

Inactivation of a competing 
pathway that utilizes L-threo-
nine and L-serine

Pc20g08350 T357A O-acetyl-L-serine 
sulfhydrylase

Slight increase in 
activity

Increased production of 
L-cysteine 

Pc22g13500 A266S 5-aminolevulinate 
synthase

No change No change

Pc21g03590 E32K Tryptophan synthase Inactivation Inactivation of a competing 
pathway that utilizes L-serine

Pc13g06360 A197V 3'(2'),5'-bisphosphate 
nucleotidase

Slight decrease in 
activity

Increased supply of sulfur for 
cysteine biosynthesis

Discussion
Classical strain improvement of industrial P. chrysogenum strains during the 
past several decades has led to appearance of many unknown beneficial muta-
tions that collectively resulted in improved penicillin production in large scale in-
dustrial fermenters. Here we describe the effect of CSI on seven genes encoding 
enzymes involved in amino acid metabolism. 

In a previous study, numerous mutations were identified in a lineage of Pen-
icillium strains that were used in the past for industrial penicillin production. 
This includes a list of seven genes that encode enzymes involved in amino acid 
metabolism, which is a key process towards β-lactam production (Table 7). To 
assess the impact of the mutations on the function of these enzymes, wild-type 
and mutant proteins were over-expressed in E. coli, purified and subjected to en-
zyme assays. Three of the mutated genes are involved in the branched pathways 
for L-threonine and L-serine degradation, and these either have lost their enzyme 
activities or are severely impaired in enzyme stability (Table 7). 
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The mutated Pc16g03260 gene that encodes a serine/threonine deaminase com-
pletely lost its enzyme function due to a point mutation (K46Q) in the PLP bind-
ing site as this mutant is defective in the covalent assembly of the PLP cofactor 
into the protein. The mutation in the Pc13g07730 gene results in a highly unstable 
serine/threonine deaminase. This is apparent from the expression studies in E. 
coli and in Penicillium this instability will likely lead to a significantly reduced 
activity. Finally, the Pc21g03590 gene, which encodes a tryptophan synthase 
(TrpS) that utilizes L-serine, is severely inactivated by the mutation introduced 
during the CSI. Interestingly, the ortholog Pc22g00910 gene also annotated as 
a TrpS enzyme was significantly down-regulated in the DS17690 strain (Table 
S2). These identified genes were all mutated in the second stage of the CSI, from 
the Wisconsin54-1255 to DS17690 strain and thus occurred in parallel with the 
massive amplification of the penicillin BGC. Therefore, in conjunction with the 
transcriptional effects, the inactivation of the three gene are predicted to result 
in an increased flux of L-threonine and L-serine into L-cysteine biosynthetic 
pathway as there will be less consumption of these amino acids into competing 
pathways. Thus, the mutational impact is consistent with the increased demand 
for L-cysteine in the DS17690 strain that was induced by the amplification of the 
penicillin BCG. The CSI further impacted L-cysteine biosynthesis during CSI 
stage II. The enzyme encoded by the Pc13g06360 gene, 3’(2’),5’-bisphosphate 
nucleotidase, catalyses the hydrolytic conversion of PAP(S) into APS or AMP 
and phosphate, and thereby counteracts the pathway that drives the formation of 
sulfide from extracellular sulfate for assimilation into cysteine. The 3’(2’),5’-bi-
sphosphate nucleotidase mutant showed a slightly reduced activity, but impor-
tantly, the transcriptional data revealed that the genes involved in sulfur metabo-
lism by converting sulfate into sulfide are all upregulated in the DS17690 strain 
as compared to the Wisconsin54-1255 strain (Table S2), whereas the mutated 
Pc13g06360 gene is about 2-fold downregulated. These phenomena all likely re-
sult in an improved diversion of the flux of sulfide for cysteine biosynthesis. 

The mutated threonine synthase enzyme, encoded by the Pc20g04020 gene 
showed a slightly increased activity, which will contribute to L-cysteine produc-
tion. However, all other enzymes that collected mutations during the CSI showed 
only minor changes in catalytic activity, and by this study, we could validate their 
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predicted enzymatic functions. Cysteine synthase is predicted to be encoded by 
five different genes mentioned above in P. chrysogenum. Pc20g08350 gene har-
boring a mutation only has minor changes in enzyme kinetics during CSI stage 
I, whereas its expression levels are basically unaltered during CSI stage II. How-
ever, Pc21g14890, Pc20g10940 and Pc12g05420 gene are upregulated during CSI 
stage II, while Pc13g05990 is not expressed (Table S2). Also, the proteome anal-
ysis of P. chrysogenum by MS. Jami (Jami et al., 2010) revealed that Pc21g14890 
gene is 2-fold over-represented in the Wisconsin54-1255 strain compared to its 
progenitor NRRL1951 strain. Moreover, transcriptional data indicates that the 
Pc12g10550 gene, which is annotated as 3-phosphoglycerate dehydrogenase is 
significantly elevated in the DS17690 strain (Table S2). Since this enzyme catal-
yses the first committed and rate-determining step in the phosphoserine pathway 
of serine biosynthesis, i.e., the conversion of 3-phospho-D-glycerate (3PG) and 
NAD+ into 3-phosphonooxypyruvate and NADH, its higher expression level may 
also contribute to an elevated production of L-cysteine. Notably, several of the 
mutations have led to a partial inactivation of pathways that compete with the 
cysteine biosynthetic pathway for resources while other mutations seemed ben-
eficial in optimizing cysteine production. Since cysteine is a key constituent of 
the penicillin, these results provide further explanations on how the CSI has led 
to higher penicillin production levels.

Concluding, our study demonstrates that the CSI programme has led to mu-
tations that affect cysteine biosynthesis, more specifically to mutations which 
inactivate side reactions that compete with cysteine biosynthesis for resources. 
Also, the transcriptional data demonstrates that the CSI has led to upregulation of 
genes involved in cysteine biosynthesis, which further underscores that cysteine 
biosynthesis has been one of the key targets of the CSI. There are many other 
interesting genes involved in metabolism and transport with mutations that were 
introduced during CSI and for which the function is poorly understood. Further 
exploration will gain a deeper insight on how classical strain improvements led 
to the industrial P. chrysogenum strains used today.
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Supplementary information

Table S1. Plasmids and primers used for mutagenesis.

Gene name Plasmids Primers for site-mutagenesis PCR

Pc20g04020 pET28b FW 5’ -TCCAACGGTGGTTTCC -3’ 
RV 5’ -TTTCAGTTCGTTCAGCC -3’

Pc13g07730 pET28b/pBAD FW 5’ -ATGAACTGATCGCTATCACC -3’ 
RV 5’ -GGTTCGGGTCCGGAG -3’

Pc16g03260 pET28b FW 5’- CAATCTCGTGGTATCGG -3’ 
RV 5’- GAAAGAACCAGACGGCTGC - 3’

Pc20g08350 pET28b FW 5’- ACTCCGGACCTGAAACGTATC -3’ 
RV 5’- TTTCAGCAGCGGGTTAC- 3’

Pc22g13500 pET28b FW 5’-GCTACCCTGGGTTCTAAAATG-3’ 
RV 5’- CAGGGTAGCGTCGTTAG-3’

Pc13g06360 pET28b FW 5’-TTGGTCAGGGTGCTACCATC-3’ 
RV 5’-CAACAGCAGAGATCATCTGACC-3’

Pc21g03590 pET28b FW 5’-AAAACCCGTGACATCCTGCTG-3’ 
RV 5’-TTCAACACGCGGGAAACCAG-3’
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Table S2. Expression levels of selected genes involved in amino acid and sulfur metab-
olism.

Gene name Predicted function Mutation
Wisconsin54-1255 DS17690
-PAA +PAA -PAA +PAA

Pc20g04020 threonine synthase T382S 272 348 339 421
Pc13g07730 threonine deaminase R357H 193 184 149 125
Pc16g03260 L-serine/L-threonine deaminase K46Q 105 141 118 123
Pc20g08350 cystathionine gamma-synthase T357A 222 315 245 293
Pc22g13500 5-aminolevulinic acid synthase A266S 131 145 116 149
Pc21g03590 Tryptophan synthase E32K 207 197 395 400
Pc13g06360 3'(2'),5'-bis-phosphate nucleotidase A197V 66 49 33 25
Pc12g10550 phosphoglycerate dehydrogenase V462I 16 12 160, 81
Pc20g00530 phosphoglycerate dehydrogenase I119I 291 321 605 642
Pc23g00640 threonine deaminase A174V 12 12 12 12
Pc20g00870 homoserine kinase - 187 231 227 203
Pc13g07300 L-serine deaminase - 76 133 97 144
Pc13g15800 threonine deaminase - 56 61 114 136
Pc14g01770 acetylornithine deacetylase - 78 81 97 142
Pc13g03320 acetylornithine deacetylase - 12 12 19 17
Pc22g00910 tryptophan synthase - 239 334 18 15
Pc22g13470 tryptophan synthase - 112 115 121 100
Pc22g16570 serine O-acetyltransferase - 196 242 281 423
Pc21g14890 cysteine synthase - 539 718 801 982
Pc20g10940 cysteine synthase - 71 80 108 110
Pc12g05420 O-acetylserine sulfhydrylase - 697 788 1323 1708
Pc13g05990 cysteine synthase - 12 12 12 12
Pc20g07710 sulfate adenylyltransferase - 547 620 1047 1077
Pc13g08270 adenylylsulfate kinase - 392 418 612 692
Pc12g08170 3'(2'),5'-bis-phosphate nucleotidase - 277 257 362 316
Pc20g03220 PAPS reductase - 298 354 468 896
Pc12g08580 sulfite reductase - 216 257 447 501
Pc21g02880 sulfite reductase - 482 644 726 877
Pc12g01020 threonine aldolase - 279 401 778 547
Pc20g14030 D-threonine aldolase - 189 272 279 370
Pc13g05010 serine hydroxymethyltransferase - 389 539 494 520
Pc12g16020 serine hydroxymethyltransferase - 1132 1212 1733 1699
Pc12g02680 phosphoglycerate dehydrogenase - 12 12 12 26
Pc12g04370 phosphoserine transaminase - 343 363 808 757
Pc20g03210 phosphoserine phosphatase - 182 188 189 136

Affymetrix expression data obtained from the indicated P. chrysogenum strains grown in shake flasks for 5 
days in PPM in the presence and absence of phenylacetic acid (PAA) (van den Berg et al., 2008). A value of 
12 indicates below detection limit.
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Fig. S1. Multiple sequence alignment of Pc16g03260 encoding for serine/threonine deam-
inase with three homologous sequences: hSD (from human liver), eTD (from E. coli), and 
rSD (from rat liver). Pc16g03260 sequence shares 35, 29 and 36 % identity with hSD, 
eTD, and rSD, respectively. The lysine residue at position 46 (#) of Pc16g03260 gene is 
covalently bound to PLP. The C3-hydroxyl group of PLP is predicted to hydrogen-bonded 
to the side chain of N77 (in grey color), while the phosphate group of PLP is predicted to 
coordinated by the main chain amides from the tetraglycine loop (GGGGL198-202) (in 
grey color) through sequence alignment analysis.
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Abstract
Penicilium chrysogenum strains are vivid producers of penicillins and other 
β-lactams. L-cysteine availability is an important factor for penicillin biosynthe-
sis. It is one of the precursors used by the nonribosomal peptide synthase encoded 
by pcbAB to synthesize the tripeptide δ-(L-α-aminoadipyl)-L-Cys-D-Val, which 
is further converted into isopenicillin N and other β-lactams. P. chrysogenum 
harbors two main routes for L-cysteine biosynthesis, i.e., the direct sulfhydryl-
ation pathway and transsulfuration pathway. P. chrysogenum contains multiple 
paralogs of the key enzymes of these two pathways. Here, serine O-acetyltrans-
ferase (Pc22g16570) and homoserine O-acetyltransferase (Pc21g18210) were 
identified as the key enzymes that catalyse the first committed step of direct 
sulfhydrylation and transsulfuration pathway, respectively. From their activities 
and gene expression levels, the transsulfuration pathway appears the main route 
in P. chrysogenum. However, deletion of the Pc22g16570 gene to inactive the 
direct sulfhydrylation pathway, impaired cell growth and slowed down penicil-
lin production. This phenotype could be rescued by the addition of L-cysteine 
to the medium. These data demonstrate that the direct sulfhydrylation pathway 
is important but not essential for cell growth and secondary metabolism in P. 
chrysogenum, and indicates that the transsulfuration pathway is the main route 
for cysteine biosynthesis.
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Introduction

Penicillin, a β-lactam antibiotic, was discovered by Alexander Fleming in 1928. 
Since then, derivatives of penicillin have been widely used for treatment against 
bacterial infections and have become one of the main antibiotics used in clinics 
worldwide today. Penicillins are produced by multiple organisms, including fun-
gi of the Penicillium genus (Brakhage et al., 2009). Its biosynthetic pathway has 
been resolved in detail, and includes various enzymatic steps that are carried out 
in different compartments in the cell, most notably the cytosol and microbody 
(van den Berg et al., 2008). Penicillins are synthesized from an usual tripeptide 
that contains L-α-aminoadipic acid, L-cysteine and D-valine (Stefan S Weber et 
al., 2012a). L-α-aminoadipic acid is an intermediate in the biosynthesis of lysine. 
L-valine is converted into D-valine by the ACV synthetase that is responsible 
for the formation of L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine tripeptide. The 
cellular pool of L-cysteine has been reported to be of particular importance for 
efficient penicillin production besides NADPH and ATP level (Jami et al., 2010: 
Nasution et al., 2008). Thus there is a tight connection between primary and sec-
ondary metabolism.

Previous studies on the cysteine biosynthetic pathways in Aspergillus nidulans 
and Cephalosporium acremonium suggest that two pathways for L-cysteine bi-
osynthesis are present in filamentous fungi (Fig. 1). The direct sulfhydrylation 
pathway seems to be the major route for L-cysteine biosynthesis in A. nidulans 
(Pienia̧żek et al., 1973) , whereas the transsulfuration pathway dominates in C. 
acremonium (Dobeli and Nuesch, 1980). The direct sulfhydrylation pathway 
contains only two reactions and these are catalysed by serine transacetylase and 
O-acetyl-L-serine sulfhydrylase, respectively. In this pathway, L-cysteine is 
formed directly from O-acetyl-L-serine and sulfide. The transsulfuration path-
way is more complex and starts with the formation of O-acetyl-homoserine from 
L-homoserine through the transfer of an acetyl group from acetyl-CoA. Next, 
the intermediate L-homocysteine is formed from O-acetyl-L-homoserine and 
sulfide, followed by the formation of cystathionine from L-serine and L-homo-
cysteine. Cystathionine is further converted into cysteine and α-ketobutyrate. 
The direct sulfhydrylation pathway utilizes 5 moles of NADPH for the formation 
of 1 mole of cysteine. In contrast, the transsulfuration pathway is more energy 
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costly and requires 8 moles of NADPH per mole cysteine produced (Kleijn et al., 
2007). Both pathways utilize acetyl-CoA, L-serine and sulfide. 

