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Abstract  

Nikkomycins are peptide nucleosides which can be isolated from the fermentation broth 

of Streptomyces tendae and S. ansochromogenes. Due to their inhibition of chitin 

synthase they have fungicidal properties and a great potential as antibiotics. The peptide 

moiety is formed by hydroxypyridylhomothreonine, the nucleoside moiety consists of 

aminohexuronic acid with an N-glycosidically linked uracil or 4-formyl-4-imidazoline-

2-one base. This work is intended to shed light onto the biosynthetic pathway that leads 

to the aminohexuronic acid moiety of nikkomycins. Commencing with the transfer of an 

enolpyruvyl moiety to the 3´-position of UMP, which is catalyzed by NikO, a series of 

reactions leads to a rearrangement of the carbon skeleton and finally to the formation of 

aminohexuronic acid. The enzymes involved in these reactions are encoded on the 

nikIJKLMNO operon of S. tendae. The enzymes NikI, NikJ, NikK, NikL, NikM, and 

NikO were expressed heterologously in Escherichia coli, in order to characterize them 

biochemically and determine their role in the biosynthesis of nikkomycins. 

Furthermore, nikkomycin intermediates produced by Streptomyces mutants featuring 

disruptions of the respective genes should be analyzed, but no nikkomycins could be 

detected in their fermentation media. Comparisons of Nik enzyme sequences to those of 

known enzymes in the databases allow some predictions on the reactions each nik 

enzyme might catalyze. None of the enzymes was observed to convert 3´-EPUMP, the 

product of the NikO catalyzed reaction, so far. NikK is a pyridoxal-5-phosphate 

dependent aminotransferase, which is expected to introduce the amino group into the 

aminohexuronic acid moiety. Several amino acids were shown to serve as amino group 

donors, and L-glutamate was the most efficient one. NikJ possesses an iron-sulfur 

cluster and probably belongs to the family of radical SAM enzymes. Its role in 

nikkomycin biosynthesis is unclear, but it is expected to function as an oxidoreductase. 

Cleavage of S-adenosylmethionine could not be observed. Furthermore, NikS was 

expressed, an enzyme that is expected to play a role in the assembly of nikkomycins.  
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Kurzfassung  

Nikkomycine sind Peptidnucleoside, welche aus dem Fermentationsmedium von 

Streptomyces tendae und S. ansochromogenes isoliert werden können. Aufgrund ihrer 

Hemmung der Chitinsynthase besitzen sie fungizide Eigenschaften und haben ein 

beachtliches Potential als Antibiotika. Der Peptidrest wird aus 

Hydroxypyridylhomothreonin gebildet, der Nukleosidrest besteht aus 

Aminohexuronsäure mit einer N-glykosidisch verknüpften Uracil- oder 4-Formyl-4-

imidazoline-2-on-Base. Diese Arbeit soll zur Aufklärung des Biosyntheseweges 

beitragen, der zur Bildung des Aminohexuronsäurerestes von Nikkomycinen führt. 

Beginnend mit dem Transfer eines Enolpyruvylrestes an die 3´-Position von UMP, der 

von dem NikO Enzym katalysiert wird, führt eine Reihe von Reaktionen zu einer 

Umordnung des Kohlenstoffgerüsts und schliesslich zur Bildung der 

Aminohexuronsäure. Die an diesen Reaktionen beteiligten Enzyme sind am 

nikIJKLMNO Operon von S. tendae codiert. Die Enzyme NikI, NikJ, NikK, NikL, 

NikM und NikO wurden in Escherichia coli exprimiert, um sie biochemisch zu 

charakterisieren und ihre Rolle in der Nikkomycinbiosynthese zu untersuchen. Weiters 

sollten Intermediate untersucht werden, die von Streptomyces Deletionsmutanten der 

jeweiligen Gene segregiert werden, jedoch konnten keine Nikkomycine in den 

Fermentationsmedien dieser Mutanten nachgewiesen werden. Sequenzvergleiche mit 

bekannten Proteinen in Datenbanken ermöglichen hypothetische Vorhersagen über die 

Reaktionen, die von den nik Enzymen katalysiert werden. Keines der Enzyme setzte 

bisher 3´-EPUMP, das Produkt der NikO-katalysierten Reaktion, um. NikK ist eine 

Pyridoxal-5-phoshphat-abhängige Aminotransferase, und katalysiert vermutlich den 

Einbau der Aminogruppe in den Aminohexuronsäurerest. Es wurde festgestellt, dass 

verschiedene Aminosäuren als Aminogruppendonoren fungieren können, am 

effizientesten ist jedoch L-Glutaminsäure. NikJ weist einen Eisen-Schwefel Cluster auf 

und gehört vermutlich zur Familie der Radical SAM Enzyme. Seine Rolle in der 

Nikkomycinbiosynthese ist unklar, vermutlich fungiert es als Oxidoreduktase. Spaltung 

von S-Adenosylmethionin konnte keine beobachtet werden. Weiters wurde das Enzym 

NikS exprimiert, welches wahrscheinlich an der Verknüpfung des Peptid- und 

Nukleosidrestes beteiligt ist.  
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1.1 Nucleoside antibiotics targeting cell wall assembly in fungi 

Nikkomycins belong to a group of nucleoside natural product antibiotics which target 

fungal chitin cell wall biosynthesis. Fungal cells possess a chitin polysaccharide on the 

outside of the cytoplasmic membrane, to which further β-glucan and mannoprotein 

layers are attached. Chitin, the second most common polysaccharide found in nature, is 

required for fungal cell wall structural rigidity. It consists of a β-1,4-linked polymer of 

N-acetylglucosamine sugars, which are formed biosynthetically from UDP-N-

acetylglucosamine (UDPGlcNAc). This reaction is catalyzed by chitin synthase (UDP-

2-acetamido-2-deoxy-D-glucose: chitin 4-β-acetamidodeoxy-D-glucosyltransferase; EC 

2.4.1.16) (1). In Saccharomyces cerevisiae, three chitin synthase enzymes are present, 

each having a different role in cell division. No single chitin synthase is essential for 

viability, but complete loss of chitin synthase activity is lethal to the cell (2). Chitin 

synthase represents an attractive antifungal target, considering that chitin is absent from 

mammalian cells. Chitin synthase is inhibited by uridine nucleoside natural product 

antibiotics which bind in place of UDPGlcNAc. This inhibition causes osmotic 

sensivity and growth arrest, which leads to cell death (3). Nikkomycins and polyoxins 

represent attractive compounds for study as they are effective inhibitors of chitin 

biosynthesis (4). Considering the increase in life-threatening fungal infections 

particularly occuring in immuno-compromised patients, the growing restistance of fungi 

to clinically used antifungal drugs, and the toxicity of antifungal drugs, nikkomycins 

and polyoxins have a great potential for drug development (5). 

 

1.2 The history of nikkomycins and polyoxins 

Nikkomycins and polyoxins represent two structurally related groups of fermentation 

secondary metabolites that act as specific inhibitors of chitin synthase. The polyoxins, 

produced by Streptomyces cacaoi were first described in 1965 (6) and the nikkomycins, 

produced by Streptomyces tendae, were described in 1976 (4). Both groups of peptide-

nucleoside compounds were isolated during the search for new agricultural fungicides 

and pesticides. The polyoxins were discovered in a screen against a fungus which 

causes sheath blight in rice plants, Pellicularia filamentosa f. sp. sasakii (7). A crude 

mixture of polyoxins was marketed as a fungicide for a variety of agricultural 

applications. Streptomyces tendae Tü901 was the first nikkomycin producing strain, 

isolated in 1970 from a soil sample collected at the famous five-storey pagoda in Nikko, 
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Japan (8). A few years later, a subspecies of S. cacaoi was discovered to produce a 

number of secondary metabolites termed neopolyoxins, which were identical in 

structure to nikkomycins (9). More recently, nikkomycins were also discovered in the 

fermentation broth of S. ansochromogenes (10). 13 naturally occurring polyoxins 

(polyoxins A through M) and 14 naturally derived nikkomycins (nikkomycins Bx, Bz, 

Cx, Cz, D, E, I, J, M, N, X, Z, pseudo-J, pseudo-Z) have been described (4;11-16). 

