
 

 

 University of Groningen

Mutational impact of classical strain improvement on Penicillium chrysogenum
Wu, Min

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Wu, M. (2019). Mutational impact of classical strain improvement on Penicillium chrysogenum. [Thesis fully
internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/6f9b54f2-9506-46d6-9ea7-ef80eeae83c6


97

Chapter 4

Exploring the function of two ribose-5-phosphate 
isomerase enzymes in Penicillium chrysogenum
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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 



103

The function of Ribose-5-phosphate isomerases

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.

References
Doench, J. G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K. F., 

Smith, I., Tothova, Z., Wilen, C., Orchard, R., Virgin, H. W., Listgarten, J., 
Root, D. E., 2016. Optimized sgRNA design to maximize activity and minimize 
off-target effects of CRISPR-Cas9. Nat Biotechnol. 34, 184-191.

Hsu, P. D., Scott, D. A., Weinstein, J. A., Ran, F. A., Konermann, S., Agarwala, V., Li, 
Y., Fine, E. J., Wu, X., Shalem, O., Cradick, T. J., Marraffini, L. A., Bao, G., 
Zhang, F., 2013. DNA targeting specificity of RNA-guided Cas9 nucleases. Nat 
Biotechnol. 31, 827-832.

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.

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. Metabol Eng. 9, 112-123.

Kovalchuk, A., Weber, S. S., Nijland, J. G., Bovenberg, R. A., Driessen, A. J., 2012. 
Fungal ABC transporter deletion and localization analysis. Methods Mol Biol. 
835, 1-16.

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. Metabol Eng. 
10, 10-23.

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.

Roos, A. K., Andersson, C. E., Bergfors, T., Jacobsson, M., Karlen, A., Unge, T., Jones, 
T. A., Mowbray, S. L., 2004. Mycobacterium tuberculosis ribose-5-phosphate 
isomerase has a known fold, but a novel active site. J Mol Biol. 335, 799-809.

Roos, A. K., Mariano, S., Kowalinski, E., Salmon, L., Mowbray, S. L., 2008. D-ri-
bose-5-phosphate isomerase B from Escherichia coli is also a functional D-al-
lose-6-phosphate isomerase, while the Mycobacterium tuberculosis enzyme is 



114

Chapter 4

not. J Mol Biol. 382, 667-679.
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.

Stern, A. L., Burgos, E., Salmon, L., Cazzulo, J. J., 2007. Ribose 5-phosphate isomerase 
type B from Trypanosoma cruzi: kinetic properties and site-directed mutagene-
sis reveal information about the reaction mechanism. Biochem J. 401, 279-285.

Sun, F., Zhang, X. Z., Myung, S., Zhang, Y. H., 2012. Thermophilic Thermotoga marit-
ima ribose-5-phosphate isomerase RpiB: optimized heat treatment purification 
and basic characterization. Protein Expr Purif. 82, 302-307.

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.

Weber, S. S., Kovalchuk, A., Bovenberg, R. A., Driessen, A. J., 2012. The ABC transport-
er ABC40 encodes a phenylacetic acid export system in Penicillium chrysoge-
num. Fungal Genet Biol. 49, 915-921.

Xiao, A., Cheng, Z., Kong, L., Zhu, Z., Lin, S., Gao, G., Zhang, B., 2014. CasOT: a 
genome-wide Cas9/gRNA off-target searching tool. Bioinformatics. 30, 1180-
1182.

Zhang, R., Andersson, C. E., Savchenko, A., Skarina, T., Evdokimova, E., Beasley, S., Ar-
rowsmith, C. H., Edwards, A. M., Joachimiak, A., Mowbray, S. L., 2003. Struc-
ture of Escherichia coli ribose-5-phosphate isomerase: a ubiquitous enzyme of 
the pentose phosphate pathway and the Calvin cycle. Structure. 11, 31-42.



115

The function of Ribose-5-phosphate isomerases

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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