Transcriptomic studies with P. chrysogenum strains suggest that the genes of 
both pathways are expressed during penicillin production (van den Berg et al., 
2008) (Table S5). Most of these genes are either slightly up-regulated or remained 
unchanged when comparing the high penicillin yielding DS17690 strain (one 
penicillin gene cluster, derivative of Wisconsin lineage) with its progenitor Wis-
consin54-1255 (Laboratory reference strain, derivative of NRRL1951). Further-
more, the classical strain improvement programme that ran for several decades 
has led to a mutation in the Pc20g08350 gene that encodes one of the potential 
O-acetyl-L-serine sulfhydrylase enzymes (Salo et al., 2015). This mutation oc-
curred earlier during the CSI and was already present in the Wisconsin54-1255 
strain that contains a single copy of the penicillin biosynthetic gene cluster and 
that was used as a progenitor of most current industrial production strains. In-
terestingly, recent biochemical data suggests that the mutation did not affect the 
activity of the O-acetyl-L-serine sulfhydrylase (Wu et al., unpublished results), 
further demonstrating that the direct sulfhydrylation pathway is functional in P. 
chrysogenum. This confirms the earlier study of Østergaard et al. (1998) who pu-
rified one of the O-acetyl-L-serine sulfhydrylase enzymes from a high-yielding 
former production strain of P. chrysogenum. However, considering its molec-
ular mass, the latter enzyme is likely not encoded by Pc20g08350. Important-
ly, the genome sequence of Wisconsin54-1255 suggests the presence of at least 
five potential O-acetyl-L-serine sulfhydrylase enzymes, namely, Pc21g14890, 
Pc20g10940, Pc13g05990, Pc12g05420 and the aforementioned Pc20g08350. 

To what extent these two pathways contribute to cell growth and penicillin pro-
duction remains unknown. Here we have examined the activities of the key en-
zymes of both pathways, and addressed the importance of the direct sulfhydryla-
tion pathway for penicillin production in P. chrysogenum using gene inactivation.
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Fig. 1. Two pathways for biosynthesis of L-cysteine in P. chrysogenum, direct sulfhydryl-
ation and transsulfuration pathway. Enzymes: (1) Serine transacetylase; (2) O-acetyl-L-
serine sulfhydrylase; (3) homoserine transacetylase; (4) O-acetyl-L-homoserine sulfhy-
drylase; (5) cystathionine β-synthase; (6) cystathionine γ-lyase; (7) β-cystathionase; and 
(8) cystathionine γ-synthase.

Material and methods

Strains and plasmids

Three genes (Pc06g01250, Pc22g16570 and Pc21g18210) annotated as serine 
O-acetyltransferase or homoserine O-acetyltransferase were codon optimized 
for expression in E. coli, and ordered from Integrated DNA technologies, USA. 
The respective genes were cloned into the pET28b vector, which carries an 
N-terminal His•Tag/thrombin/T7•Tag configuration plus an optional C-terminal 
His•Tag sequence, and the kanamycin selection marker. Genes were inserted into 
the expression vector using the restriction enzyme sites NdeI and HindIII, and 
after ligation transformed into E. coli DH5α. For expression, the constructs were 
transformed into E. coli BL21 (DE3).
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For the gene deletion studies, P. chrysogenum DS54468 (∆hdfA) strain (kindly 
provided by DSM Sinochem Pharmaceuticals Netherlands B.V.) was used that 
contains a single copy of the penicillin biosynthetic gene cluster and deletion of 
hdfA gene to improve the homologous recombination efficiency as a nonhomolo-
gous end-joining (NHEJ) deficient mutant (Pohl et al., 2016). 

All the liquid and solid medium used in this study were described previously 
(Kovalchuk et al., 2012). Cultivations were performed at 25 oC in semi-dark con-
ditions. Liquid cultivations of volumes between 25 and 30 ml were performed in 
100 ml flasks shaken at 200 rpm.

Protein expression and purification

E. coli BL21 (DE3) strains bearing plasmids pET28b + Pc06g01250, or pET28b + 
Pc22g16570 or pET28b + Pc21g18210 were grown overnight in LB medium con-
taining 50 μg/mL of kanamycin in a shaker at 200 rpm and 37 oC. The pre-cul-
ture was used to inoculate fresh 100 ml LB medium containing 50 μg/mL of 
kanamycin to an initial OD600 nm of 0.05, and growth at 37 oC was continued to 
an OD600 nm of 0.5 - 0.6. Cultures were transferred to an incubator at 18 oC and 
shaken for 1 hour at 200 rpm, whereupon isopropyl β-D-1-thiogalactopyranoside 
(IPTG) was added to a final concentration of 1 mM. Growth and induction at 18 
oC was continued overnight, whereupon cells were harvested by centrifugation 
at 4000 rpm for 15 min. The pellet was re-suspended in 2 mL Lysis buffer (50 
mM HEPES, 3 M NaCl, 1 M DTT, Protease inhibitor tablet mini (cOmplete, 
Sigma-Aldrich), 10 mM imidazole) and cells were lysed by sonication (10 s on, 
15 s off, 35 cycles, power ~10), The cell lysate was centrifuged at 17,000 g for 
15 min at 4 oC. The supernatant was applied to a Ni-NTA column according to 
the manufacturer’s instruction manual, and the column was eluted with Washing 
buffer (50 mM HEPES, 300 mM NaCl, 50 mM imidazole) followed by Elution 
buffer (50 mM HEPES, 300 mM NaCl, 300 mM imidazole). The eluates was 10 
fold diluted with 50 mM Tris-HCl buffer (pH 8) and concentrated with an Ami-
con Ultra-4 centrifugal filter (Millipore, USA) to remove imidazole. The enzyme 
purity was judged by SDS-PAGE and the concentration was determined by use of 
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA).
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Enzyme assays

The activity of the serine or homoserine O-acetyltransferase was determined 
by monitoring the increase in CoA concentration as measured by the absorb-
ance of its reaction with Ellman’s reagent (5,5’-dithio-bis-[2-nitrobenzoic acid], 
DTNB) (Qiu et al., 2013). Briefly, 50 μL reaction mixture (50 mM Tris-HCl, pH 
8, 40 mM L-serine or homoserine, 6 mM acetyl-CoA, and appropriate amount 
of purified proteins (0.05 μg for Pc21g18210, 20 μg for Pc22g16570, 0-200 μg for 
Pc06g01250)) was incubated at 25 oC in a 96-well microplate for 10 min. The re-
action was terminated with 50 μL of a stop solution (50 mM Tris-HCl pH 8, 6 M 
Guanidine HCl). Next, 50 μl of Ellman’s reagent (50 mM Tris-HCl pH 8, 1 mM 
DTNB, and 1 mM EDTA) was added to the reaction mixture. The absorbance 
values were measured at OD412 nm.

CRISPR/Cas9 based gene deletion in Penicillium chrysogenum 

Selected genes were deleted with the CRISPR/cas9 technology as described 
previously (Pohl et al., 2016). For the design of sgRNA, the tool CasOT (Xiao 
et al., 2014) was used to find 20 base pair protospacers in the Pc21g18210 and 
Pc22g16570 gene with a protospacer-adjacent-motif (PAM ), which is 5’-NGG-
3’ for Cas9 from Staphylococcus pyogenes. Next, a Scoring algorithm (Do-
ench et al., 2016) was used for calculating the impact of nucleotides at certain 
positions, and protospacer candidates with the highest scores were chosen for 
further sgRNA design. sgRNA-templates were constructed as DNA oligo-
nucleotides by fusing the 20 bp protospacer to a T7-promoter sequence (AT-
GTAATACGACTCACTATA) for the amdS cassette, and a 79 bp sgRNA tail 
(Hsu et al., 2013) (GTTTTAGAGCTAGAAATAGCAAGTTAAA 
A T A A G G C T A G T C C G T T A T C A A C T T G A A A A A G T G G C A C -
CGAGTCGGTGCTTT).Sequences were ordered as single-stranded DNA-ol-
igonucleotides (119 bp sequences) from Sigma-Aldrich, UK (Table S1). Forward 
and reverse DNA oligonucleotides were annealed to make double strands in T4 
ligase buffer (Thermo Fisher Scientific, USA). The mixture was incubated at 100 
°C for 5 min followed by cooling to 25 °C following a gradual decrease of 1 °C 
for 30 s in 75 cycles.
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Subsequently, the sgRNA was synthesized in vitro using the Ambion MegaScript 
RNA synthesis Kit (Thermo Fisher Scientific, USA). The mixture contained: 3 
μL Nuclease-free water, 0.25 μL Superase RNAse inhibitor (20 U/μL, Thermo 
Fisher Scientific, USA), 1 μL 10x RNA synthesis buffer, 1 μL ATP, 1 μL GTP, 
1 μL CTP, 1 μL UTP, and 1 μL T7 enzyme Mix. The mixture was incubated in 
a PCR machine at 37 oC for 12 h with the lid heated at 105 oC to prevent evapo-
ration. The sgRNA synthesis mixture (0.5 μL) was analysed on 2% agarose gels 
and used for transformation experiments without further purification. 

For the deletion of Pc22g16570 (1769 bp) and Pc21g18210 (1552 bp), plasmid 
pAV1_6 (kindly provided by A. Viggiano, unpublished) was used that contained 
the acetamidase gene, amdS, under the control of the gpdA promoter, and the 
amdS terminator (all genetic elements from Aspergillus nidulans) (Pohl et al., 
2016). The respective gene deletion cassettes were PCR amplified with primers 
corresponding to 100 bp long flanks with homology to the 5′- or 3′- region of 
each target gene which were combined with the amdS marker cassette (3368 bp 
in total). All primers used in this study are listed in Table S2.

Fungal Transformations and screening

Transformation of P. chrysogenum was as described previously (Pohl et al., 
2016). P. chrysogenum DS54468 protoplasts were diluted to approximately 2 × 
107 protoplasts per ml. Purified Cas9 protein was incubated with sgRNA at 37 
oC for 15 min (Pohl et al., 2016). The mixture contained 10 μL Cas9 proteins (2.7 
mg/mL), 35 μL 2 × STC buffer (2.4 M sorbitol, 100 mM CaCl2, 20 mM Tris-
HCl at pH 7.5), 30 μL 110 × Cas9 activity buffer, and 4 μL sgRNA synthesis 
mixture. Next, 3 μg of PCR-amplified donor DNA was co-transformed with the 
Cas9-sgRNA mixture using 100 μL of protoplast solution in 12 mL Greiner tube 
containing 100 μL of 20% Polyethylene glycol (PEG) and then the whole mixture 
was incubated on ice for 30 min. Then, 1.5 mL 60% PEG was added into the 
mixture and incubate at 25°C for 15 min without agitation followed by addition 
of 5 mL STC buffer and centrifugation for 5 min at 4 °C at 1500 rpm. Next, the 
pellet was resuspended in 800 μL STC buffer. After transformation, protoplasts 
were spread on T-agar plates containing 1 M sucrose for recovery of protoplasts 
and 0.1 % acetamide for selection. Plates were incubated at 25 °C for 5 - 7 days. 



75

Role of L-cysteine biosynthesis pathway

Colonies from the T-agar plates were then transferred to S-agar selection plates, 
and subsequently transferred to R-agar plates for sporulation. To confirm the 
integration of the donor DNA at the correct locus, colony PCR was performed 
using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific, USA) (Primers 
used are listed in Table S3). PCR products of selected colonies were sequenced 
by Macrogen, UK.

Colony morphology in solid media

Nine rice grains were picked from rice batches of P. chrysogenum DS54468 or 
ΔPc22g16570 and transferred into 9 mL sterile physiological saline solution con-
taining 0.90 % w/v of NaCl. The suspension was vortexed to release the spores 
and diluted 100 and 1000 fold. Next, 100 μL of the suspension was pipetted onto 
R-Agar, PPM-agar, and PPM+POA-agar plates containing 2.5 g/L of phenoxy-
acetic acid, and cells were grown at 25 oC for 9 days. When indicated, PPM+POA-
agar plates were supplemented with 5-100 mg/mL of cysteine.

Fermentation and phenotype in liquid media

For the DS54468 and DS54468-ΔPc22g16570 strains, 1 × 106 spores per mL were 
grown in YGG medium at 25 oC, 200 rpm for 24 hours. Next, 4 mL of each cul-
ture was divided into new flasks containing 26 mL Penicillin-Producing Medium 
(PPM) or PPM medium containing 2.5 g/L of phenoxyacetic acid (POA), named 
as PPM + POA medium, and growth was continued in a shaking incubator at 25 
oC, 200 rpm for 7 days. Samples were harvested at indicated times for measuring 
cell dry weight to calculate their cell biomass. When indicated, the medium was 
supplemented with cysteine (100-500 mg/mL).

HPLC and LC-MS analysis 

For HPLC and LC-MS analysis, samples of the culture broth were taken at vari-
ous intervals. For intracellular metabolite analysis, mycelium was harvested and 
put into a Falcon tube containing 25 mL ice-cold 40% methanol and washed for 
two times, followed by incubation in 25 mL 70% ethanol for 10 min in hot wa-
ter bath at 85 oC to release the intracellular metabolites. Next, the samples were 
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cooled down on ice for 5 min. All the samples were centrifuged at 14,000 rpm 
for 10 min at 4 oC and then filtered through 0.2 µm PTFE syringe filters, quickly 
frozen in liquid nitrogen and stored at -80 oC if not used immediately.

The extracellular concentration of Penicillin V was determined with a Shimadzu 
HPLC LC-30AD system as described previously (Weber et al., 2012). LC-MS 
analysis was performed for detecting extracellular and intracellular secondary 
metabolites and was performed as described previously (Salo et al., 2016) . All 
the metabolites levels were corrected for growth differences by dry weight meas-
urements, and the analysis was done with two biological samples with two tech-
nical duplicates. 

qPCR analysis

Total RNA was isolated from mycelium grown in PPM+POA medium as the days 
indicated. Direct-zol™ RNA MiniPrep Kit (Zymo Research, USA) was used for 
isolation of total RNA, followed by DNaseI treatment to remove genomic DNA 
contamination. Total RNA concentration was measured with a NanoDrop ND-
1000TM. Next, cDNA was synthesized from 1.5 μg total RNA per reaction by 
reverse transcription using the Maxima™ H Minus cDNA Synthesis Master Mix 
(Thermo Fisher Scientific, USA). For gene expression analysis, the actin gene 
(Pc20g11630) was used as a control for normalization. A negative reverse tran-
scriptase (RT) control was performed to determine the gDNA contamination. 
The expression data was analysed for two biological replicates that were split into 
technical duplicates. qPCR measurements were performed with a MiniOpticonTM 
system (Bio-rad). The SensiMix™ SYBR® Hi-ROX Kit (Bioline) was used as 
Mastermix for qPCR. The thermocycler procedure was initiated with 95 oC for 
10 min, followed by 40 cycles of 95 oC for 15 s, 60 oC for 30 s, and 72 oC for 30 s. 
All the primers used for qPCR analysis are listed in Table S4.
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Results

Identification of enzymes involved in cysteine biosynthesis

P. chrysogenum contains genes that either specify the direct sulfhydrylation or 
the transsulfuration pathways for L-cysteine biosynthesis. The genome of Wis-
consin54-1255 contains four genes (Pc22g02200, Pc06g01250, Pc22g16570 and 
Pc21g18210) that may encode serine or homoserine O-acetyltransferases, which 
catalyse the first reaction of direct sulfhydrylation or transsulfuration pathway, 
respectively. However, one of these genes, i.e., Pc22g02200 is not expressed in 
P. chrysogenum microarray experiments (van den Berg et al., 2008) (Fig. 2), and 
therefore was not further examined.