Despite excellent in vitro results of inhibition of chitin synthase, nikkomycins and 

polyoxins show low in vivo activity, due to poor uptake. Consequently, a number of 

synthetic studies have been performed to generate their analogues to probe structure-

activity relationships and design new antifungals with improved physicochemical 

properties. Those studies include the synthesis of nikkomycin Z analogues from uracil 

polyoxin C, in which the peptidyl chain is modified (17) and the generation of a 

carbohydrate ring-enlarged pyranosyl nikkomycin B analogue (18). 

 

1.3 The structures of nikkomycins and polyoxins 

1.3.1 Nikkomycins produced by wild type Streptomyces tendae and 

ansochromogenes 

Structurally, nikkomycins can be classified as peptide nucleosides. The peptidyl side 

chain of the biologically active nikkomycins I, J, X, and Z, 4-hydroxy-3-methyl-4-(3’-

hydroxy-6’-pyridyl)butanoic acid (hydroxypyridylhomothreonine, HPHT, or 

nikkomycin D), is linked to the nucleoside moiety via a peptide bond. The nucleoside 

moiety (nikkomycin Cx or Cz) consists of 5-aminohexuronic acid with an N-

glycosidically linked base. The base is uracil in nikkomycins Z and J, and 4-formyl-4-

imidazoline-2-one in nikkomycins X and I. Nikkomycins I and J have glutamic acid 

peptidically bound to the 6’-carboxyl group of the aminohexuronic acid moiety (19) 

(Figure 1). From the fermentation broth of the wild type strain S. tendae Tü901, 

nikkomycins Z, X, J and I, as well as the biologically inactive nikkomycins Cx, Cz and 

D can be isolated. 
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Nikkomycin              R1                                        R2                               R3

H

H

OH
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I

J

Cx
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D

 

 

Figure 1: Chemical structures of nikkomycins isolated from S. tendae Tü901 

culture broth 
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1.3.2 Nikkomycins produced by mutants of Streptomyces tendae and 

ansochromogenes  

More than 20 biologically active nikkomycin structures have been generated by 

mutasynthesis, directed fermentation and enzymatic modification, or have been isolated 

as minor components from the culture filtrate of Streptomyces tendae Tü901 or from 

mutant strains (11;19-22).  

Nikkomycin              R1                                        R2                               R3

OH

OH

OH

OH

OH

OH

Glu

Tyr

Kz

Oz

Wz

Lz

Bz

pseudo-Z

pseudo-J

 

 

Figure 2: Chemical structures of nikkomycins produced by mutants of 

Streptomyces tendae Tü901 
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Nikkomycins Kz, Kx, Oz, and Ox were obtained from the mutant strain S. tendae Tü 

901/395 (20). Further mutations led to the strain S. tendae Tü901/395-11/32, which 

additionally produced nikkomycins Wz and Wx (22). A genetically engineered mutant 

was obtained by inserting a kanamycin resistance gene in the nikkomycin biosynthesis 

gene nikF. Nikkomycins Lz and Lx were isolated from the fermentation broth of this 

mutant (19). When fed with benzoic acid, resting cell cultures of a genetically 

engineered S. tendae Tü901 strain deficient in nikkomycin biosynthesis gene nikC,  

produced nikkomycins Bx and Bz, which exhibit a significantly higher pH stability than 

nikkomycins X and Z (23). The mutant strain S. tendae Tü901/PF 53
+
 -3 was shown to 

produce nikkomycins pseudo-Z and pseudo-J, which have a C-glycosidic linkage to the 

uracil base (11) (Figure 2). 

1.3.3 Polyoxins 

Polyoxins, which are produced by Streptomyces cacaoi var. asoensis (14;24) and S. 

aureochromogenes are composed of three moieties (Figure 3), including a nucleoside 

skeleton and the two modified amino acids polyoximic acid and carbamoylpolyoxamic 

acid (25). 

Polyoxin      R1                      R2

      B           CH2OH              OH

      K                H

      H              CH3

      A           CH2OH

      F            COOH

 

Figure 3: Chemical structures of several polyoxins 

1.3.4 Nikkomycin-polyoxin hybrid antibiotics 

The hybrid antibiotics polyoxin N and polynik A (Figure 4) were generated by 

introduction of the genes required for the dipeptidyl moiety of polyoxin from 

Streptomyces cacaoi into a S. ansochromogenes mutant. Polynik A was identified as a 

potent antifungal agent, polyoxin N is a naturally occurring compound. The hybrid 

antibiotics exhibited improved properties, compared to both their parents: they had 

better inhibitory activity against phytopathogenic fungi than polyoxin B, and were more 

stable under different pH and temperature conditions than nikkomycin X. 
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Figure 4:  Structure of polyoxin N (R=OH) and polynik A (R=H) 

 

1.4 Polyoxins and nikkomycins: biochemical aspects  

Polyoxins and nikkomycins bear striking structural similarity to UDP-N-

acetylglucosamine (Figure 5), the precursor for chitin. The biologically active 

compounds of each group act as competitive inhibitors of fungal chitin synthase 

(26;27). Thereby they differ from previously described aminoacyl nucleoside 

antibiotics, which act by the inhibition of protein biosynthesis (28).  

UDP-N-acetylglucosamine

Nikkomycin Z  

 

Figure 5: Structures of UDP-N-acetylglucosamine and nikkomycin Z 
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The nikkomycins and polyoxins have rather similar in vitro activity against isolated 

chitin synthases from various fungi, with Ki values in the range of 0.5 to 3.5 μM for 

nikkomycins X and Z (29;30). The ability to inhibit chitin synthesis is not limited to 

fungi, nikkomycins were also evaluated for potential use as insecticidal agents (8).  

 

Nikkomycins have been studied with respect to their actual mechanisms of 

action. To elucidate structure-function relationships, variations in the peptide and 

nucleoside components were created. In contrast to polyoxins, nikkomycins have a 

subclass which possesses a 4-formyl-4-imidazoline-2-one base instead of uracil. This 

group, with nikkomycin X as its most important representative, exhibits a higher 

binding affinity and lower Ki for chitin synthase in vitro than nikkomycin Z derivatives 

which contain uracil (31). Hydrophobic substitutions by methylating the hydroxy group 

of the phenyl ring of the peptidyl moiety led to approximately twice the inhibition by 

the parent compound in vitro. Substitutions of HPHT for the natural amino acids L-

tyrosine and L-arginine reduced the binding affinity to chitin synthase (31).  

 

Certain derivatives which are active in in vitro inhibition assays are inactive 

against intact fungi. Transport via peptide transport mechanisms is likely to be the 

limiting factor in their activity. Dipeptides were shown to interfere with the antifungal 

activity of polyoxin, acting as competitors for penetration across the cell membrane 

(32;33). However, a peptide-containing medium does not interfere with susceptibility of 

Candida albicans for nikkomycin Z. In this yeast, at least two distinct peptide transport 

systems facilitate the entry of di- and tripeptides (34). The finding that chitin synthase 

from C. albicans was susceptible to nikkomycins in a submilligram range, and that the 

susceptibility of intact yeast was in the high milligram range because peptide transport 

was the limiting factor in the uptake of these substances, led to several efforts to obtain 

active derivatives of these compounds. A number of polyoxin derivatives with different 

amino acid or amino fatty acid compositions were generated with the hope of improving 

uptake and biological activity (35-39). In the case of nikkomycins, Zähner et al used a 

different approach by mutagenesis of the producing strain of Streptomyces tendae and 

running a directed fermentation. In this way new derivatives were produced which 

involved substitutions for the nucleoside as well as the peptide moieties (20-22;31;40). 

