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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 
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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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