Fig. 2. Average transcript levels of four predicted serine or homoserine O-acetyltrans-
ferases genes in the indicated P. chrysogenum strains Wisconsin54-1255 and DS17690 
(a high yielding strain, derivative of Wisconsin lineage) grown in PPM medium in the 
chemostat, under glucose limited condition with the absence or presence of PAA (van den 
Berg et al., 2008).

To assess the substrate specificity of Pc06g01250, Pc22g16570 and Pc21g18210, 
multiple amino acid sequence alignments were made and compared with the se-
quence of homologous proteins DcsE from Streptomyces lavendulae (Oda et al., 
2013). Homologues that carry the amino acid sequence motif Ala-(Leu/Phe)-(S-
er/Thr)-Gly which is part of a turn region involved in the formation of an ox-
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yanion hole, are predicted to be specific for the acetylation of L-homoserine, 
while the Gly-Leu-Ser-(Pro/Ala) sequence motif are predicted to be specific for 
the acetylation of L-serine. Pc06g01250, Pc21g18210 and Pc22g16570 shared 19, 
33 and 44 % identity with DcsE from S. lavendulae, respectively (Fig. S1). The 
Pc22g16570 protein contains the amino acid sequence Gly-Leu-Ser-Ala suggest-
ing that it is specific for L-serine, while Pc21g18210 contains the Ala-Leu-Ser-
Gly sequence suggesting a preference for L-homoserine (Fig. S1 underlined). 
However, Pc06g01250 harbors a different sequence , i.e., Trp-Phe-Ser-Gly and 
its low sequence identity with DcsE suggests that it may have a different enzyme 
function.

To validate the predictions, the three genes were cloned as His-tagged proteins 
and expressed in E. coli and purified (Fig. 3). Subsequently, the enzymes were 
tested for acetylation activity using saturated concentrations of the substrates. 
For this purpose, incubations were performed with L-serine or L-homoserine 
in the presence of acetyl-CoA, and the acetylation activity was monitored from 
the release of CoA. Pc06g01250 was inactive with either L-serine or L-homoser-
ine, thus likely has another enzyme function. Pc21g18210 showed a high activity 
with homoserine but was entirely inactive with serine. In contrast, Pc22g16570 
was active with serine only (Table 1). These data suggest that Pc22g16570 and 
Pc21g18210 catalyse the committed step in the direct sulfhydrylation and trans-
sulfuration pathways, respectively.

From the specific activities of these enzymes (Table 1), it is evident that Pc21g18210 
is almost 3-orders of magnitude more active than Pc22g16570, whereas the gene 
encoding for the latter enzyme is expressed only 2-fold higher than Pc21g1820 
(Fig. 2). This suggests that the transsulfuration is the most active pathway for 
sulfur assimilation in P. chrysogenum.

Gene deletion by CRISPR/cas9 technology

To evulate the importance of the two cysteine biosynthesis pathway, we set out 
to generate gene deletions of Pc22g16570 and Pc21g18210, respectively. Herein, 
we made use of the CRISPR/cas9 technology (Pohl et al., 2016). The structural 
genes were replaced by amdS resistance cassette through homologous recombi-
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Fig. 3. SDS-PAGE of potential serine or homoserine O-acetyltransferases proteins. 

Lane: 1. Marker; 2. Pc06g01250 (~40 kDa); 3.Pc21g18210 (~55 kDa); 4. Pc22g16570 (~58 

kDa). MW: molecular weight.

nation followed by selection on agar plates containing 0.1 % acetamide (Fig. S2). 
The Pc22g16570 gene was readily deleted, yielding cells that grew very poorly 
compared to DS54468 on S-agar plates. The strain was purified by transferring 
a single colony into R-agar plate for sporulation followed by plating on S-agar 
for further selection. Colony PCR and sequencing validated that the Pc22g16570 
gene was successfully deleted from the genome. In contrast, despite several at-
tempts, no deletion mutants were obtained for Pc21g18210 even under the condi-
tion that the selection plates were supplemented with L-cysteine (up to 50 mg/L) 
in order to rescue possible deletion mutants.

Table 1. Specific activities of potential serine or homoserine O-acetyltransferases encod-
ed by Pc06g01250, Pc21g18210 and Pc22g16570 respectively. 

Protein
Specific activity (μmol/min/mg)

 L-homoserine  L-serine
Pc06g01250 ND ND
Pc21g18210 116.5 ± 1.5 ND
Pc22g16570 ND 0.21 ± 0.01

ND: not detectable.
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Growth phenotype of the Pc22g16570 deletion mutant 

After successful removal of Pc22g16570 gene from the genome of DS54468, the 
colony morphology was examined on different agar plates. On R-agar plates, the 
parental and deletion mutant grew similarly (Fig. S3), while on PPM agar plates, 
the deletion mutant showed a clear growth defect as compared to the parental 
strain both in the presence or absence of the penicillin precursor-phenoxyacetic 
acid (Fig. S4). This phenomenon can be explained as R-agar plates contain 10% 
yeast extract, which is a source for cysteine, whereas PPM-agar plates only con-
tain sulfate for cysteine biosynthesis. Therefore, PPM + POA-agar plates were 
supplemented with L-cysteine (5-100 mg/L) to determine if this rescues the cell 
growth defect of the deletion strain. PPM+POA-agar plates that contained more 
than 5 mg/L cysteine, allowed for a complete restoration of the growth of the 
deletion mutant on the plates (Fig. 4, S5). Furthermore, very high concentra-
tion of L-cysteine, i.e., up to 100 mg/L were not toxic to cells (Fig. 4, S4). The 
growth defect of the ΔPc22g16570 deletion strain on liquid PPM medium is less 
pronounced. Cell growth is delayed at early stage but eventually the cells reach 
the same biomass as the parental strain (Fig. 5). Upon the addition of L-cysteine 
(100-500 mg/L) cell growth was completely restored for the ΔPc22g16570 de-
letion strain at early stage, whereas after seven days of fermentation, the cell 
dry weights declined when high concentrations of cysteine were added, likely 
because of the faster growth and the earlier onset of cell lysis (Fig. 5), which 
is comparable with the result for DS54468 parental strain (Fig. S8). Taken to-
gether, these experiments suggest that the Pc22g16570 gene, and thus the direct 
sulfhydrylation pathway is important, but not indispensable for cell growth of 
P.chrysogenum.
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Fig. 4. Colonies of DS54468 (parental strain) and ΔPc22g16570 strain on PPM+POA-
agar plates after five days of growth with different concentrations of cysteine (5-100 
mg/L) supplemented into PPM + POA medium.

Fig. 5. Growth of the DS54468 (parent strain) and ΔPc22g16570 strain in shake flasks 
in PPM medium supplemented with different concentrations of cysteine. Cell mass was 
measured after the indicated days.
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Effect of Pc22g16570 deletion on secondary metabolism 

Biosynthesis of β-lactam antibiotics starts with the condensation of L-α-ami-
noadipic acid (A), cysteine (C) and valine (V) into the tripeptide δ-(L-α-ami-
noadipyl)-L-cysteinyl-D-valine (LLD-ACV) catalysed by ACV synthetase 
(ACVS). The second step is that the LLD-ACV is converted into isopenicillin N 
(IPN) catalysed by isopenicillin N synthase (IPNS), then followed by the final 
step in penicillin biosynthesis, which is catalysed by the acyl-CoA: isopenicil-
lin N acyl-transferase (IAT), that replaces the aminoadipic acid side chain by a 
phenyl- or phenoxyacetyl group leading to the formation of penicillin G or V, 
respectively (van den Berg et al., 2008). In the absence of a side chain precursor, 
isopenicillin N will mainly be converted into 6-aminopenicillanic acid (6-APA).

Culture broth of cells grown in PPM medium in the presence or absence of phe-
noxyacetic acid (POA) was analysed by HPLC and LC-MS. LLD-ACV extracted 
from the parental and deletion strain was quantified by LC-MS analysis. Clearly, 
the deletion mutant showed significantly lower levels of LLD-ACV (Fig. 6A) and 
IPN (Fig. 6B) as compated to the parental strain. This difference in IPN produc-
tion was restored when the medium was supplemented with 100 mg/L cysteine 
(Fig. 6B). The effect of the gene deletion was, however, less pronounced on the 
levels of 6-APA and penicillin V after seven days of growth (Fig. 6C and 6D). 
Interestingly, the addition of 200 mg/L cysteine in liquid culture even boosted 
the production levels. These data suggests that inactivation of the direct sulfhy-
drylation impacts precursor supply in the penicillin biosynthetic pathway, but the 
effect is mostly on the kinetics of penicillin production and not on the final levels 
of production. 

The effect of the gene deletion was also examined on other secondary metabo-
lites, i.e., chrysogine and roquefortine related metabolites (Salo et al., 2015a) in 
which cysteine is not a building block but nonribosomal peptide products that 
also incorporate amino acids. Chrysogine is a weak yellow pigment derived from 
the condensation of anthranilic acid and alanine by a di-modular NRPS enzyme 
ChyA (Viggiano et al., 2018). Roquefortines are derived from the condensation 
of L-histidine and L-tryptophan into HTD (histidyltryptophanyl-diketopipera-
zine), by the NRPS RoqA. LC-MS analysis revealed that the production of both 
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chrysogine and roquefortine (roquefortine D and F, and the precursor HTD) re-
lated compound was significantly affected in the Pc22g16570 gene deletion strain 
as compared to the parental strain. While cysteine addition partially restored the 
production of HTD, this was not evident for the roquefortines (Fig. S6). Also, the 
levels of chrysogine related metabolites were reduced in the deletion mutant, but 
this could be restored by the addition of L-cysteine (Fig. S6). Since alanine, one 
of the building blocks of chrysogine, can be readily derived from cysteine, resto-
ration of production likely emerges from increased supply of alanine.

Fig. 6. Penicillin formation by parental strain DS54468 and ΔPc22g16570 strain grown 
in PPM medium in the presence of different concentrations of cysteine and with and with-
out POA as side chain precursor. A. Intracellular LLD-ACV. B. Extracellular Isopenicillin 
N. C. Extracellular 6-APA and D. penicillin V. LC-MS signals were corrected for cell dry 
weights.

Effect of ΔPc22g16570 on the expression of genes involved in L-cysteine 
biosynthesis 

qPCR analysis was performed to explore the impact of the inactivation of 
Pc22g16570 gene on the complete gene set annotated as being involved in 
L-cysteine biosynthesis (Fig. 1). Herein cells were grown in PPM medium in the 
presence of phenoxyacetic acid. The expression fold change data (Fig. 7) shows 
that the gene deletion only marginally (less than 2-fold) affects the expression of 
the cysteine biosynthetic genes, except for the Pc13g05830 and Pc16g12440 gene 
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that after 3 days of growth are up- and down-regulated ~4-5 -fold, respectively. 
These genes are annotated as cystathionine gamma-lyases that catalyse the last 
step for L-cysteine biosynthesis in the transsulfuration pathway.

Since L-cysteine biosynthesis needs a large supply of NADPH, we also ana-
lysed the expression of eight genes involved in pentose phosphate pathway by 
qPCR, including four genes annotated as involving in the oxidative branch for 
generating NADPH, and four genes in the non-oxidative branch closely related 
to the steps of NADPH generation. Their average transcript levels are shown in 
Chapter 4, Table S5. The data showed that the expression of most of the genes 
remained unchanged, especially after 5 days of growth. However, Pc19g00410 
and Pc12g08920 gene are remarkably down-regulated with fold change ~30-fold 
and ~90 fold respectively after 3 days of growth; while there was no obvious 
difference between DS54468 and the deletion mutant after 5 days of growth (Fig. 
S7). These genes are annotated as 6-phosphogluconate dehydrogenase enzymes 
and thus responsible for the production of NADPH, which is required for the 
biosynthesis of cysteine.

Fig. 7. Gene expression of genes annotated in L-cysteine biosynthesis by qPCR anal-
ysis in parental and ΔPc22g16570 mutant strain. Samples were taken after 3 and 5 
days of growth in liquid PPM + POA medium. Data are shown as a fold change (ΔP-
c22g16570/DS54468)
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Discussion
There are two pathways for L-cysteine biosynthesis in P. chrysogenum strains, 
namely, the direct sulfhydrylation pathway and transsufuration pathway. In this 
study we identified Pc22g16570 and Pc21g18210 as the genes encoding the serine 
and homoserine O-acetyltransferase, which catalyse the first reaction of direct 
sulfhydrylation or transsulfuration pathway, respectively. Even though their gene 
expression levels seem similar based on the transcripts levels (Fig. 2), the specific 
enzyme activities differ by 3 orders of magnitude, Pc21g18210 as the most ac-
tive enzyme. This suggests that the transsulfuration pathway is potentially much 
more active than the direct sulfhydrylation pathway, although the exact activi-
ties are also dependent on the other enzymes in the pathway. Perhaps the serine 
O-acetyltransferase Pc22g16570 can achieve a higher activity when interacting 
with O-acetyl-L-serine sulfhydrylase which is part of the same pathway, thereby 
forming a cysteine synthase complex, for instance in higher plants (Droux et 
al., 1998; Saito et al., 1995). It is well established that the interaction between 
both enzymes regulates sulfate assimilation and modulates cysteine synthesis in 
plants and bacteria (Zhao et al., 2006), but this has not been studied for fungi. 
Pc06g01250 was not able to catalyse serine or homoserine O-acetyltransferase 
activity, which suggests that it might have different enzyme function. The gene 
may encode an esterase, that splits esters into an acid and an alcohol, as it shares 
30%, 31% identity respectively with MekB from Pseudomonas veronii and CgH-
le from Corynebacteriumglutamicum. These two enzymes were initially anno-
tated as L-homoserine O-acetyl transferases but could experimentally be identi-
fied as acetyl esterases (Tölzer et al., 2016).