Neither of those approaches led to derivatives which were sufficiently more active 
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against intact fungal cells than their parent compounds, although several candidates 

showed improved properties in transport, stability and in vitro inhibition of chitin 

synthase. The reason for the lack of improved activity might be that inhibition of chitin 

synthase is not sufficient to kill fungal cells (36). However, results from susceptibility 

tests and efficacy experiments demonstrated that this is the case for certain fungi but not 

for others (8).  

An additional complication is that several medically important fungi possess multiple 

forms of chitin synthase which are of different importance to the growth of the cell (41). 

It is likely that they also show differential susceptibilities to the inhibitory effects of 

nikkomycins and polyoxins, as shown for Chs1 and Chs2 from Saccharomyces 

cerevisiae (42). All this may explain the broad range in susceptibilities. 

Furthermore, genetic control of nikkomycin biosynthesis in Streptomyces tendae 

is of interest, as the ability to selectively control the expression of the more active 

nikkomycin forms would greatly improve the economics of the fermentation product 

(8). 

1.5 Use of nikkomycins and polyoxins against pathogenic fungi 

Shortly after the discovery of polyoxins in 1965, reports on their effects on various 

saprophytic fungi appeared (27;32;43). In 1977, inhibitors of chitin synthesis were 

proposed as therapeutic agents for fungal infections (44) and in 1983 the first reports on 

the effects of polyoxin D on medically important fungi were published. The discovery 

that polyoxin D was active in vitro against the parasitic phase of Coccidioides immitis in 

the microgram-per-milliliter range rendered the use of these compounds as antifungal 

agents plausible. It was found that immature spherules of C. immitis were highly 

susceptible to the effects of polyoxin D, which made them swell and burst at lower 

concentrations and die immediately at concentrations of 200 μg/mL. The drug did not 

show any effect on the mycelial phase of the fungus (45).  

Candida albicans was also shown to be susceptible to polyoxin D in the range of 500 to 

2,000 μg/mL, causing swelling and “chaining” of cells and a block of germ tube 

formation (46;47).  

While the dimorphic fungus Coccidioides immitis is highly succeptible towards 

nikkomycin X and Z, Candida albicans has only moderate susceptibility toward these 

compounds and Candida tropicalis was found to be resistant against them (8).   
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In vitro, nikkomycins were also found to be effective agains the highly chitinous 

dimorphic fungus Blastomyces dermatidis, but less effective against yeasts and showed 

virtually no effect on Aspergillus fumigatus, a filamentous fungus (48). Unlike the 

dimorphic fungi mentioned above, in which chitin represents 10-20% of their cell wall 

in the parasitic phase (49-53), Candida albicans has a lower chitin content, which might 

be the reason for its decreased susceptibility. The issue of susceptibility seems to be 

rather complex, as the mycelial fungi as well as Cryptococcus neoformans are less 

susceptible in spite of their higher chitin content. An additional factor which has to be 

considered are the differences among different fungi in cellular uptake and intracellular 

transport of chitin synthase inhibitors (34;54). However, for the susceptible fungi, the 

inhibition of chitin as an important component of the cell wall has negative 

consequences. It was shown that the inhibition of septum formation in the 

endosporulation process of Coccidioides immitis interferes with the reproduction of 

these cells (8).  

To further investigate the chitin synthase inhibitors, several studies of animal models of 

mycoses were performed. Becker et al found that polyoxin D offered no protection 

against candidiasis in mice, while a mixture of nikkomycins X and Z was able to delay, 

but not prevent deaths (55). That finding might partially be explained by the fact that in 

yeast, the highest concentration of chitin can be found in the bud septum (46). 

Nikkomycins X and Z were also evaluated in mouse models of coccidioidomycosis, 

histoplasmosis and blastomycosis, with much more promising results, by Hector et al 

(48). They found that in vivo, nikkomycin Z was more effective than nikkomycin X. In 

the models of pulmonary coccidioidomycosis and systemic blastomycosis, orally 

administered nikkomycin Z appeared to be fungicidal, while the effect of nikkomycins 

against histoplasmosis was only moderate. In comparison to conventional antifungal 

agents, like fluconazole and amphotericin B, nikkomycin Z resulted in greater killing of 

Coccidioides ssp. In the ranges tested, no adverse effects were observed. Those findings 

invited continuous efforts into the development of drugs against mycoses. In 2009, Nix 

et al described the results of the first administration of nikkomycin Z to twelve healthy 

humans (56). Their goal was to determine the safety, tolerance and pharmacokinetics, 

following single rising oral doses. They did not observe serious or dose-related adverse 

events and provided a base for pharmacokinetic simulations and continued studies on 

the administration of nikkomycin Z in multiple doses.  
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Phase I clinical trials on “Safety and PK of Nikkomycin Z in Healthy Subjects” have 

been completed, (http://clinicaltrials.gov/ct2/show/NCT00834184), but, unfortunately, 

Phase I and Phase II clinical trials on the “Pharmacokinetics and Safety of Nikkomycin 

Z for Coccidioides Pneumonia Treatment” at the University of Arizona were 

prematurally terminated due to recruitment challenges and lack of funding 

(http://clinicaltrials.gov/ct2/show/NCT00614666).  

Nikkomycin Z also showed efficacy against pulmonary blastomycosis in murine 

models, which could result in biological cure (57).  

Although nikkomycin Z is still under investigation and not yet approved clinically, 

combinations of this compound and other antifungal compounds may open additional 

possibilities for the treatment of mycoses. Sandovsky-Losica et al reported a study on 

the assessment of in vitro activity of nikkomycin Z with voriconazole or caspofungin 

against Candida albicans and showed that they had a synergistic effect. Whether 

combinations of antifungals which either affect the cell wall or the cell membrane 

would enhance the therapeutic efficacy should be investigated in animal models (58).  

 

1.6 Fungal diseases that could potentially be cured by nikkomycin Z 

As described above, nikkomycin Z shows antifungal activity against Coccidioides 

immitis, the fungus causing coccidioidomycosis, against Blastomyces dermatitidis, 

which causes blastomycosis, and the agent of candidiasis, Candida albicans (8). 

Keeping in mind the increase in life-threatening fungal infections, especially in 

immuno-compromised patients, the growing resistance of fungi to clinically used drugs, 

and the toxicity of antifungal drugs, the chitin synthase inhibitor nikkomycin Z is a very 

promising compound (5). 

1.6.1 Coccidioidomycosis 

Coccidioidomycosis, which is also called Valley Fever, is found only in the Western 

Hemisphere, especially in the semiarid areas of Mexico, and the southern part of the 

United States. It is caused by Coccidioides immitis and C. posadii, two nearly identical 

species which grow in dry, sandy soils. Soil disruptions release their spores into the air. 

Inhalation of the dust-borne reproductive spores leads to infection by the pathogenic 

fungus in humans and domestic and wild mammals (59). Manifestations of the disease 

range from a primary pulmonary infection to a progressive disease involving skin, 

bones, joints, the central nervous system and other organs. The most dangerous form is 

http://clinicaltrials.gov/ct2/show/NCT00834184
http://clinicaltrials.gov/ct2/show/NCT00614666
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meningeal infection, which occurs in about 0.15-0.75% of extrapulmonary 

coccidioidomycosis cases. Most patients with primary pulmonary infection recover 

spontaneously, but chronic and disseminated disease occurs in approximately 5% of 

infected individuals. Immunocompromised patients have a higher risk of severe 

infection (60;61).  