The Pc22g16570 gene could be deleted from the genome, whereas inactivation 
of the Pc21g18210 gene failed despite several attempts, such as different com-
binations of sgRNA, several rounds of purification steps, and cysteine addition 
to the medium (up to 50 mg/L). A possible explanation is absence of a function-
al cystathionine γ-synthase converting cysteine into cystathionine, encoded by 
Pc16g12440 gene which is not expressed according to its transcript levels (Table 
S5). However, addition of methionine or homocysteine into medium may be able 
to rescue the P. chrysogenum strain ΔPc21g18210 as interconversion of sulfur 
amino acids (methionine-homocysteine-cysteine) occurs in filamentous fungi 
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(Sohn et al., 2014; Terfehr and Kück, 2017). It has been demonstrated that growth 
of Δmet2 (homoserine transacetylase) mutant of the thermotolerant methy-
lotrophic yeast Hansenula polymorpha is strictly dependent on the addition of 
methionine into the medium, and not of cysteine, while growth of Δsat1(Serine 
transacetylase) strain can be restored by externally added cysteine or methionine 
(Sohn et al., 2014). Since in P. chrysogenum, the transsulfuration pathway is 
much more active than the direct sulfhydrylation pathway, its inactivation may 
be technically more challeging. In this respect, inactivation of the Pc22g16570 
gene already resulted in slower cell growth both on solid and liquid media as 
compared to the parental strain DS54468, and thus a greater effect on growth 
would be expected for the inactivation of the Pc21g18210 gene. Interestingly, 
the delayed cell growth of the Pc22g16570 deletion strain could be rescued by 
supplementing the medium with cysteine. This demonstrates that the direct sulf-
hydrylation pathway is important for efficient growth but not essential. The gene 
inactivation also impacted secondary metabolism. Levels of isopencillin N and 
LLD-ACV, massively decreased but overall the gene inactivation had little effect 
on the final levesl of penicillin V production. Also the levels of chrysogine and 
roquefortine related metabolites were reduced, even though these metabolites do 
not contain L-cysteine. Levels of their amino acid precursors and protein synthe-
sis might be affected by the defect of cysteine biosynthesis in direct sulfhydration 
pathway. While chrysogenin production could be restored upon the addition of 
L-cysteine, this was not the case with the roquefortine metabolites. Rather, with 
the latter metabolites, cysteine (100 mg/L) inhibited roquefortine production in 
the parental strain by an unknown mechanism. 

The gene expression analysis revealed that the inactivation of Pc22g16570 only 
marginally affected the expression of other genes involved in cysteine biosyn-
thesis pathways. Rather, in the deletion mutant two genes of the pentose phos-
phate pathway were remarkably down-regulated after 3 days of growth. This 
concerns Pc19g00410 and Pc12g08920 that are annotated as 6-phosphogluconate 
dehydrogenase enzymes for producing NADPH from NADP+, which suggests 
that the down-regulation of these two genes probably results in less NADPH gen-
eration in the early stages of fermentation. Since the inactivation of Pc22g16570 
gene blocks the direct sulfhydrylation pathway, less NADPH will be required for 
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L-cysteine biosynthesis, hence, critical genes involved in NADPH are down-reg-
ulated.

Overall, this study demonstrates that the direct sulfhydralation pathway is im-
portant, but not essential for cell growth in P. chrysogenum strains, which in 
turn suggests the transsulfuration pathway is indispensable for cell growth and 
secondary metabolism in P. chrysogenum. 
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Supplementary information

Table S1. Genetic targets and the PAM site following the protospacer of the sgRNA is 
underlined.

Target Target size (bp) Protospacer sequence (5ʹ to 3ʹ)
Pc22g16570 1769 GATATCGCTTACGAAACCTGGGG 

GCTCAATTCCGGCTTCTCGACGG
Pc21g18210 1552 GGTTCATTATGTTAGAATGGGGG 

GCCCCAGCTGATGCACCACGCGG
GATCGAGGACCAATCCATTGCGG 
GCACCGAGCCCGGTAGATGGCGG

Table S2. Primers with 100 bp long flanks, for preparation of donor DNA.
Name Sequence 

Pc22g16570 FW CGACTAATGCGTCTGATTTCCAACGATTATTCAAATCACTCGTACTCTCC
CGCTATACACAGAGTCCTTTCTGTCCGATAAAAGTTGCAATAACCTTGG
ATGGATCCCCCGGGCTGCAGG

Pc22g16570 RV CAAACGCCGGCTAAATACTGAATGTCGCACGCTTAACCACATATTGACA
AATTTATATTATTTCCATCGCCTGCCACGCAATATACCACGCGATACCGCT
CGTACCATGGGTTGAGTGGT

Pc21g18210 FW GGGGGTTTTGACTCACTCCATTTTTATTACAAGTACACCCTGTTCTCCAT
TTCCATTCCTTCTTCTTTCCTTTATTTTGCATATTTCTGTCTTTTTCACATG
GATCCCCCGGGCTGCAGG

Pc21g18210 RV CTCCAAGGGATTCTGGACCCAGACTAGAGCATGGGATTGGCTGCAGAA
AGAACTGCGCCGGACAACACTTTTTGTTTTTCGGATTTCAACGCTTACC
GCTCGTACCATGGGTTGAGTGGT

Table S3. Primers used for colony PCR.

Primers Sequence

Pc22g16570 Seq FW GCTTATTCTCAGGACAGCTGGAGTG
Pc22g16570 Seq RV CTGTGTGGACGTATCCATTGATCCC

Pc21g18210 Seq FW CCGCTTTCCGATGTTATTTTCTGCC

Pc21g18210 Seq RV GAGAGGCAGTTGGATGCTCATC
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Table S4. Primers used for qPCR analysis.
Primers Sequence
Pc20g11630 
(Actin gene)

FW CGACTACCTGATGAAGATCCTCGC 
RV GTTGAAGGTGGTGACGTGGATACC

Pc20g08350 FW TATGGCAACACTCGGGCAAT 
RV TTGGCGAGAGAAGTGCTGAG

Pc21g18210 FW GGTTCTACGTGGTCTGCCTC 
RV GCAATGGGCACAATAGCTCG

Pc21g14890 FW TACCGCTGTCTGGATGAGGA 
RV TTCTGCAGGTGCTTCGGAAT

Pc20g10940 FW CTGCATTGGAAACACGCCTC 
RV CCCGAGTTTCAGAAGCAGGT

Pc12g05420 FW TCGTGGTCGACAGTGGAAAG 
RV AGGCCGAGGATCAGTTGTTG

Pc13g05320 FW GCATTGCCCTTCGCATGATT 
RV ATTCAAGGCACGTAGGACGG

Pc13g06020 FW TAACCCCACTCGCACACATC 
RV ACGATAATTCCGCCGTTGGT

Pc21g05430 FW CCACTCCGATGTCCTGATGG 
RV CGGGGTAGTTGACGGAGATG

Pc13g05830 FW CCTGGGACGAAATTGTGGGA 
RV TCGTGACGGTCAAATGGAGG 

Pc16g12440 FW ACCTCTAACAATGCCCACCC 
RV CGAACTCGCGGGAATAGACA

Pc21g20440 FW AAAGGTCGCCGTCGAAAAAC 
RV TCGAATGCCACATCGAGGAC

Pc22g21440 FW TCGGTGTCAACTCAACCTCC 
RV GCGAGCTTCTTGGCCAATTC

Pc12g00550 FW GATTAAGCCCGATACCCCCG 
RV ATCGGCAGCCTGGTCAATAG

Pc22g13590 FW TGCGAAGTCATCAACCACGA 
RV TCATTCACGGCTTCACCGAA

Pc20g03330 FW ACGAGCTTGTCATCCGTGTT 
RV TAGTGCAGGAGGGGAGTGAA

Pc12g10940 FW ATTACCAACGCCTACCGCAA 
RV AAGTGTGGGCACCGAAGTAG

Pc19g00410 FW GAATTCCAGGGCCGAAGTCA 
RV TTGTCCAGTGATGATCCGCC

Pc12g08920 FW CGCAAGTGGAAACCGCATAG 
RV AGTTGACATCCCAGCCTTCG
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Fig. S1. Multiple sequence alignment of the Pc22g16570, Pc21g18210 and Pc06g01250 
proteins of P. chrysogenum with DcsE from Streptomyces lavendulae (Oda et al., 2013).
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Table S5. Average transcript levels of genes involved in L-cysteine biosynthesis from the 
shaking flasks experiment in P.chrysogenum strains in PPM medium grown for 5 days 
in the presence and absence of phenylacetic acid (PAA). Data from (van den Berg et al., 
2008).

Gene name Predicted function
Wisconsin DS17690

-PAA +PAA -PAA +PAA
Pc22g16570 serine O-acetyltransferase 196 242 281 423
Pc20g08350 cystathionine gamma-synthase 221 315 245 293
Pc21g14890 cysteine synthase 539 718 801 981
Pc20g10940 cysteine synthase 71 80 108 110
Pc21g18210 homoserine O-acetyltransferase 180 176 225 209
Pc12g05420 O-acetylserine sulfhydrylase 697 788 1323 1708
Pc13g05320 cystathionine beta-synthase 179 220 153 165
Pc13g06020 β-cystathionase 447 482 496 504
Pc21g05430 cystathionine gamma-lyase 48 34 64 83
Pc13g05830 cystathionine γ-lyase 104 95 85 68
Pc16g12440 cystathionine γ-synthase 12 12 12 12

Fig. S2. Mechanism of gene deletion from genome of DS54468 strain by homologous 
recombination replaced by amdS cassette.
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Fig. S3. Colonies of DS54468 (parental strain) and ΔPc22g16570 strain grown on R-agar 
plates for nine days.

Fig. S4. Colonies of DS54468 (parental strain) and ΔPc22g16570 strain grown on PPM-
agar, PPM + POA-agar plates for nine days.
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Fig. S5. Colonies of DS54468 (parental strain) and ΔPc22g16570 strain on PPM+POA-
agar plates after nine days of growth with different concentrations of cysteine (5-100 
mg/L) supplemented into PPM + POA medium.

Fig. S6. The levels of several secondary metabolites were analysed by LC-MS and quan-
tified with average peak area corrected by their cell dry weights (X: Fermentation days; 
Y: Average peak area/CDW). The samples were harvest after 3, 5 and 7 days of growth 
for DS54468 the parental strain and for the deletion mutant strain (ΔPc22g16570) in PPM 
medium with 0-500 mg/L cysteine supplemented.
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Fig. S7. Gene expression of eight genes annotated involving in pentose phosphate path-
way by Quantitative Real Time PCR analysis in ΔPc22g16570 mutant. Samples were 
taken after 3 and 5 days of growth in liquid PPM + POA medium. Data are shown as a 
fold change (ΔPc22g16570/DS54468).

Fig. S8. Growth of the DS54468 parent strain in shake flasks in PPM medium supple-
mented with different concentrations of cysteine. Cell mass was measured after the indi-
cated days.
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Exploring the function of two ribose-5-phosphate 
isomerase enzymes in Penicillium chrysogenum

Min Wu, Carsten Pohl, Annarita Viggiano, Roel A.L. Bovenberg, and 
Arnold J.M. Driessen 
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Abstract 
Penicillin chrysogenum harbors two genes encoding for ribose-5-phosphate 
isomerase (RpiA and RpiB). These proteins belong to pentose phosphate path-
way that amongst others, needs to satisfy the large demand of the penicillin bi-
osynthetic pathway for NADPH. During classical strain improvement to obtain 
higher penicillin yielding strains, RpiB collected a point mutation, L122S. To in-
vestigate the impact of the point mutation on P. chrysogenum, RpiA and RpiB as 
well as the mutant protein were expressed in E. coli, purified and characterized. 
In the isomerase reaction, measured as the conversion of ribose-5-phosphate into 
ribulose-5-phosphate, RpiA was two orders of magnitude more active than RpiB 
while the affinity of both enzymes for ribose-5-phosphate was the same. RpiA 
is inhibited by high concentrations of ribose-5-phosphate while RpiB is not. 
The point mutation L122S, largely inactivated RpiB. The rpiB mutant gene was 
readily inactivated in P. chrysogenum without a significant effect on penicillin 
production, but the attempts to inactivate rpiA were unsuccessful. These results 
suggest that RpiA plays a major role in penicillin production and growth of P. 
chrysogenum, while RpiB is dispensable.
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Introduction
Penicillium chrysogenum is a filamentous fungus that is used as an industrial 
factory for the production of β-lactam antibiotics, such as penicillins. Previous-
ly, it has been shown that the NADPH level in the cell is critical for penicillin 
production most notably for the biosynthesis of cysteine. About 8 - 10 mole of 
NADPH are required for the biosynthesis of 1 mole of penicillin, depending on 
cysteine biosynthesis route used (Nasution et al., 2008a). By the use of gluco-
nate-tracer method, Kleijn et al (2007) demonstrated that penicillin production 
requires a large amount of cytosolic NADPH, which is accommodated by sig-
nificantly higher oxidative pentose phosphate pathway fluxes in penicillin-G 
producing chemostat cultures of P. chrysogenum compared to non-producing 
chemostat conditions (Kleijn et al., 2007). 

The pentose phosphate pathway consists of an oxidative and non-oxidative 
branch (Fig. 1). This route not only presents the main source for generating cyto-
solic NADPH but it is also the source for the synthesis of 5-carbon sugars that are 
precursors for nucleotide biosynthesis. Ribose-5-phosphate isomerase (Rpi) (EC 
5.3.1.6) is an aldose-ketose isomerase that catalyses the inter-conversion between 
ribulose-5-phosphate (Ru5P) and ribose-5-phosphate (R5P) thereby connecting 
the oxidative branch with the non-oxidative branch in the pentose phosphate 
pathway (Fig. 1) (Zhang et al., 2003). This reaction is important to generate D-ri-
bose 5-phosphate for nucleotide biosynthesis, whereas unused D-ribose 5-phso-
phate is re-arranged with D-xylose 5-phosphate to yield sugar phosphates that 
enter glycolysis. D-xylose 5-phosphate emerges from another isomerase reaction 
utilizing the same substrate D-ribulose 5-phosphate, a reaction catalysed by rib-
ulose-phosphate 3-epimerase (EC 5.1.3.1) (Pc12g00550).

Rpi enzymes exist as two distinct proteins forms, namely, RpiA and RpiB. Al-
though these enzymes have the same function, they share no sequence identity. 
RpiA is the most commonly found enzyme in nature, except in Mycobacterium 
tuberculosis that only contains the RpiB enzyme (Roos et al., 2004). RpiA is 
highly conserved in most organisms, such as bacteria, plants, and animals. It is 
considered to play a major role as the isomerase for inter-conversion of R5P and 
Ru5P since in most organisms it is substantially more active than RpiB. RpiB is 
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mainly found in some of bacteria, protozoa and fungi, such as M. tuberculosis, 
Trypanosoma cruzi (a human parasite) (Stern et al., 2007). In Escherchia coli, 
RpiB was found to function as a D-allose-6-phosphate isomerase as well (Roos 
et al., 2008).

Fig. 1. The pentose phosphate pathway in P. chrysogenum strains which contains two 
branches: oxidative branch and non-oxidative branch. Pc21g20440 gene was annotated 
as RpiA and Pc22g21440 gene was annotated as RpiB. The reaction mechanism of the in-
terconversion of R5P and Ru5P (shown in below), which is catalysed by Ribose-5-phos-
phate isomerase (Rpi) enzymes in pentose phosphate pathway.

By means of a classical strain improvement programme that lasted more than 
70 years, P. chrysogenum has become a highly effective β-lactam antibiotics 
producer. During this process, the genome has collected many mutations. The 
Pc22g21440 gene, which is annotated as RpiB, has collected a point mutation 
(L122S) that is present in the high yielding DS17690 strain but absent in its pro-
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genitor Wisconsin54-1255 (Salo et al., 2015). Pc21g20440 is annotated as RpiA 
and thus may fulfill the same function as RpiB. Here, we have examined RpiA 
and RpiB by enzyme characterization and gene deletion in P. chrysogenum to 
assess their role in penicillin production.

Materials and methods

Strains and plasmids used in this study

Pc21g20440 and Pc22g21440 from P. chrysogenum Wisconsin54-1255 were syn-
thetized as codon optimization versions for E. coli by Integrated DNA technol-
ogies. The two synthetic gene fragments were cloned into pET28b vector by 
ligation within two restriction enzyme sites (NdeI, Hind III or NdeI, SalI) respec-
tively, and transformed into E. coli DH5α competent cells. The Pc22g21440 mu-
tant gene was obtained by site-mutagenesis using PCR primers (Forward primer: 
5’-TCGGCTAAAAAACTGGCTACCGAC-3’, Reverse primer: 5’-TTCAACAC-
CGATAACACGCTGACC-3’), and the resultant gene was verified with sequenc-
ing by Macrogen Europe. Finally, the three constructs were transformed into E. 
coli BL21 (DE3) for protein expression.

P. chrysogenum DS54468 (DhdfA) (kindly provided by DSM Sinochem Pharma-
ceuticals Netherlands B.V.) was used that contains a single copy of the penicillin 
biosynthetic gene cluster strain and deletion of the hdfA gene to improve the ho-
mologous recombination efficiency as anonhomologous end-joining (NHEJ) de-
ficient mutant (Pohl et al., 2016). All liquid and solid medium used in this study 
were described previously (Kovalchuk et al., 2012). Cultivations were performed 
at 25 oC in semi-dark conditions in 100 ml flasks shaken at 200 rpm.

Protein expression and purification

For protein expression, E. coli BL21 (DE3) strains bearing plasmids pET28b + 
Pc21g20440 or pET28b + Pc22g21440 or pET28b + Pc22g21440 (mutant) were 
grown overnight in LB medium containing 50 μg/mL of kanamycin in a shaker 
at 200 rpm and 37 oC. Pre-cultures were used to inoculate fresh 100 ml LB medi-
um containing 50 μg/ml of kanamycin to an initial OD600 nm of 0.05., and growth 
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at 37 oC was continued to an OD600 nm of 0.5 - 0.6. Cultures were transferred 
to 18 oC and incubated for 1 h while shaken at 200 rpm, whereupon isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was then added to a final concentration of 
1 mM. Growth and induction at 18 oC was continued overnight, whereupon cells 
were harvested by centrifugation at 4000 rpm for 15 min. The pellet was re-sus-
pended in 2 mL Lysis buffer (50 mM HEPES, 3 M NaCl, 1 M DTT, Protease in-
hibitor tablet mini (cOmplete, Sigma-Aldrich), 10 mM imidazole) and cells were 
lysed by sonication (10 s on, 15 s off, 35 cycles, power ~10). The cell lysate was 
centrifuged at 17,000 g for 15 min at 4 oC. The supernatant was applied to a Ni-
NTA column according to the manufacturer’s instructions, and the column was 
eluted with Washing buffer (50 mM HEPES, 300 mM NaCl, 50 mM imidazole) 
followed by Elution buffer (50 mM HEPES, 300 mM NaCl, 300 mM imidazole). 
The eluates was 10-fold diluted with 50 mM Tris-HCl buffer (pH 7) and concen-
trated with an Amicon Ultra-4 centrifugal filter (Millipore, USA) to remove the 
imidazole. The enzyme purity was analysed by SDS-PAGE and the concentra-
tion was determined with a NanoDrop 1000 Spectrophotometer (Thermo Fisher 
Scientific, USA).

Enzyme assay for Ribose 5-phosphate isomerase

Ribose phosphate isomerase (Rpi) activity was assayed by a modified Dische’s 
cysteine-carbazole method described previously (Sun et al., 2012). Purified en-
zyme (20 μL containing 0.04 μg of RpiA, 10 μg of RpiB, or 20 μg of RpiB mu-
tant, respectively) was mixed with 180 μL of a pre-warmed substrate solution 
containing various concentrations of ribose 5-phosphate in range from 1 to 50 
mM in 50 mM Tris–HCl buffer pH 7. After incubation for 5 min at 25 oC, 20 μL 
of 2 M HCl was added to terminate the reaction and then the mixture was stored 
on ice. A solution of 1 mL of 66% (vol/vol) H2SO4 containing 35 μL of 0.12% eth-
anol-dissolved carbazole and 35 μL of 1.5% (wt/vol) cysteine chloride was added 
into each tube and mixed by vortexing. After incubation at 37 oC for 30 min, the 
absorbance was measured at 540 nm.

CRISPR/Cas9 based gene deletion in Penicillium chrysogenum 

For the design of sgRNA, the tool CasOT (Xiao et al., 2014) was used to find 20 
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bp protospacer in the Pc21g20440 and Pc22g21440 gene that requires the pres-
ence of a protospacer-adjacent-motif (PAM), which is 5’-NGG-3’ for Cas9 from 
Staphylococcus pyogenes using the method described previously (Pohl et al., 
2016). Next, a Scoring algorithm (Doench et al., 2016) was used for calculat-
ing the impact of nucleotides at certain positions, and then several protospac-
er candidates with the highest scores were chosen for further sgRNA design. 
The sgRNA-templates were constructed as DNA oligos by fusing the 20 bp 
protospacer (Table S1) to a T7-promoter sequence (ATGTAATACGACTCAC-
TATA) for amdS cassette, and a 79 bp sgRNA tail (Hsu et al., 2013) (GTTTTA-
GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT-
GAAAAAGTGGCACCGAGTCGGTGCTTT), which were thenordered as a 
single-stranded DNA-oligonucleotides (119 bp sequences) from Sigma-Aldrich, 
UK. Forward and reverse DNA oligonucleotides were annealed to make double 
strands in T4 ligase buffer (Thermo Fisher Scientific, USA). The mixture was 
incubated at 100 °C for 5 min followed by cooling to 25 °C following a gradual 
decrease of 1 °C for 30 s in 75 cycles.

Subsequently, the sgRNA was synthesized in vitro using the Ambion MegaScript 
RNA synthesis Kit (Thermo Fisher Scientific, USA). The mixture contained: 3 
μL Nuclease-free water, 0.25 μL Superase RNAse inhibitor (20 U/μL, Thermo 
Fisher Scientific, USA), 1 μL 10x RNA synthesis buffer, 1 μL ATP, 1 μL GTP, 
1 μL CTP, 1 μL UTP, and 1 μL T7 enzyme Mix. The mixture was incubated in 
a PCR machine at 37 oC for 12 h with the lid heated at 105 oC to prevent evapo-
ration. The sgRNA synthesis mixture (0.5 μL) was analysed on 2% agarose gels 
and used for transformation experiments without further purification. 

For the deletion of Pc22g21440 gene (480 bp) or Pc21g20440 gene (968 bp), plas-
mid pAV1_6 (kindly provided by A. Viggiano, unpublished) was used that con-
tained the acetamidase gene, amdS, under the control of the gpdA promoter, and 
the amdS terminator (all genetic elements from Aspergillus nidulans) (Pohl et al., 
2016). The respective gene deletion cassettes were PCR amplified with primers 
corresponding to 100 bp long flanks with homology to the 5′- or 3′- region of 
each target gene which were combined with the amdS marker cassette (3368 bp 
in total). All primers used in this study are listed in Table S2.
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Fungal transformations and screening

Transformations of P. chrysogenum were described previously (Kovalchuk et 
al., 2012; Pohl et al., 2016). P. chrysogenum DS54468 Protoplasts were diluted to 
approximately 2 × 107 protoplasts per ml. Purified Cas9 protein was incubated 
with sgRNA at 37 oC for 15 min (Pohl et al., 2016). The mixture contained 10 μL 
Cas9 proteins (2.7 mg/ml), 35 μL 2 × STC buffer (2.4 M sorbitol, 100 mM CaCl2, 
20 mM Tris-HCl at pH 7.5), 30 μL 110 × Cas9 activity buffer, and 4 μL sgRNA 
synthesis mixture. Next, 3 μg of PCR-amplified donor DNA was co-transformed 
with the Cas9-sgRNA mixture using 100 μL of protoplast solution in 12 mL 
Greiner tube containing 100 μL of 20% Polyethylene glycol (PEG) and then the 
whole mixture was incubated on ice for 30 min. Then, 1.5 mL 60% PEG was add-
ed into the mixture and incubate at 25°C for 15 min without agitation followed 
by addition of 5 mL STC buffer and centrifugation for 5 min at 4 °C at 1500 rpm. 
Next, the pellet was re-suspended in 800 μL STC buffer. After transformation, 
protoplasts were spread on T-agar plates containing 1 M sucrose for recovery 
of protoplasts and 0.1 % acetamide for selection. Plates were incubated at 25 °C 
for 5 - 7 days. Colonies from the T-agar plates were then transferred to S-agar 
selection plates, and subsequently transferred to R-agar plates for sporulation. To 
confirm the integration of the donor DNA at the correct locus, colony PCR was 
performed using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific, USA) 
(Primers used are listed in Table S3). PCR products of selected colonies were 
sequenced by Macrogen Europe. 

Colony morphology in solid media

Rice grains were picked from rice batches of strain DS54468 or ΔrpiB and trans-
ferred into 9 mL sterile physiological saline solution (0.90 % w/v NaCl) and vor-
texed to release spores. Afterwards, the suspension was diluted 100 times and 
1000 fold, and 100 μL suspension was pipetted onto R-Agar plates, PPM-agar 
plates, and PPM + POA-agar plates which contains 2.5 g/L phenoxyacetic acid 
(POA), respectively and grown at 25 oC for nine days. 

Fermentation and phenotype in liquid media

For the DS54468, 1 × 106 spores per mL were grown in YGG medium at 25 oC, 
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200 rpm for 24 h. Next, 4 mL of each culture was divided into new flasks con-
taining 26 mL PPM + POA medium and growth was continued in a shaking in-
cubator at 25 oC, 200 rpm for 7 days. Samples were harvested at indicated times 
for cell dry weight determinations.

Metabolite analysis 

The DS54468 and ΔrpiB strains were grown in PPM + POA medium. For intra-
cellular metabolite analysis, mycelium was harvested at 1, 3, 5, 7 days and trans-
ferred into a Falcon tube containing 25 mL ice-cold 40% methanol and washed 
two times, followed by incubation in 25 mL 70% ethanol for 10 min in hot water 
bath at 85 oC to release the intracellular metabolites. Next, the samples were 
cooled down on ice for 5 min, centrifuged at 14,000 rpm for 10 min at 4 oC, fil-
tered through 0.2 µm PTFE syringe filters, quickly frozen in liquid nitrogen and 
stored at -80 oC if not used immediately.

The extracellular concentration of Penicillin V was determined with a Shimadzu 
HPLC LC-30AD system as described previously (Weber et al., 2012). LC-MS 
analysis was performed for detecting extracellular and intracellular secondary 
metabolites and was performed as described (Salo et al., 2016). All the metabo-
lites levels were corrected for growth differences by dry weight measurements, 
and the analysis was done with two biological samples with two technical dupli-
cates each. 

NADP/NADPH ratio analysis

Samples were taken after 3 and 5 days (50 mg of mycelium) of the DS54468 and 
ΔrpiB strains grown in shaking flask cultures in PPM + POA medium. Samples 
were quantified using the NADP/NADPH Quantification Kit (Sigma-Aldrich), 
and read at a wavelength of 450 nm by a 96-well microplate reader (Biotek Pow-
erwave Microplate Spectrophotometer). 

Expression analysis

Total RNA was isolated from mycelium grown in PPM+POA medium as the days 
indicated. Direct-zol™ RNA MiniPrep Kit (Zymo Research, USA) was used for 
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isolation of total RNA, followed by DNaseI treatment to remove genomic DNA 
contamination. Total RNA concentration was measured with a NanoDrop ND-
1000TM. Next, cDNA was synthesized from 1.5 μg total RNA per reaction by 
reverse transcription using the Maxima™ H Minus cDNA Synthesis Master Mix 
(Thermo Fisher Scientific, USA). For gene expression analysis, the actin gene 
(d) was used as a control for normalization. A negative reverse transcriptase 
(RT) control was performed to determine the gDNA contamination. The expres-
sion data was analysed for two biological replicates that were split into technical 
duplicates. qPCR measurements were performed with a MiniOpticonTM system 
(Bio-rad). The SensiMix™ SYBR® Hi-ROX Kit (Bioline) was used as Master-
mix for qPCR. The thermocycler procedure was initiated with 95 oC for 10 min, 
followed by 40 cycles of 95 for 15 s, 60 oC for 30 s, and 72 oC for 30 s. All the 
primers used for qPCR analysis are listed in Table S4.

Results

Identification of two ribose 5-phosphate isomerase enzymes 

The P. chrysogenum Wisconsin54-1255 genome encodes two genes (Pc21g20440 
and Pc22g21440) that might specify a ribose 5-phosphate isomerase (Rpi) activ-
ity. Sequence alignment suggests that Pc21g20440 belongs to the RpiA family 
while Pc22g21440 belongs to RpiB family. These proteins share no significant 
sequence identity and also their molecular masses differ (i.e., ~29 versus ~17 kDa 
for RpiA and RpiB, respectively). Both genes are expressed (van den Berg et al., 
2008) and upregulated in the DS17690 strain versus the Wisconsin54-1255 (Fig. 
2). The two proteins encoded by Pc21g20440 and Pc22g21440 were overexpressed 
as 6×his-tag versions and purified from E. coli BL21 (DE3) cells by Ni-affinity 
chromatography (Fig. 3). To characterize the enzymes, the ribose 5-phosphate 
isomerase activity was measured with the reversed direction as carried out in 
the connecting steps of the oxidative and non-oxidative section of the pentose 
phosphate route. Enzyme activity and kinetic measurements revealed that the 
purified proteins function as ribose 5-phosphate isomerases (Table 1). However, 
RpiA has a significantly higher specific activity than RpiB ( > 260 times higher) 
while they have the same affinity for ribose 5-phosphate. In contrast to RpiB, 
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the enzyme activity of RpiA was strongly inhibited by high concentrations of 
ribose 5-phosphate (up to 50 mM). This is consistent with its role in the pentose 
phosphate pathway as ribose 5-phosphate is a precursor to nucleotide formation 
and accumulation of ribose 5-phosphate signals a lesser demand for biosynthesis 
of DNA and RNA.