Coccidioidomycosis is treated by two classes of antifungal therapeutics, the polyenes 

(amphothericin B), and the azoles (fluconazole, itraconazole, voriconazole) (62). 

Treatment of the progressive forms of the disease is often difficult, and relapse is 

common (63). As management of this chronic disease is problematic, there is an urgent 

need for new preventive or therapeutic options (59). 

1.6.2 Blastomycosis 

 The thermally dimorphic fungus Blastomyces dermatitidis exists in its mycelial form in 

soil rich in organic debris. It is found in the warm, moist, wooded areas in North 

America that border the Great Lakes and Mississippi and Ohio River (64-68). When the 

mycelia are disturbed, airborne conidia are inhaled and at body temperature they 

convert to thick-walled budding yeast (69;70). The common form is a pulmonary 

disease, but hematogenous dissemination results in extrapulmonary blastomycosis, with 

skin lesions, abscesses and osteomyelitis (71;72). Blastomycosis is clinically 

indistinguishable from tuberculosis. A long course of amphothericin B is usually 

curative, but itraconazole is highly effective and mainly used for treatment of the 

disease (73). 

1.6.3 Candidiasis 

Candidiasis encompasses a whole range of infections, from superficial diseases, like 

oral thrush and vaginitis, to systemic and potentially life-threatening diseases, which are 

referred to as candidemia. The ubiquitous yeast Candida spp. can cause fatal 

bloodstream infections in immunocompromised persons, despite the treatment with 

antifungal drugs (74). Candidiasis is treated with antimycotics like fluconazole (75).    

C. albicans was shown to develop resistance to antimycotic drugs (76), which also 

enhances the need for new therapies. 
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1.7 Biosynthesis of nikkomycins 

1.7.1 Biosynthesis of secondary metabolites 

Filamentous fungi, Bacillus, plant cells and actinomycetes, particularly Streptomyces, 

show an amazing capability to synthesize antibiotics. Multistep pathways lead from 

precursors, which are usually primary metabolic intermediates, to the specific moieties 

of secondary metabolites. The component moieties are activated in the form of 

adenylated, phosphorylated or CoA derivatives and linked together to form the final 

products. Enzymes that are specific for each antibiotic carry out the biosynthetic steps 

leading to the respective secondary metabolite (77). Usually, genes encoding pathways 

of secondary metabolism are located in clusters. Subclustering of antibiotic biosynthetic 

genes appears to be important for the timing of expression of each enzyme in the 

multistep pathway so that the intermediates appear in the proper sequence of reactions 

(78). In Streptomyces spp., gene transcription and mRNA translation are tightly coupled 

and each enzyme formed by coupled transcription-translation is enabled to act on the 

product of the previous enzyme (79). 

 

1.7.2 Organization of the gene cluster for nikkomycin biosynthesis 

Initially, proteins involved in nikkomycin biosynthesis were identified in expression 

studies using two-dimensional gel electrophoresis. Streptomyces tendae Tü901 and 

mutants blocked in nikkomycin biosynthesis were analyzed for gene expression during 

growth in production medium and ten proteins were found in the S. tendae Tü901 cell 

extract, which were absent in cell extracts of the non-producing mutants. By designing 

gene probes based on their amino acid sequence, nikkomycin biosynthetic genes could 

be isolated (80). Later, the whole nikkomycin biosynthesis gene cluster from 

Streptomyces tendae Tü901 was isolated and the entire set of structural (nik) genes was 

heterologously expressed in S. lividans. Transformants of S. lividans synthesized 

nikkomycins X, Z, I and J (81). Also from S. ansochromogenes nikkomycin 

biosynthetic (san) genes were isolated and characterized (10). The order of homologous 

genes from the Streptomyces tendae and ansochromogenes gene clusters appears to be 

similar and their gene products are 93 to 99 % identical. The length of the nik gene 

cluster is 29 kb and it consists of 23 genes which are organized in four transcription 

units. The 5’- boundary of the nik cluster is marked by the monocistronically 

transcribed nikZ gene which encodes a pathway-specific regulator. At the 3’- end of the 
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cluster lies probably the nikO gene. Within the operons (nikABCDEFG, nikIJKLMNO, 

and nikP1P2QRSTUV), the genes are closely spaced. Several times the stop codon of a 

gene overlaps with the start codon of the subsequent gene. Biosynthetic functions were 

assigned to the gene products by the detection of sequence similarities to proteins in 

databases, by the characterization of disruption mutants and by the heterologous 

expression of the genes and determination of enzymatic activities (82). 

 

Figure 6: Organization of the nikkomycin biosynthetic gene cluster in Streptomyces 

tendae Tü901. Genes for hydroxypyridylhomothreonine biosynthesis are 

highlighted in yellow, genes which are thought to be involved in the biosynthesis of 

the aminohexuronic acid moiety are red, genes for 4-formyl-4-imidazolin-2-one 

biosynthesis and incorporation are blue, the nikS gene, which is probably involved 

in peptide bond formation is shown in pink, the putative membrane transport 

protein nikN in green and the regulator gene nikZ in brown. 

 

1.7.3 Biosynthesis of the peptidyl moiety of nikkomycins 

The peptidyl moiety of nikkomycins consists of hydroxypyridylhomothreonine (HPHT), 

it is also called nikkomycin D. Mutants with disruptions in the genes nikA, nikB, nikC, 

nikD, nikE, nikF, nikT and nikV were not able to produce neither HPHT, nor the 

biologically active nikkomycins X, Z, I and J. The nikA, nikB, nikC, nikD, nikE and 

nikT mutants accumulated the nucleoside moieties CX and CZ in their culture broths. 

The nikF mutant produced the nikkomycin derivatives LX and LZ, with 

pyridylhomothreonine as peptidyl moiety. From the culture broth of the nikT mutant, 

nikkomycins OX and OZ, which contain 2-amino-4-hydroxy-4-(3'-hydroxy-6'-pyridyl) 

butanoic acid as the peptidyl moiety, were isolated (see Figure 2) (83;84).  

The initial step in the biosynthetic pathway of HPHT is catalyzed by the nikC-encoded, 

pyridoxal-5-phosphate-dependent enzyme L-lysine 2-aminotransferase (Scheme 1). The 

enzyme was shown to convert L-lysine to piperideine-2-carboxylic acid (P2C), the 

cyclic and dehydrated form of 2-oxo-6-aminohexanoic acid (85).  
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Scheme 1: NikC-catalyzed conversion of L-lysine to piperideine 2-carboxylic acid. 

Piperideine-2-carboxylate can exist in two tautomeric forms, the imine form which is 

predominant at acid or neutral pH, and the enamine tautomer, which is the major 

species at alkaline pH and is thought to be the more easily oxidized form (86). The 

second step in the biosynthesis of the peptidyl moiety is catalyzed by the flavoenzyme 

NikD which contains covalently bound FAD, and catalyzes the oxidation of P2C 

(Scheme 2). The electron acceptor is oxygen, which is reduced to hydrogen peroxide 

(87). It was shown that NikD is an obligate 2-electron acceptor and catalyzes a 4-

electron oxidation of P2C, via a dihydropicolinate intermediate (88). 

N C

O

O
N C

O

O

C

O

O
N
H NikD

+ H+

2 O2

2 H2O2

enamine                              imine  

Scheme 2: The reaction catalyzed by NikD, a 4-electron oxidation of piperideine 2-

carboxylate to picolinate.  