Comparative genomic analysis between Wisconsin54-1255 and DS17690 strains 
revealed that a point mutation at site 122 (amino acid change from Lysine to 
Serine) appears in RpiB (Salo et al., 2015b). To assess the impact of this point 
mutation on RpiB enzyme activity, also the mutant protein was overexpressed in 
E. coli BL21 (DE3) cells and purified. Enzyme activity measurements (Table 1) 
revealed that the mutant has lost ~ 80% of the activity as compared to the wild-
type with a small decrease in affinity for ribose 5-phosphate. Consequently, its 
catalytic efficiency (kcat) decreased drastically. These results demonstrated that 
the point mutation (L122S) largely inactivated RpiB. Although the expression 
level of RipB is about 3-fold higher than that of RpiA (Fig. 2), the vast difference 
in activity between the mutated RpiB and RpiA, suggest that the latter enzyme is 
more important in sustaining the pentose phosphate pathway.

Fig. 2. Average transcript levels of the Pc22g21440 gene (rpiB) and Pc21g20440 gene 
(rpiA) in chemostat, glucose limited cultures of P. chrysogenum Wisconsin54-1255 and 
DS17690 (a high yielding strain, derivative of Wisconsin lineage) with or without addi-
tion of side chain precursor phenylacetic acid (PAA) (van den Berg et al., 2008).
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Fig. 3. SDS-PAGE of purified RpiA (lane 2), RpiB (lane 3) and RpiB(L122S) (lane 4). 

MW: molecular weight, Lane 1: marker.

Phenotype of the rpiB gene deletion strain 

To explore the importance of the two Rpi enzymes in P. chrysogenum, their 
respective genes were deleted by the use of the CRISPR/cas9 technology. The 
structural genes were replaced by amdS resistance cassette through homologous 
recombination followed by selection on agar plates containing 0.1 % acetamide. 
rpiB was successfully removed from the genome of the DS54468 strain as ver-
ified by sequencing (Macrogen, Europe), whereas rpiA could not be deleted de-
spite several attempts using different sgRNAs (Fig. 4&5).

The oxidative branch in pentose phosphate pathway is the major source for NA-
DPH supply. Therefore, the NADP/NADPH ratios were quantified in cells grown 
for 3 and 5 days in shaken flasks in PPM+POA medium. Only small difference 
were observed in the NADP/NADPH ratio when comparing the DS54468 and 
ΔrpiB strains (Table 2).

Table 1. Enzyme kinetic of purified ribose 5-phosphate isomerases.

Enzyme
Specific activity
(μmol/min/mg)

Vmax

(μmol/min/mg)
Km

(mM)
Ki

(mM)
kcat

( s-1)
RpiA 783.2 ± 16.9 1546 ± 261.2 6.8 ± 1.9 30.5 ± 9.5 747.2 ± 126
RpiB 3.31 ± 0.01 4.05 ± 0.29 7.2 ± 1.8 No 1.15 ± 0.07

RpiB-L122S 0.58 ± 0.01 0.74 ± 0.05 9.4 ± 2.2 No 0.21 ± 0.01
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Fig. 4. Phenotype of DS54468 and ΔrpiB strain after 5 and 5 days of growth on three 
different solid medium, i.e., YGG, PPM- and PPM+POA-agar plates.

Fig. 5. Levels of isopenicillin N, 6-aminopenicillanic acid (6-APA) and penicillin V as 
corrected by dry weights measurements (g/kg broth) by the DS54468 and ΔrpiB strains 
grown on PPM medium with the absence or presence of POA. 6-APA is mainly produced 
without POA, while Penicillin V is mainly produced with the addition of POA.

Table 2. NADP/NADPH ratio in cell lysates of strain DS54468 and ΔrpiB grown for 3 
and 5 days in PPM + POA medium.

Day/Ratio DS54468 ΔrpiB
Day 3 0.95 ± 0.01 0.81 ± 0.003
Day 5 0.97 ± 0.04 1.01 ± 0.05
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Effect of rpiB deletion on gene expression of the pentose phosphate path-
way
To explore the effect of the inactivation of rpiB on the transcription of other genes of the 
pentose phosphate pathway, qPCR was performed on seven genes, including three genes 
involved in non-oxidative branch and four genes involved in oxidative branch (Fig. 1). 
RNA was isolated from mycelium of the parental and mutant strain grown in PPM + POA 
medium for 3 and 5 days. Expression of most of the genes involved in pentose phosphate 
pathway remained unaltered, except for Pc19g00410 and Pc12g08920 genes which were 
more than 2 fold up-regulated, and the Pc12g00550 gene which was 2 fold down-reg-
ulated after 5 days of growth (Fig. 6). Pc19g00410 and Pc12g08920 gene are predicted 
to encode a 6-phosphogluconate dehydrogenase (EC:1.1.1.44) while Pc12g00550 is pre-
dicted to encode ribulose-phosphate 3-epimerase (EC:5.1.3.1) (Fig. 1). Since NADPH 
supply is necessary for cysteine biosynthesis, the expression of eleven genes involved in 
cysteine biosynthesis were also examined (Table S5). However, the expression of these 
genes remained unaltered in the △rpiB mutant as compared to the parental strain (data 
not shown).

Fig. 6. Gene expression of genes of the pentose phosphate pathway by qPCR analysis in 
strains DS54468 and ΔrpiB grown in liquid PPM + POA medium. Samples were taken 
after 3 and 5 days. Data are shown as a fold change (ΔrpiB/DS54468)
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Discussion
The process of classical strain improvement of P. chrysogenum for improved pen-
icillin production under industrial conditions has led to many mutations and gene 
rearrangements (Salo et al., 2015). A point mutation occurred in the Pc22g21440 
gene (rpiB) of P. chrysogenum DS17690 strain relative to its progenitor Wiscon-
sin54-1255. Here we identified the rpiB gene as a ribose 5-phosphate isomerase 
belonging to the RpiB family and showed that the point mutation (L122S) largely 
inactivates this enzyme. In addition, the P. chrysogenum genome contains the 
Pc21g20440 gene (rpiA) which is predicted to specify another ribose 5-phos-
phate, but belonging to the RpiA family. RpiA appears more than two orders of 
magnitude active than RpiB, although unlike RpiB, RpiA is inhibited by high 
concentrations of ribose 5-phosphate. Unlike RpiB, the gene specifying RpiA 
could not be deleted from the P. chrysogenum genome. Likely, because this gene 
is essential considering the fact that it will be the main enzyme that connects 
the oxidative and non-oxidative branch of the pentose phosphate pathway and 
required for the production of ribose 5-phosphate, a precursor to nucleotide bio-
synthesis needed energy metabolism, and DNA and RNA biosynthesis. Notably, 
the ΔrpiB strain showed no apparent difference when compared with the parental 
strain. Similar growth on plates and liquid media were observed whereas also 
the secondary metabolite pattern remained the same. Likewise, the expression 
of most of the genes involved in pentose phosphate pathway and L-cysteine bi-
osynthesis pathway remained unaffected and the ratios of NADP/NADPH for 
both strains was also similar. This phenotype is not unexpected as RpiB already 
lost more than 80 % of its activity due to its L122S mutation. Furthermore, with 
the wild-type, the specific activity is already two orders of magnitude lower 
as compared RpiA which is not compensated by the slightly higher expression 
level. Thus it appears that RpiA is the main ribose 5-phosphate isomerase in P. 
chrysogenum. Interestingly, the gene encoding RpiA shows a modest but signif-
icant upregulation in higher penicillin yielding strains which may further under-
score its importance.

In our enzymatic analysis, the Rpi activity was measured as the interconversion 
of ribose-5-phosphate into ribulose-5-phosphate, which was because of practical 
reasons considering the high costs of ribulose 5-phosphate. High concentrations 
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of ribose 5-phosphate were found to inhibit RpiA in contrast to RpiB. This prod-
uct inhibition helps to regulate the metabolism and balance the formation of hex-
ose versus ribose sugars for the production of nucleic acids (RNA/DNA). Since 
penicillin production requires a large supply of NADPH, a high flux through the 
oxidative part of the pentose phosphate pathway will result in higher levels of 
ribose 5-phosphate, not needed for nucleic acid production. Possibly, the inacti-
vation of the RpiB activity, which is insensitive to product inhibition, allows for 
a better regulation of the ribose 5-phosphate flux through the nonoxidative part 
of the pentose phosphate pathway in high penicillin yielding strains. 

Given the importance of NADPH for cysteine production, the balance of the 
overall pentose phosphate pathway will be important for high level penicil-
lin production. In a proteomic study (Jami et al., 2010), RpiB was detected in 
the proteome of the AS-P-78 strain, but appeared absent in the proteome of 
NRRL1951 and Wisconsin54-1255 strains. In contrast, expression data indicates 
that both RpiB and RpiA are present in P. chrysogenum Wisconsin54-1255 and 
DS17690 (van den Berg et al., 2008) and both are even up-regulated in DS17690 
strain. Pc22g13590 was found to be present at an almost 4-fold higher level in 
the AS-P-78 strain compared to Wisconsin54-1255 (Jami et al., 2010), This pro-
tein is annotated as a transketolase and connects the pentose phosphate pathway 
to glycolysis, feeding excess sugar phosphates into the main carbohydrate met-
abolic pathways (Fig. 1). The respective gene is also up-regulated significantly 
in DS17690 strain, and very low expressed in Wisconsin54-1255 strain (Table 
S5). The Pc12g00550 gene, annotated as a ribulose-phosphate 3-epimerase that 
catalyses the interconversion between D-ribulose 5-phosphate and D-xylulose 
5-phosphate, was found to be down-regulated in the DS17690 strain as com-
pared to Wisconsin54-1255 (Table S5). The gene is further down-regulated in the 
∆rpiB strain. These responses may compensate for the potentially reduced ribose 
5-phosphate formation due to the partial and complete inactivation of rpiB in the 
DS17690 strain and in the DS54468/∆rpiB strain. These responses may compen-
sate for the potentially reduced ribose 5-phosphate formation due to the partial 
and complete inactivation of rpiB in the DS17690 strain and in the DS54468/∆ 
rpiB strain, respectively. In addition, the genes involved in the oxidative branch 
in the pentose phosphate pathway (Fig. 1), i.e., Pc20g03330 and Pc12g10940 are 
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up-regulated slightly in the DS17690 strain (Table S5). Taken together, the com-
bined experimental and literature data, suggest a higher flux through the pentose 
phosphate pathway to accommodate the increased demand for NADPH, and reg-
ulatory responses to effectively shuttle the excess ribose 5-phosphate back into 
hexose sugars.
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Supplementary information

Table S1. Genetic targets and PAM sites following the protospacer sequence of the sgR-
NA (underlined).

Target Target size (bp) Protospacer sequences (5ʹ to 3ʹ)
Pc22g21440 
RpiB

480 GCTCAGGATGGAGCGTTCAACGG 
GAAGCGGTAGTTGAGCCAGTCGG

Pc21g20440 
RpiA

968 GCAAAGAGGAAAGAAAACGAAGG 
GCTCGCGGATGGCCGGACGGCGG 
GCTGATCAAGGCCGACATCGAGG

Table S2. Primers used for the preparation of donor DNA.

Name Sequences
RpiB_amdS_F
 
 
RpiB_amdS_R
 
 
RpiA_amdS_F
 
 
RpiA_amdS_R

AACTTCCTTATCTCACTCACTCTCTCTCTATACCATTCGATTCTCTATCGATCA 
ATCCATACTCTTGTACATTCTTCATCCTCCTGTCCATACCTCCATCTGGATCCC 
CCGGGCTGCAGG
CGGAGGGTTGGCAGTGTTGGGCGACAATACCAGGGGGTTTCTCCAGACATC 
CCAGGTGTTTCGGGTGTCATGGGGAGATGAGACAAAGACAATCTACCGCTC 
GTACCATGGGTTGAGTGG
ATCAGCCCTCATCTCCCCTCTTTTCATCTGCCGTAGACTCACCCCCACCATCC 
CCACACTTTTTCGCACCCTCCAAAGTCCCCAAAGACGCCAATCCACCTGGAT 
CCCCCGGGCTGCAGG
CAAGGCTTAACAGAAAGCAAAATCTTGGTATCATCTACATTATTTACGTAGTC 
TCATGTTCATTCGCCAAAAGTCCAACTATATACATAGACATTACCGCTCGTAC 
CATGGGTTGAGTGG

Table S3. Primers used for colony PCR

Name Sequences
RpiB Seq FW
RpiB Seq RV
RpiA Seq FW
RpiA Seq RV

ACCCCCTTGGTGTACTCCCAAATC
TGCGCTGTGAGAACTAAGAAAGG
GGCTCGAAAAATCCACCAAATCC
CCAAAACACAATCCCAAACAGCC

Table S4. Primers used for qPCR analysis.

Primers Sequences
Pc20g11630 
(Actin gene)

FW CGACTACCTGATGAAGATCCTCGC 
RV GTTGAAGGTGGTGACGTGGATACC

Pc20g08350 FW TATGGCAACACTCGGGCAAT 
RV TTGGCGAGAGAAGTGCTGAG

Pc21g18210 FW GGTTCTACGTGGTCTGCCTC 
RV GCAATGGGCACAATAGCTCG

PC21G14890 FW TACCGCTGTCTGGATGAGGA 
RV TTCTGCAGGTGCTTCGGAAT
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PC20G10940 FW CTGCATTGGAAACACGCCTC 
RV CCCGAGTTTCAGAAGCAGGT

PC12G05420 FW TCGTGGTCGACAGTGGAAAG 
RV AGGCCGAGGATCAGTTGTTG

PC13G05320 FW GCATTGCCCTTCGCATGATT 
RV ATTCAAGGCACGTAGGACGG

PC13G06020 FW TAACCCCACTCGCACACATC 
RV ACGATAATTCCGCCGTTGGT

PC21G05430 FW CCACTCCGATGTCCTGATGG 
RV CGGGGTAGTTGACGGAGATG

PC13G05830 FW CCTGGGACGAAATTGTGGGA 
RV TCGTGACGGTCAAATGGAGG 

PC16G12440 FW ACCTCTAACAATGCCCACCC 
RV CGAACTCGCGGGAATAGACA

Pc21g20440 FW AAAGGTCGCCGTCGAAAAAC 
RV TCGAATGCCACATCGAGGAC

Pc22g21440 FW TCGGTGTCAACTCAACCTCC 
RV GCGAGCTTCTTGGCCAATTC

PC12g00550 FW GATTAAGCCCGATACCCCCG 
RV ATCGGCAGCCTGGTCAATAG

Pc22g13590 FW TGCGAAGTCATCAACCACGA 
RV TCATTCACGGCTTCACCGAA

Pc20g03330 FW ACGAGCTTGTCATCCGTGTT 
RV TAGTGCAGGAGGGGAGTGAA

Pc12g10940 FW ATTACCAACGCCTACCGCAA 
RV AAGTGTGGGCACCGAAGTAG

Pc19g00410 FW GAATTCCAGGGCCGAAGTCA 
RV TTGTCCAGTGATGATCCGCC

Pc12g08920 FW CGCAAGTGGAAACCGCATAG 
RV AGTTGACATCCCAGCCTTCG

Table S5. Average transcript levels of genes involved in pentose phosphate pathway 
(black color) and L-cysteine biosynthesis (red color) derived transcriptome analysis of P. 
chrysogenum strains grown in shaking flasks in PPM medium for 5 days in the presence 
and absence of phenylacetic acid (PAA) (van den Berg et al., 2008).

Gene name Predicted function
Wisconsin DS17690 

-PAA +PAA -PAA +PAA
Pc21g20440 ribose 5-phosphate isomerase A 426 524 611 744
Pc22g21440 ribose 5-phosphate isomerase B 1415 1618 2440 2253
Pc12g00550 ribulose-phosphate 3-epimerase 356 410 252 246
Pc22g13590 Transketolase 54 40 877 456
Pc20g03330 glucose-6-phosphatedehydrogenase 386 422 509 480
Pc12g10940 6-phosphogluconate dehydrogenase 1455 1949 1991 2098
Pc12g08920 6-phosphogluconate dehydrogenase 12 12 12 12
Pc19g00410 6-phosphogluconate dehydrogenase 12 12 12 12
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Fig. S1. Levels of secondary metabolites in the culture broth of the parental strain 
DS54468 and ΔrpiB strain grown on PPM+POA medium for different days. Peak areas of 
the LC-MS signal were corrected for cell dry weight.
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The filamentous fungus Penicillium chrysogenum has been studied extensive-
ly in relation to its industrial use for the production of penicillins and other 
b-lactams. Ever since the discovery of penicillin by Alexander Fleming, strains 
were subjected to extensive modifications through classical strain improvement 
(CSI) and selection to enhance penicillin production. The CSI took several dec-
ades wherein the fungus was exposed to numerous rounds of random mutagen-
esis (such as UV irradiation, X-ray and nitrogen mustard) to also improve on 
their use in large scale industrial fermentation. In this process, many mutations 
occurred that are not readily associated with penicillin production. A main line-
age of P. chrysogenum industrial strains started with the NRRL family such as 
NRRL1951 as wild-type like natural isolate, which eventually led to the Wiscon-
sin family such as Wisconsin54-1255 that is a Laboratory reference strain whose 
genome sequence was determined (van den Berg et al., 2008). The Wisconsin 
strain was further subjected to CSI by different industrial parties. The series of 
DS strains (such as DS17690 high-producer strain) was developed by DSM in 
the Netherlands. Currently, with the information available in the public domain, 
industrial P. chrysogenum strains can produce at least 50 mg/mL penicillin in 
fed-batch cultures (Peñalva et al., 1998). Much of the research in the last decade 
on such strains was aimed to understand the underlying mechanisms for en-
hanced penicillin production and to find way to improve this process even fur-
ther by molecular biology methods. Also, this research provides insights in how 
the classical strain improvement transformed P. chrysogenum into an excellent 
cell factory for penicillin production. 

Chapter 1 gives an overview of a series of industrial P. chrysogenum strains 
which have been developed through the process of classical strain improvement, 
and this chapter integrates the genomic, transcriptomic and proteomic studies 
performed so far. It also discusses the enzymology of the biosynthetic pathway 
for producing penicillin, as well as the precursor supply, most notably the bio-
synthesis of the three amino acids precursors and of NADPH. Novel methods for 
genome engineering, especially the CRISPR/Cas9 technology, are briefly intro-
duced in this chapter. 

Genome, proteome and transcriptome analysis have revealed some of the un-
derlying mechanisms that CSI introduced to enhance the performance of P. 
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chrysogenum to produce penicillins at large scale. In particular the amplification 
of the penicillin biosynthetic gene cluster (Fierro et al., 1995) was a major event. 
The availability of the genome sequence of Wisconsin54-1255, in combination 
with transcriptome studies revealed further mechanisms of classical strain im-
provement enhanced penicillin production, including the altered expression of 
genes involved in amino acid metabolism (van den Berg et al., 2008; Jami et al., 
2010) that likely enhanced precursor fluxes towards penicillin production, the 
reduction of the production of other unrelated secondary metabolites (Cram and 
Tishler, 1948) as well as the increased proliferation of microbodies in which crit-
ical enzymatic steps of penicillin biosynthesis are localized (Kiel et al., 2005). 
However, only through a deeper inspection of the mutations accumulated during 
the CSI by genome sequencing of a lineage of strains, it became apparent that the 
strains collected many mutations that are scattered over the chromosome (Salo et 
al., 2015). Statistically, it was not evident that certain functional classes are spe-
cifically hit by the mutations, but closer inspection suggests that at least part of 
the mutations can be associated with processes that are important for penicillin 
production. 

Seven of the mutations introduced during the CSI targeted genes involved in 
amino acid metabolism, in particular cysteine biosynthesis (Salo et al., 2015). 
In Chapter 2, the enzyme functions of these genes were determined purifying 
the respective proteins after overexpression in E. coli. Also, the impact of the 
point mutations was determined. Point mutations in the threonine and serine 
deaminases severely impaired the enzyme functions which in effect abolished 
the branched pathways for threonine and serine degradation, thus likely allowing 
a larger flux towards cysteine biosynthesis. Also the gene encoding for trypto-
phan synthase that catalyses the conversion of L-serine into L-tryptophan was 
found to be inactivated by a point mutation. With another gene encoding the 
5-aminolevulinate synthase which consumes glycine, the point mutation had no 
effect on the catalytic function. Three genes which play a direct role in cysteine 
biosynthesis showed a slight increase in activity upon mutagenesis and/or exhib-
ited elevated gene expression levels in higher yielding strains. These results indi-
cate that several of the mutations introduced during CSI contributed to improved 
cysteine biosynthesis mostly through the inactivation of competing pathways. 
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These results further underscore the notion that cysteine availability is key factor 
for efficient penicillin production.

Chapter 3 further explores the role of cysteine biosynthetic pathways for cell 
growth and secondary metabolism. There are two pathways for cysteine biosyn-
thesis in P. chrysogenum, namely, the direct sulfhydrylation (Trip, 2005) and 
transsulfuration (Ostergaard et al., 1998) pathways . It is unknown which of these 
pathways is responsible for the cysteine supply during penicillin production. 
Through heterologous expression in E. coli, purification and enzymatic analysis, 
the key enzymes catalyzing the first committed step of the direct sulfhydrylation 
and transsulfuration pathways were identified as the serine O-acetyltransferase 
(Pc22g16570) and homoserine O-acetyltransferase (Pc21g18210), respectively. 
Their specific activities and gene expression levels suggest that the transsulfura-
tion pathway is more active in P. chrysogenum strains. Attempts to inactivate the 
responsible gene, i.e., Pc21g18210 using the CRISPR/cas9 technology were un-
successful, even when the mutant selection was done in the presence of a surplus 
cysteine in the medium. On the other hand, Pc22g16570 of the direct sulfhydryl-
ation pathway was readily deleted, and the resultant strain showed retarded cell 
growth and was partially impaired in the production of secondary metabolites, 
such as isopenicillin and 6-aminopenicillin acid, as well as metabolites related to 
chrysogine and roquefortine. Most of these defects could, however, be restored 
when the medium was supplemented with cysteine, except for the production of 
roquefortine related metabolites. Rather, with the latter metabolites, the addi-
tion of high concentrations of cysteine inhibited roquefortine production in the 
parental strain by an unknown mechanism. We hypothesize that the addition of 
cysteine restores chrysogine production, as alanine, one of the building blocks of 
this nonribosomal peptide can be readily derived from cysteine, while the roque-
fortines are derived from the condensation of L-histidine and L-tryptophan. 
Tryptophan biosynthesis is competing with cysteine biosynthesis for L-serine, 
and thus the restoration by external cysteine may alleviate the depletion of L-ser-
ine.

These data suggest that the direct sulfhydrylation pathway is important, but not 
essential for cell growth and secondary metabolism in P. chrysogenum strains, 
suggesting the transsulfuration pathway is the main route for cysteine biosynthe-
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sis. Likely, both pathways contribute to cysteine supply for penicillin production, 
while the direct sulfhydrylation seems to function at early stage of fermentations.

The pentose phosphate pathway is the main source of NADPH supply in the cell 
and the NADPH demand of cells producing penicillin is high as it is required for 
cysteine biosynthesis. In Chapter 4, the impact of CSI on the pentose phosphate 
pathway was studied. The CSI led to a point mutation in ribose-5-phosphate 
isomerase B (RpiB) which is encoded by the Pc22g21440 gene. In P. chrysoge-
num, there are two genes encoding for a ribose-5-phosphate isomerase (Rpi), 
namely Pc21g20040 for RpiA, and Pc22g21440 for RpiB. The two genes were 
expressed in E. coli, purified and the enzyme kinetics were examined for the 
reversed reaction in which the substrate ribose-5-phosphate is converted into 
ribulose 5-phosphate. RpiA was found to be two-orders of magnitude more 
active than RpiB while both enzymes exhibited about the same affinity for ri-
bose-5-phosphate. Unlike RpiB, RpiA was inhibited by high concentrations of 
R5P. The point mutation (L122S) that occurred in RpiB during the CSI led to an 
almost complete inactivation of this enzyme (up to 80%). Considering the lower 
expression of RpiB, its limited activity and the mutation induced inactivation, 
it appears that RpiA is the main isomerase catalyzing the conversion of Ru5P 
into R5P. Indeed, the rpiB gene could be readily removed from the genome of P. 
chrysogenum DS54468 without an apparent phenotype in growth and second-
ary metabolite formation, whereas various attempts failed to inactivate the rpiA 
gene. The product inactivation of RpiA is likely of importance in P. chrysoge-
num strains enhanced for penicillin production. Whereas there is an enhanced 
demand for NADPH in such strains to accommodate amongst others cysteine 
biosynthesis, such requirement likely does not exist for ribose 5-phosphate for-
mation that mainly acts as precursor for RNA and DNA synthesis. Therefore, 
excess ribulose 5-phosphate will be converted into xylulose 5-phosphate for the 
re-arrangement reactions with ribose 5-phosphate that lead to the formation of 
fructose 6-phosphate in the non-oxidative branch of the pentose phosphate route. 
The feedback inhibition of RpiA by ribose 5-phosphate thus helps to control the 
flux through the non-oxidative branch and to maintain the balance between NA-
DPH requirement and ribose 5-phosphate demand. 

Summarizing, in this thesis, we have examined the impact of mutations intro-
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duced into P. chrysogenum during CSI in amino acid metabolism, and the re-
sults shows that many of the mutations served to inactive competing biosyn-
thesis pathway to optimize the precursor flux towards cysteine biosynthesis. In 
addition, the work shows that other mutations in metabolism in a subtler manner 
contributed to optimized penicillin production, whereas some mutations had no 
effect, likely reflecting side effects of the rather harsh way the mutations were 
induced during the CSI programme. Here in this thesis, a number of genes were 
studied and their functions were identified. However, many other genes obtained 
mutations and their functions still remain unknown. Along with the genome se-
quencing techniques, the advent of novel genome editing system, namely CRIS-
PR/Cas9 technology provides a powerful tool for unravelling the exact gene and 
pathway functions of interest. This can be approached by deleting certain genes 
and observing the changes and effects on phenotypes. Of interest would be the 
removal of the direct sulfhydrylation pathway by deleting the Pc22g16570 gene 
encoding for the enzyme catalyzing the first-step reaction. This will contribute 
to a better understanding of the role of the two pathways for cysteine biosynthesis 
in P. chrysogenum. This should be combined with techniques of monitoring the 
levels of intracellular and extracellular metabolites. By use of these technologies, 
the underlying mechanism of classical strain improvement on P. chrysogenum 
strains for enhanced penicillin production will be revealed at an unprecedent-
ed detail and also will give guidance for increasing the titers of valuable second-
ary metabolites in cells in a rational manner.

References
Cram, D. J., Tishler, M., 1948. Mold metabolites. I. Isolation of several compounds from 

clinical penicillin. Journal of the American Chemical Society. 70, 4238-4239.
Fierro, F., Barredo, J. L., Diez, B., Gutierrez, S., Fernandez, F. J., Martin, J. F., 1995. The 

penicillin gene cluster is amplified in tandem repeats linked by conserved hexa-
nucleotide sequences. Proc Natl Acad Sci U S A. 92, 6200-6204.

Hein, T., 2005. Amino acid transport in Penicillium chrysogenum in relation to precursor 
supply. University Library Groningen.

Jami, M. S., Barreiro, C., Garcia-Estrada, C., Martin, J. F., 2010. Proteome analysis of the 
penicillin producer Penicillium chrysogenum: characterization of protein chang-
es during the industrial strain improvement. Mol Cell Proteomics. 9, 1182-1198.



125

Summary and Prospects

Kiel, J. A., van der Klei, I. J., van den Berg, M. A., Bovenberg, R. A., Veenhuis, M., 2005. 
Overproduction of a single protein, Pc-Pex11p, results in 2-fold enhanced peni-
cillin production by Penicillium chrysogenum. Fungal Genet Biol. 42, 154-164.

Ostergaard, S., Theilgaard, H. B. A., Nielsen, J., 1998. Identification and purification of 
O-acetyl-L-serine sulphhydrylase in Penicillium chrysogenum. Appl Microbiol 
Biotech. 50, 663-668.

Peñalva, M. A., Rowlands, R. T., Turner, G., 1998. The optimization of penicillin biosyn-
thesis in fungi. Trends Biotechnol. 16, 483-489.