In S. tendae, picolinic acid is activated as the CoA-thioester by NikE, before it is 

reduced to picolinaldehyde by NikA (Scheme 3) (89). Those reactions are well 

described for the analogous gene products from S. ansochromogenes, SanJ, which 

shows 96 % sequence identity to NikE and SanN, which shows 99 % sequence identity 

to NikA. SanJ shows sequence similarities to acyl-CoA ligases of adenylate-forming 

enzymes which activate carboxylic acids for subsequent biosynthetic steps. The enzyme 

functions in the activation of picolinate. First, the unstable intermediate picolinate-AMP 

is generated in the presence of ATP. When CoA-SH is present, AMP is released and the 

picolinate-CoA thioester is formed (90). The activated form of picolinate sets the stage 

for the next biosynthetic step, the reduction of picolinate-CoA to pyridine-2-aldehyde 

by the dehydrogenase SanN. This enzyme displays similarities to acetaldehyde 

dehydrogenases and was demonstrated to convert benzoate-CoA to benzaldehyde (91).  
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Scheme 3: Conversion of picolinate to picolinaldehyde.  

SanN was shown to interact with the aldolase SanM, which is 97 % identical to NikB 

from S. tendae. The interaction is essential for the conversion of picolinaldehyde and 2-

oxo-3-methylsuccinic acid to 4-pyridyl-2-oxo-4-hydroxyisovalerate (POHIV), but not 

for the dehydrogenase activity of SanN (92). In S. ansochromogenes, 2-oxo-3-

methylsuccinic acid is generated by the enzymes SanU and SanV (corresponding to 

NikU and NikV in S. tendae), which assemble with coenzyme B12 to form a complete 

enzyme with glutamate mutase activity. This complex converts L-glutamate to 3-

methylaspartic acid, which is probably deaminated to form 2-oxo-3-methylsuccinic acid 

(93). When sanU or sanV is knocked out, L-glutamate is converted to aspartic acid, 

finally resulting in the nikkomycins Ox and Oz, which do not contain the methyl group 

at C3 in HPHT (21).  

NH2

COOHHOOC

CH3

NH2

COOH

COOH

CH3

O

COOH

COOH

N C

O

H
N

OH O

COOH

L-glutamate

3-methylaspartic acid

2-oxo-3-methylsuccinic acid
POHIV

NikU, NikV

+ NikB

CO2

 

Scheme 4: Conversion of picolinaldehyde to POHIV. 
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POHIV is transaminated by NikT or SanT (the genes in S. tendae and ansochromogenes 

are 100 % identical) to form 4-(2’-pyridinyl)-homothreonine (PHT) (Scheme 5). SanT 

possesses an unusual domain structure, consisting of an N-terminal acyl carrier domain 

and a C-terminal aminotransferase domain. The two domains, which both are essential 

to nikkomycin biosynthesis, were shown to function independently. The 

aminotransferase domain transaminated POHIV in vitro, the role of the acyl carrier 

protein, which is posttranslationally modified with a phosphopantetheine prosthetic 

group, is unknown. It was suggested that it takes part in the assembly of nikkomycins 

(95). 
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Scheme 5: Transamination of POHIV to PHT. 

The hydroxylation of PHT to hydroxypyridylhomothreonine (HPHT) is catalyzed by a 

cytochrome P450 system, consisting of the hydroxylase NikF and the ferredoxin NikG 

(Scheme 6). Disruption of nikF led to the biosynthesis of nikkomycins Lx and Lz, 

analogues of nikkomycins X and Z that lack the hydroxyl group of the pyridyl residue 

(83). The analogous proteins of S. ansochromogenes, the cytochrome P450 

monooxygenase SanH and the ferredoxin SanI were expressed heterologously and 

characterized. It was concluded that SanH is essential for the hydroxylation of the 

pyridyl residue and SanI works as an effective electron donor for SanH (95). 
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Scheme 6: Hydroxylation of PHT to HPHT. 
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1.7.4 Biosynthesis of the imidazolone base of nikkomycins 

Nikkomycins X and I contain an aminohexuronic acid residue with an N-glycosidically 

linked 4-formyl-4-imidazoline-2-one (imidazolone) base. The proteins responsible for 

its biosynthesis are encoded by the first four genes of the nikP1P2QRSTUV operon (82). 

The initial step is covalent binding in a thioester linkage of L-histidine to the non-

ribosomal peptide synthase NikP1. L-His-S-NikP1 serves as the substrate for the heme 

hydroxylase NikQ, and β-OH-His is hydrolytically released from NikP1 by the 

thioesterase NikP2 (96). NikQ is proposed to catalyze a second monooxygenation step 

at the C-2 of the imidazole ring, inducing fragmentation into 4-formyl-4-imidazolin-2-

one and glycine (Scheme 7).  
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Scheme 7: Generation of the imidazolone base. 

The transfer of the imidazolone base to 5’-phosphoribosyl-1-pyrophosphate to form 5’-

phosphoribosyl-4-formyl-4-imidazoline-2-one (Scheme 8), is predicted to by catalyzed 

by NikR, which has sequence similarities to uracil-phosphoribosyl transferases of the 

uracil salvage pathway (82). 

PPi

NikR

 

Scheme 8:  Transfer of the imidazolone base to 5’-phosphoribosyl-1-

pyrophosphate 
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1.7.5 Biosynthesis of the nucleoside moiety of nikkomycins 

The biosynthetic pathway of the aminohexuronic acid moiety requires NikO, NikL, 

NikM, NikK, NikJ and NikI (82). The initial reaction is proposed to be catalyzed by 

NikO, which shows sequence similarity to UDP-N-acetylglucosamine enolpyruvyl 

transferases and 5-enolpyruvylshikimate-3-phosphate synthetases. Those enzymes 

catalyze the transfer of the intact enolpyruvyl moiety from phosphoenolpyruvate (PEP) 

to the 5’-hydroxyl group of shikimate 3-phosphate and the 3’-hydroxyl group of UDP-

N-acetylglucosamine, respectively. A nikO deletion mutant did not produce the 

biologically active nikkomycins I, J, X and Z but accumulated the novel nucleoside 

ribofuranosyl-4-formyl-4-imidazolone. Therefore, NikO was proposed to catalyze the 

transfer of an enolpyruvyl moiety to the 5’-hydroxl group of uracil or its 4-formyl-4-

imidazoline-2-one analog (97). However, recombinant NikO showed no enolpyruvyl 

transferase activity with uridine. Instead, UMP was found to serve as substrate for 

NikO, which catalyzes the generation of 3’-enolpyruvyl-UMP (3’-EPUMP) (Scheme 9), 

and not 5’-enolpyruvyl-uridine. Considering the introduction of the enolpyruvyl group 

at the 3’-position of UMP, a rearrangement of the carbon skeleton, catalysed by the 

enzymes which are cotranscribed with NikO, was postulated (98). 

NikO

 

Scheme 9: Enolpyruvyl transfer reaction catalyzed by NikO 

During the rearrangement reactions, the enolpyruvyl moiety is detached from its 3´- and 

transferred to the 5´-position of the ensuing aminohexuronic acid moiety. Interestingly, 

Schüz et al found the bicyclic nikkomycins Sx and Sz (Figure 7) in the fermentation 

medium of S. tendae Tü901/S 2566. Decreasing amounts of nikkomycins Sx and Sz in 

the culture broth, showed a significant correlation to increasing amounts of 

nikkomycins X and Z, depending on the increasing iron concentration. Apparently, the 

nikkomycin intermediates Sx and Sz are transformed into the nikkomycin target 
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structures in an iron-dependent fashion (99). However, it has to be taken into account 

that the bicyclic nikkomycins Sx and Sz, instead of being intermediates of 

aminohexuronic acid biosynthesis, could also be by-products of the biosynthetic 

pathway, as suggested by C. Bormann, who found these compounds in the culture broth 

of nikK, nikL, and nikM deletion mutants (82).  

 

Figure 7: Nikkomycins Sx (R= 4-formyl-4-imidazoline-2-one) and Sz (R=uracil) 

The enzymes NikI, NikJ, NikK, NikL, and NikM, which are co-transcribed with NikO 

are supposed to be involved in the reactions that transform 3´-EPUMP to 

aminohexuronic acid, but their functions are unclear. NikI and NikM share about 45% 

sequence similarity and show similarity to the iron-containing oxo-glutarate dependent 

prolyl-4-hydroxylase, NikL shows similarity to tyrosine phosphatases. NikJ shows 

similarities to S-adenosyl-methionine (SAM) and vitamin B12 binding proteins of 

bacterial origin and iron-sulfur oxidoreductases. Due to its sequence similarity to PLP-

dependent aminotransferases, NikK was proposed to be responsible for the transfer of 

an amino group to an oxo group on C-5´of the nucleoside intermediates (82).  

1.7.6 Assembly of nikkomycins 

The formation of the amide bond between the peptidyl and aminohexuronic acid 

moieties was proposed to be catalyzed by the enzyme NikS, as nikS disruption mutants 

accumulated nikkomycins Cx, Cz, and HPHT in the culture broth (82). Lauer et al 

proposed that NikT-bound HPHT is involved in the condensation step (100), but C. 

Bormann suggested that peptide bond formation is catalyzed by NikS alone (82). NikS 

belongs to a superfamily of proteins with an unusual nucleotide-binding fold, the ATP-

grasp fold (101;102). These enzymes catalyze the ATP-dependent ligation of a 

carboxylate-containing substrate to an amino- or thiol-containing molecule. NikS shows 

about 25% sequence identity over 235 amino acids to D-Ala-D-Ala ligases, which are 
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required for synthesis of bacterial cell walls. It is likely that the peptide bond formation 

reaction catalyzed by NikS is analogous to D-Ala-D-Ala formation (103).  

S. ansochromogenes SanS is 97% identical to the S. tendae protein NikS. The function 

of the sans gene was investigated and SanS was expressed in E. coli and tested for 

ATPase activity by Li et al (104). Purified SanS did show ATPase activity, indicating 

activation of its substrates via phosphorylation in an ATP-dependent manner. 

Disruption mutants of nikS did not produce the bioactive nikkomycins X and Z, but 

accumulation of nikkomycins Cx, Cz and HPHT, as shown for nikS disruption mutants 

of S. tendae, was not reported by the authors. 

Within the nik gene cluster, no gene responsible for peptide bond formation yielding the 

tripeptidyl nikkomycins J and I could be identified so far (82). 

1.8 Transport of nikkomycins 

The nikN gene of the nikIJKLMNO operon encodes a predicted membrane protein 

which consists of eight potential hydrophobic transmembrane regions and possesses a 

putative ATP/GTP binding site. It might be responsible for the export of nikkomycins 

through the cytoplasma membrane. In the culture broth of mutants where nikN is 

inactivated, only low levels of nikkomycins X, Z, I and J were detected (82). 

1.9 Transcriptional regulation of nikkomycin biosynthesis 

Streptomyces species produce a variety of secondary metabolites, in a strict 

coordination with cell growth and environmental conditions (105). The expression of 

individual antibiotic gene clusters is controlled by complex regulatory cascades that link 

environmental and physiological signals through pleiotropic and pathway-specific 

regulatory proteins (106).  

Nikkomycin production occurs in a growth phase-dependent manner, as it is common 

for many secondary metabolites produced by Streptomyces. The growth curve of 

Streptomyces tendae shows biphasic exponential growth kinetics (82). Nikkomycins 

become detectable in the culture broth after 30 h of fermentation, at the transition from 

the second exponential growth phase to the stationary phase. After six to seven days of 

cultivation, their concentrations have increased to maximum amounts. Each of the three 

polycistronic nik operons is started to be transcribed during the second exponential 

growth phase, about 5 h before nikkomycins can be detected in the culture broth. The 



Introduction 

 

22 

 

transcripts accumulate and, during the stationary phase, they are maintained at maximal 

levels (83;100).  

The gene product of nikZ was suggested to be a pathway-specific transcriptional 

activator. It consists of 1062 amino acids and contains two sequences resembling A- 

and B-type ATP binding consensus sequences in the N-terminal half (82). The N-

terminal domain of NikZ shows sequence similarity to members of the SARP family 

(Streptomyces antibiotic regulatory proteins) (107). Many pathway-specific regulatory 

proteins belong to the SARPs, which bind to a direct repeat sequence which overlaps 

the -35 region of the target promoter (108). According to Bormann et al, NikZ 

positively controls the transcription of the nikP1P2QRSTUV, nikABCDEFG, and 

nikIJKLMNO operons. In the putative -10 regions of the promoters in front of the nikP1, 

nikA and nikI genes, the consensus sequence CAG/TGCT can be found. There is no 

similarity between the putative -35 regions, but well-conserved heptameric direct-repeat 

sequences of each promoter might function as binding sites for the nikZ-encoded 

regulator at the -35 regions (82).  

Streptomyces tendae NikZ shows 89% amino acid sequence identity to its analogue in 

S. ansochromogenes, SanG. The transcriptional regulatory protein, which resembles 

other positive regulators involved in antibiotic biosynthesis, like PimR of S. natalensis 

(109) or PteR of S. avermilitis (110), was thoroughly characterized by the group of 

Huarong Tan (111;112). Disruption of the sanG gene abolished nikkomycin 

biosynthesis, which could be restored by complementation by a single copy sanG. 

Increasing the copy number of sanG resulted in an increase in nikkomycin production, 

which reinforced the evidence that sanG is an important activator gene for nikkomycin 

biosynthesis. Furthermore, sanG exhibits pleiotropic effects on colonial morphology 

and development, as its disruption reduced sporulation and led to brown pigment 

accumulation. At least three promoters (P1, P2 and P3) are involved in transcription of 

sanG, one of them (P1) being strongly upregulated when production of nikkomycin 

starts. The two operons starting from sanN and sanO are dependent on the expression of 

sanG, whereas the sanFABCDEX operon (resembling the nikIJKLMNO operon in S. 

tendae) is not regulated by sanG (112). SanG was expressed in Escherichia coli and 

shown to bind to the DNA fragment containing the sanN-sanO promoter region. The 

protein showed significant ATPase/GTPase activity and addition of ATP/GTP enhanced 

the affinity of SanG for target DNA. Apparently, ATPase/GTPase activity of SanG 
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modulated the transcriptional activation of SanG target genes during biosynthesis of 

nikkomycins (111).  

SanG shows 32% identity to the pimaricin biosynthetic regulator PimR in S. natalensis 

and 33% identity to PteR from S. avermilitis, which is involved in filipin biosynthesis 

(109;110;112). Although pimaricin and filipin belong to the polyene antibiotics and 

their structures and biosynthetic pathways are different from those of nikkomycins 

which are nucleoside antibiotics, all of them have antifungal properties. The 

mechanisms of their regulation are supposed to be similar. Probably the regulators were 

acquired in the process of evolution against fungi (112).  