Salo, O. V., Ries, M., Medema, M. H., Lankhorst, P. P., Vreeken, R. J., Bovenberg, R. A., 
Driessen, A. J., 2015. Genomic mutational analysis of the impact of the classical 
strain improvement program on beta-lactam producing Penicillium chrysoge-
num. BMC Genomics. 16, 937.

van den Berg, M. A., Albang, R., Albermann, K., Badger, J. H., Daran, J. M., Driessen, A. 
J., Garcia-Estrada, C., Fedorova, N. D., Harris, D. M., Heijne, W. H., Joardar, V., 
Kiel, J. A., Kovalchuk, A., Martin, J. F., Nierman, W. C., Nijland, J. G., Pronk, J. 
T., Roubos, J. A., van der Klei, I. J., van Peij, N. N., Veenhuis, M., von Dohren, 
H., Wagner, C., Wortman, J., Bovenberg, R. A., 2008. Genome sequencing and 
analysis of the filamentous fungus Penicillium chrysogenum. Nat Biotechnol. 
26, 1161-1168.



126



127

Samenvatting en Conclusies



128

Samenvatting en Conclusies

De filamenteuze schimmel Penicillium chrysogenum is veelvuldig bestudeerd 
in relatie tot het industriële gebruik ervan voor de productie van penicillines en 
andere β-lactam antibiotica. Nadat Alexander Fleming penicilline ontdekte, wer-
den deze P. chrysogenum stammen onderworpen aan uitgebreide modificaties 
door middel van klassieke stamverbetering (Classical Strain Improvement, CSI) 
en specifiek selectie op penicilline productie. De CSI leverde gedurende tien-
tallen jaren goede resultaten op waarbij de schimmels werden blootgesteld aan 
talrijke rondes van niet-specifieke mutagenese (zoals b.v. UV-bestraling, rönt-
genstraling en stikstofmosterd) om zo de industriële productie te verbeteren. In 
dit proces traden er natuurlijk ook veel mutaties op die niet direct geassocieerd 
zijn met de verbeterde penicilline productie. Eén van deze verbeterde industriële 
P. chrysogenum stammen begon met de wild-type stam NRRL1951, dat uitein-
delijk leidde tot de Wisconsin-familie. En één van deze stammen uit deze familie 
is de Wisconsin54-1255 stam, een laboratorium stam waarvan de genoomse-
quentie is bepaald waardoor deze veelvuldig als referentie stam wordt gebruikt. 
Ook deze Wisconsin stam werd verder onderworpen aan CSI door verschillende 
industriële partijen. De reeks DS-stammen (zoals ook de industriële penicilline 
producerende DS17690 stam) is ontwikkeld door DSM in Nederland. Momenteel 
kunnen industriële P. chrysogenum stammen ten minste 50 mg/mL penicilline 
produceren in een “fed-batch” fermentatie. In het laatste decennium is enerzijds 
veel van het onderzoek naar dergelijke stammen gericht op het begrijpen van het 
mechanisme voor de verbeterde penicillineproductie en anderzijds op (molecu-
lair biologische) manieren om dit proces nog verder te verbeteren. Ook biedt dit 
onderzoek inzicht in hoe de klassieke stamverbetering P. chrysogenum transfor-
meerde tot een uitstekende “penicilline productiemachine”.

Hoofdstuk 1 geeft een overzicht van verschillende industriële P. chrysogenum 
stammen die zijn ontwikkeld middels klassieke stamverbetering (CSI), waarbij 
verschillende analyses, op DNA, RNA en eiwit niveau, worden gebruikt. Het 
behandelt ook de eiwitten betrokken bij de bio-synthetische penicilline route, 
evenals de aanvoer en productie van de basiselementen daarvoor, met name de 
biosynthese van de drie benodigde aminozuren en van NADPH. Ook nieuwe me-
thoden om aanpassingen te doen in het genomische DNA, met name de CRISPR/
Cas9-technologie, worden in dit hoofdstuk kort besproken. 
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DNA, RNA en eiwit analyse hebben enkele van de onderliggende mechanismen 
onthuld die met behulp van CSI zijn geïntroduceerd en waardoor de penicilline 
productie door P. chrysogenum zijn verbeterd. Hierin is de amplificatie van het 
penicilline biosynthetische (gen) cluster een belangrijke gebeurtenis geweest. De 
beschikbaarheid van de genoomsequentie van Wisconsin54-1255, in combinatie 
met RNA analyse, onthulde verdere mechanismen die leiden tot verhoogde pe-
nicillineproductie, waaronder de veranderde expressie van genen die betrokken 
zijn bij het aminozuurmetabolisme. Deze aanpassingen verhogen waarschijnlijk 
de aanvoer van “bouwstenen” naar de penicillineproductie alsmede de vermin-
derde productie van andere niet-verwante secundaire metabolieten evenals de 
toegenomen proliferatie van microbodies waarin essentiële enzymatische stap-
pen voor de penicillinebiosynthese zijn gelokaliseerd. Echter, door uitgebreide 
analyse van de gevonden genoom mutaties die tijdens de CSI zijn opgetreden, 
werd duidelijk dat de verbeterde stammen veel mutaties hadden die verspreid wa-
ren over de verschillende chromosomen. Statistisch gezien was het niet evident 
dat bepaalde functionele klassen van genen veel mutaties bevatten, maar nadere 
inspectie suggereert dat ten minste een deel van de mutaties geassocieerd kan 
worden met processen die belangrijk zijn voor de penicilline productie.

Zeven van deze mutaties die zijn geïntroduceerd tijdens de CSI zijn gelokaliseerd 
in genen betrokken bij het aminozuurmetabolisme, en in het bijzonder bij de 
cysteïne biosynthese. In Hoofdstuk 2 werd de enzym functionaliteit van deze 
genen bepaald na overexpressie en zuivering van de betrokken eiwitten in E. 
coli. Ook werd de invloed van de gevonden mutaties bepaald waarbij de muta-
ties in de threonine- en serine-deaminases de functie van deze enzymen ernstig 
hebben verzwakt. Hierdoor is de verdere route voor threonine en serine afbraak 
geëlimineerd waardoor de flux naar de cysteïne biosynthese groter kan zijn. Ook 
bleek het gen dat codeert voor het tryptofaan synthase, dat de omzetting van 
serine in tryptofaan katalyseert, geïnactiveerd is door een mutatie. Een ander 
gen dat codeert voor het 5-aminolevulinaat synthase, dat gerelateerd is aan de 
omzetting van glycine, had ook een puntmutatie maar deze had geen effect op 
de katalytische functie. Drie genen die een directe rol spelen bij de biosynthese 
van cysteïne vertoonden een lichte toename in activiteit na de mutagenese en/of 
vertoonden een verhoogd genexpressie niveau in stammen met een verhoogde 
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productie. Deze resultaten geven aan dat verschillende mutaties die zijn geïn-
troduceerd tijdens CSI direct bijdragen aan een verbeterde cysteïne biosynthese 
door voornamelijk de inactivatie van concurrerende routes. Deze resultaten on-
derstrepen verder het idee dat beschikbaarheid van cysteïne essentieel is voor de 
efficiënte productie van penicilline.

In Hoofdstuk 3 wordt de rol van de cysteïne biosynthetische route voor celgroei 
en secundair metabolisme verder onderzocht. In P. chrysogenum zijn er twee 
routes voor cysteïne biosynthese: de directe sulfhydrylatie (Trip, 2005) en de 
transsulfuratie route. Het is onbekend welke van deze routes verantwoordelijk 
is voor de aanvoer van cysteïne tijdens de penicilline productie. Door middel 
van heterologe expressie in E. coli, en bijbehorende zuivering en enzymatische 
analyse, werden de essentiële enzymen, benodigd bij de eerste omzetting in res-
pectievelijk de sulfhydrylatie- en transsulfuratie route, geïdentificeerd als het 
serine O-acetyltransferase (Pc22g16570) en homoserine O-acetyltransferase 
(Pc21g18210). Hun specifieke activiteit en genexpressie niveau suggereren dat 
de transsulfuratie route de voornaamste is in P. chrysogenum. Pogingen om het 
Pc21g18210 gen te inactiveren, met behulp van de CRISPR/cas9-technologie, 
waren niet succesvol, ook niet wanneer de selectie werd uitgevoerd in de aanwe-
zigheid van een overmaat aan cysteïne in het medium. Daarentegen was de inac-
tivatie van Pc22g16570, gerelateerd aan de directe sulfhydrylatie route, mogelijk 
en de stam vertoond vertraagde celgroei en een enigzings verlaagde productie 
van secundaire metabolieten zoals isopenicilline en 6-aminopenicillinezuur. 
Ook de productie van metabolieten gerelateerd aan chrysogine en roquefortine 
was lager. Behalve voor de productie van roquefortine gerelateerde metabolieten 
konden deze defecten worden hersteld wanneer het medium werd aangevuld met 
cysteïne. De toevoeging van hoge concentraties cysteïne verlaagde daarentegen 
de productie van roquefortine middels een nog onbekend mechanisme. Een hy-
pothese hiervoor zou kunnen zijn dat de toevoeging van cysteïne de productie 
van chrysogine herstelt, aangezien de benodigde alanine, een van de bouwstenen 
van dit niet-ribosomale peptide, gemakkelijk kan worden gemaakt van cysteïne. 
De roquefortines daarentegen zijn afgeleid van de condensatie van histidine en 
tryptofaan. De biosynthese van tryptofaan concurreert met de cysteïne biosyn-
these voor serine, en dus kan de voorspelde verlaging van serine worden vermin-
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dert door de toegevoegde cysteïne.

Deze gegevens tonen aan dat de directe sulfhydrylatie route belangrijk, maar 
niet essentieel, is voor celgroei en secundair metabolisme in P. chrysogenum. Dit 
suggereert dat de transsulfuratie route de belangrijkste route is voor de cysteïne 
biosynthese. Waarschijnlijk dragen beide routes bij aan de aanmaak van cysteï-
ne, benodigd voor de productie van penicilline, maar is de directe sulfhydrylatie 
vooral nodig in een vroeg stadium van de fermentatie.

De pentosefosfaatroute is de belangrijkste bron van NADPH-productie in de cel 
en de vraag naar NADPH, van cellen die penicilline produceren, is hoog. In 
Hoofdstuk 4 wordt het effect van CSI op de pentosefosfaatroute bestudeerd. Eén 
van de mutaties die werd aangetroffen na de CSI is gevonden in het ribose-5-fos-
faatisomerase B (RpiB), dat gecodeerd wordt door het Pc22g21440 gen. In P. 
chrysogenum zijn er twee genen die coderen voor een ribose-5-fosfaatisomera-
se (Rpi), namelijk Pc21g20040 (RpiA) en Pc22g21440 (RpiB). Deze twee genen 
werden beide afzonderlijk tot expressie gebracht in E. coli waarna ze zijn ge-
zuiverd en de enzymkinetiek werd bestudeerd in de omgekeerde reactie waarin 
het substraat ribose-5-fosfaat wordt omgezet in ribulose-5-fosfaat. RpiA bleek 
significant (~100x) actiever te zijn dan RpiB, terwijl beide enzymen ongeveer 
dezelfde affiniteit voor ribose-5-fosfaat hadden. In tegenstelling tot RpiB werd 
RpiA geremd door hoge concentraties van ribose-5-fosfaat. De mutatie (L122S) 
die tijdens de CSI in RpiB optrad, leidde tot een bijna volledige inactivatie (tot 
80%) van het enzym. Rekening houdend met de lagere expressie van RpiB, de 
beperkte activiteit ervan en de door de mutatie geïnduceerde inactivatie, lijkt 
het erop dat RpiA het belangrijkste isomerase is dat de omzetting van ribulo-
se-5-fosfaat in ribose-5-fosfaat katalyseert. Ook kon het RPIB gen gemakkelijk 
uit het P. chrysogenum genoom van DS54468 worden verwijderd zonder een 
schijnbaar fenotype in groei of in secundaire metaboliet productie. Dit in tegen-
stelling tot RPIA waarbij het na verschillende pogingen niet mogelijk bleek het 
betrffende gen te inactiveerden. RpiA is dus waarschijnlijk van essentieel belang 
in P. chrysogenum stammen met verbeterde penicilline productie. Terwijl er in 
deze stammen een verhoogde vraag naar NADPH is, om onder meer cysteïne bi-
osynthese te ondersteunen, bestaat een dergelijke vraag waarschijnlijk niet voor 
de vorming van ribose-5-fosfaat die hoofdzakelijk fungeert als bouwsteen voor 
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de synthese van DNA en RNA. Het overtollige ribulose-5-fosfaat zal daarom 
worden omgezet in xylulose-5-fosfaat dat samen met ribose-5-fosfaat uiteindelijk 
leidt tot de vorming van fructose-6-fosfaat in de niet-oxidatieve tak van de pento-
sefosfaat route. De “feedback inhibitie” van RpiA door ribose-5-fosfaat helpt dus 
om de flux door de niet-oxidatieve tak te beheersen en om de balans te houden 
tussen NADPH-behoefte en ribose-5-fosfaat vraag.

Samenvattend hebben we in dit proefschrift de gevolgen onderzocht op het ami-
nozuur metabolisme, van mutaties die zijn geïntroduceerd tijdens de CSI van P. 
chrysogenum. Deze resultaten tonen aan dat veel van de mutaties leiden tot in-
activatie van concurrerende biosynthese routes om zodoende de flux van bouw-
stenen naar de cysteïne biosynthese te optimaliseren. Bovendien toonde het werk 
aan dat andere mutaties in het metabolisme op een subtielere wijze bijdragen aan 
een geoptimaliseerde penicilline productie. Andere mutaties daarentegen hadden 
geen effect, waarschijnlijk als bijgevolg van de nogal harde, en willekeurige, ma-
nier waarop de mutaties werden geïnduceerd tijdens de CSI. In dit proefschrift 
werden een aantal genen bestudeerd en hun functies geïdentificeerd maar veel 
andere genen (en bijbehorende mutaties) en hun functies zijn echter nog steeds 
onbekend. Naast de verbeterde genoom sequentie technieken, biedt de komst van 
nieuwe DNA modificatie systemen (b.v. CRISPR/Cas9 technologie) een krachtig 
hulpmiddel voor het ontrafelen van de functies van verschillende metabolische 
routes en hun bijbehorende genen. Deze functies kunnen worden onderzocht door 
bepaalde genen (genotype) te verwijderen en de veranderingen en effecten op het 
fenotype te observeren. Een interessante kandidaat hiervoor zou de deletie van 
het Pc22g16570 gen kunnen zijn, dat codeert voor het enzym dat de eerste reactie 
katalyseert van de directe sulfhydrylatie route. Dit zou kunnen bijdragen aan een 
beter begrip van de rol van de twee routes voor cysteïne biosynthese in P. chrys-
ogenum. Dit, in combinatie met technieken voor de analyse van de intracellulaire 
en extracellulaire metaboliet niveaus. Door het gebruik van deze technologieën 
zal het onderliggende mechanisme, dat verkregen is door de klassieke stamver-
betering van P. chrysogenum, voor de verbeterde penicilline productie duidelijk 
moeten worden. Deze data zal dan een leidraad zijn voor het op rationele wijze 
verhogen van de opbrengst van waardevolle secundaire metabolieten.
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