The sanG promoter region may be the target for DNA binding by another regulatory 

protein, SabR. The γ-butyrolactone receptor homologous gene sabR was identified in S. 

ansochromogenes and disruption delayed nikkomycin production in media containing 

glucose or glycerol, but led to earlier sporulation. It had no effect in media containing 

mannitol as carbon source, suggesting that it is a pleiotropic regulatory gene that 

controls the onset of nikkomycin production and sporulation and is related to the carbon 

source (113). From nikkomycin producing S. tendae ATCC31160, the tarA (tendae 

autoregulator receptor) gene was isolated. Disruption of the tarA gene also led to a 

delay in nikkomycin production. TarA shows strong similarity to γ-butyrolactone-

binding proteins involved in the regulation of antibiotic biosynthesis in Streptomyces, 

where γ-butyrolactone autoregulators and the corresponding receptors play a crucial role 

in regulating the production of antibiotics and morphological differentiation (114). 

1.10 Improvement of nikkomycin production 

Nikkomycins X and Z are the main components produced by Streptomyces tendae and 

S. ansochromogenes. Generation of a high-producing strain has become very important 

to scale up nikkomycin production for clinical trials (115). Traditionally, the 

improvement of antibiotic-producing strains is achieved by random mutagenesis and 

selection. Another approach would be the overexpression of positive transcriptional 

regulators of a biosynthetic gene cluster or specific enzymes involving metabolic 

bottlenecks (116). An attempt to improve nikkomycin production by introducing an 

extra copy of sanU and sanV into S. ansochromogenes increased nikkomycin yield 

about 1.8-fold (93). The gene products of sanU and sanV are involved in the 

biosynthesis of the HPHT moiety of nikkomycins. In the biosynthetic pathways of 

secondary metabolites, there often exists more than one single rate-limiting step (117). 
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Overexpression of the entire biosynthetic gene cluster might therefore further improve 

the yields of the desired antibiotic. To improve nikkomycin production, Liao et al 

introduced an additional copy of the nikkomycin biosynthetic gene cluster into S. 

ansochromogenes, which led to enhanced production of nikkomycins X and Z (4-fold 

and 1.8-fold, respectively, compared to the wild type strain). The large (35 bp) gene 

cluster was first reassembled into an integrative plasmid by Red/ET technology 

combined with classic cloning methods and the resulting plasmid was introduced into S. 

ansochromogenes by conjugal transfer (118). 

Nikkomycin Z is a potential fungicide with clinical significance. As the presence of its 

isomer, nikkomycin X, during fermentation interferes with its purification and increases 

the production cost, a nikkomycin producing strain of S. ansochromogenes was 

genetically modified to selectively produce nikkomycin Z. A complete block of 

nikkomycin X biosynthesis was achieved by deletion of sanP, whose gene product is 

involved in the imidazolone biosynthetic pathway of nikkomycin X (115). Earlier 

studies in S. tendae showed that disruption of nikP2 almost abolished nikkomycin X 

production (100). Selective production of nikkomycin Z in high amounts was achieved 

by combining genetic manipulation with feeding of precursors to the fermentation 

medium. The sanP deletion mutant produced 2.6-fold higher yields of nikkomycin Z 

than the parent strain when uracil at the concentration of 2 g/L was present while 

suppressing nikkomycin X production by 85%. Possibly, UMP derived from uracil 

competed with imidazolone for incorporation into the molecule (115). 

1.11 Aim of this work  

The aim of this work has been to shed light onto the biosynthetic steps that lead to the 

generation of the aminohexuronic acid moiety of nikkomycins by heterologous 

expression and biochemical characterization of the involved enzymes and by the 

analysis of nikkomycin intermediates produced by Streptomyces mutants featuring 

disruptions of the respective genes. Investigations regarding the structural biology of 

nikkomycin biosynthetic enzymes were carried out by our cooperation partners at the 

Institute of Molecular Biosciences (University of Graz), and are described in the 

Doctoral Thesis of Gustav Oberdorfer, “Structural investigations on enzymes of 

nikkomycin biosynthesis” (119).  
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2 NikO: An enolpyruvyltransferase catalyzing the first step in 

aminohexuronic acid biosynthesis 
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2.1 Introduction 

2.1.1 Enolpyruvyltransferases 

The NikO enzyme from Streptomyces tendae exhibits sequence similarity to 

enolpyruvyltransferases, which, after release of the phosphate group of 

phosphoenolpyruvate (PEP) by C-O bond cleavage, transfer the intact enolpyruvyl 

moiety to their respective substrates. NikO is related to UDP-N-acetylglucosamine 

enolpyruvyltransferase (MurA) and, to a lesser extent, to 5-enolpyruvylshikimate-3-

phosphate synthase (EPSPS) (120).  

The enzyme UDP-N-acetylglucosamine enolpyruvyltransferase (MurA) catalyses the 

transfer of an enolpyruvyl group from PEP to the 3´-OH group of UDP-N-

acetylglucosamine, to form UDP-N-acetylenolpyruvylglucosamine. This reaction 

constitutes the first committed step in the biosynthesis of bacterial cell wall 

peptidoglycan (121). Since MurA is an essential enzyme in all bacteria, its importance 

as an antibacterial target has been the subject of many investigations (122). The 

naturally occurring antibiotic fosfomycin, which is produced by some species of 

Streptomyces and Pseudomonas (123), alkylates the thiol group of the catalytically 

important cysteine residue C115 and thereby irreversibly inhibits MurA activity (124). 

The enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) catalyzes the sixth 

step in the shikimate pathway, which is the major source of aromatic compounds in 

bacteria, fungi, algae, higher plants and apicomplexan parasites (125-127). The reaction 

consists of the reversible transfer of the enolpyruvyl moiety from PEP to shikimate 3-

phosphate, to yield 5-enolpyruvylshikimate-3-phosphate and inorganic phosphate (128). 

EPSPS was identified as a target for inhibitors, like the herbicide glyphosate (N-

phosphonomethylglycine) (128;129). As the shikimate pathway is essential for survival 

of the apicomplexan parasites Plasmodium falciparum, Toxoplasma gondii and 

Cryptosporidium parvum, while being absent in mammals, EPSPS is a promising 

therapeutic target for developing new antiparasitic drugs. 

MurA and EPSPS share a common enzymatic reaction mechanism and a unique three-

dimensional topology. In absence of substrate, MurA exhibits an “open” conformation. 

Upon substrate binding, the conformation changes to the more tightly packed “closed” 

form, following an induced fit mechanism. Thereby, the substrates are properly 
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positioned for catalysis (130-132). In the “closed” form, MurA shows a significant 

increase in proteolytic stability (133).  

The NikO enzyme from S. tendae was shown to catalyse the transfer of an enolpyruvyl 

group from PEP to the 3´-OH group of UMP, generating 3´-enolpyruvyl-UMP (3´-

EPUMP). This reaction constitutes the first step towards the biosynthesis of the 

aminohexuronic acid moiety of nikkomycins (98). 

HPO4
2-

2-

MurA

UDP-N-acetylglucosamine

UDPGlcNAc

2-

Shikimate-3-phosphate
(S3P)

2-

UMP

2-

5-Enolpyruvyl-3-shikimate phosphate
(EPSP)

2-

HPO4
2-

UDP-N-acetylenolpyruvylglucosamine

3'-EPUMP

2-

HPO4
2-

2-

NikO

EPSPS

 

Scheme 10: Reactions catalysed by the enolpyruvyl transferases UDP-N-

acetylglucosamine enolpyruvyltransferase (MurA), 5-enolpyruvylshikimate-3-

phosphate synthase (EPSPS), and S. tendae NikO (R1= uracil or 4-formyl-4-

imidazoline-2-one). 

NikO and MurA show striking similarities in their active sites. The cysteine residue, 

which has been shown to be susceptible to alkylation by fosfomycin in the “closed” 

conformation of MurA (124;134), is conserved in NikO. This cysteine residue is found 

in an extended loop region in MurA. Upon formation of the “closed” conformation, it 
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moves towards the active site cleft. The rate of inactivation of MurA by fosfomycin is 

considerably increased in the presence of its substrate, UDP-N-acetylglucosamine, 

which is also due to the conformational change the enzyme undergoes upon substrate 

binding (134;135). NikO, however, was discovered to react with fosfomycin in the 

absence of its substrate (120). This can either be explained by its permanent existence in 

a closed form, where C130, which is equivalent to C115 in MurA, is permanently 

activated, or by the presence of UMP bound to NikO in the enzyme preparation. 

2.1.2 The role of StNikO in nikkomycin biosynthesis 

Originally, it was hypothesized that the nucleoside moiety of nikkomycins is generated 

by the addition of an enolpyruvyl group from PEP to the 5´-position of ribose of either 

uridine or its 4-formyl-4-imidazoline-2-one analog. This step is then followed by 

speculative modifications to yield aminohexuronic acid (136). 

With 3´-EPUMP as the reaction product of NikO, significant modifications of the 

previous models of nikkomycin biosynthesis are required. It is a challenging task to find 

the explanation how nikkomycin structures, which unvariably exhibit a branching point 

at the 5´- rather than the 3´-position, are generated from 3´-EPUMP. 

 

2.2 Materials and Methods 

2.2.1 Reagents 

All chemicals were of highest grade commercially available and purchased from 

Sigma−Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or Merck 

(Darmstadt, Germany). Nickel−nitrilotriacetic acid agarose (Ni−NTA) was from Qiagen 

(Hilden, Germany), Sephadex resin from Pharmacia Biotech AB (Uppsala, Sweden). 

2.2.2 Expression in Escherichia coli 

Chemically competent E. coli BL21(DE3) cells were transformed with the expression 

plasmid pET21d(nikO), which was generated by Christian Ginj. The gene is designed in 

a way that allows expression of NikO with a C-terminal hexahistidine tag. Expression 

of NikO was achieved by growing a 10 mL preculture in Luria-Bertani (LB) medium 

containing 100 µg/mL ampicillin over night at 37 °C. The preculture was used to 

inoculate 750 mL LB medium containing 100 µg/mL ampicillin for plasmid selection. 

The culture was incubated at 37 °C until an OD600 of 0.5 and IPTG was added to a 
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final concentration of 0.1 mM. The culture was incubated for 3 h at 37 °C and cells 

were harvested by centrifugation. The pellet was washed with 0.9 % NaCl solution and 

stored at -20 °C. 

2.2.3 Generation of a NikO D82A/E83A/K325A variant by site-specific 

mutagenesis 

Site directed mutagenesis was carried out in two steps according to the QuikChange® 

XL Site-Directed Mutagenesis Kit from Stratagene (Santa Clara, CA, USA). The 

pET21d(nikO) plasmid served as template in the first step to introduce the mutations 

that led to substitution of the amino acids at positions 82 and 83. The resulting plasmid 

served as a template to additionally introduce the mutation that led to the K325A 

variant. The following primers and their complementary counterparts were used:  5’- G 

CAC TAC GAG GCG GCG GCG ACG TTC ACC GTC G -3’ for the D82A/E83A 

mutations and 5’- CAC CCG CTG ACG GCG CCG TTG CGG CCC GTG -3’ for the 

K325A mutation. The underlined nucleotides denote the mutated codons. After each 

step of mutagenesis, the sequence of the transformation construct was verified by DNA-

sequence analysis. Transformation and expression was carried out as described for wild 

type NikO. 

2.2.4 Cell disruption and purification 

The pellet was thawed and resuspended in lysis buffer (100 mM Tris-HCl buffer at pH 

8.0, containing 300 mM NaCl and 10 mM imidazole), using 2 mL buffer per gram of 

wet cells. Cells were disrupted by 30 min incubation with lysozyme and 0.5 s sonication 

pulses for 10 min while cooling on ice. The cell debris was removed by centrifugation 

at 18 000 g for 30 min at 4 °C. 

The hexahistidine-tagged NikO was purified by Ni-NTA affinity chromatography, 

loading the supernatant onto a Ni-NTA column (Qiagen), previously equilibrated with 

lysis buffer. After loading of the filtered lysate, the column was washed with 10 column 

volumes of wash buffer (100 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0) 

and bound protein was recovered with elution buffer (100 mM Tris-HCl, 300 mM NaCl, 

150 mM imidazole, pH 8.0). The purity of the eluted 3 mL fractions was determined 

using SDS-polyacrylamide gel electrophoresis. Fractions containing NikO were pooled 

and concentrated using Amicon
®
 Ultra Centrifugal Filter Units (Millipore, Billerica, 

MA, USA). The buffer was exchanged to 100 mM Tris buffer (pH 7.5) using a PD-10 

column (GE Healthcare, Uppsala, Sweden) and the solution of NikO protein was stored 
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at -20 °C. For crystallization trials, the protein was further purified by gel filtration 

chromatography, using a Hi Load™ 16/70 Superdex 75 prep grade column (Pharmacia 

Biotech AB, Uppsala, Sweden) which was mounted on a fast protein liquid 

chromatography (FPLC) system (ÄKTA Explorer, Pharmacia Biotech AB, Uppsala, 

Sweden). The column was equilibrated with 20 mM Tris-HCl buffer at pH 7.5. 

2.2.5 Generation and purification of 3’-enolpyruvyl-UMP (3’-EPUMP) 

Enzymatic reactions were set up by incubating 1 mM PEP, 1 mM UMP and 10 µM 

NikO in 100 mM Tris-HCl at pH 7.5 and 30 °C for one hour. 3’-EPUMP was further 

purified by RP-HPLC, using an Atlantis dC18 column (Waters, Dublin, Ireland), 

mounted on an UltiMate 3000 HPLC system (Dionex, Germering, Germany). The 

elution was carried out by applying a linear gradient of 0.05% trifluoroacetic acid to 

acetonitrile in 25 min, using a flow rate of 1 mL/min. The purified product was 

lyophilized. 

 

2.3 Results and Discussion 

NikO and the surface engineered variant NikO D82A/E83A/K325A were mainly 

expressed and purified to perform crystallization trials and to elucidate the structure of 

the protein alone and in the presence of 3’-EPUMP and its inhibitor fosfomycin. The 

results of crystallization are described and discussed by Gustav Oberdorfer in his 

doctoral thesis (119). 

As the NikO reaction constitutes the first step towards the biosynthesis of the 

aminohexuronic acid moiety of nikkomycins, the product of the reaction, 3’-EPUMP is 

supposed to serve as a substrate for the next enzyme in the biosynthetic pathway. 

Enough 3’-EPUMP could be produced to test each of the enzymes cotranscribed with 

NikO for its ability to convert 3’-EPUMP to the next intermediate of aminohexuronic 

acidbiosynthesis. 
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CHAPTER 3 

 

 

 

3 Expression and characterization of NikK 

 

Information and results regarding the NikK enzyme is summarized in the following 

manuscript, which was submitted to FEBS Journal in July 2011. My contribution to that 

work consisted in all the steps involving the cloning, expression, purification and 

biochemical characterization of the enzyme.  
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AspAT, aspartate:2-oxoglutarate aminotransferase; DNPH, 2,4-dinitrophenyl hydrazine; 

3’-EPUMP, 3’-enolpyruvyl uridine monophosphate; HEPES, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid; HisC, histidinol phosphate aminotransferase; HPHT, 

hydroxypyridylhomothreonine; MME, monomethyl ether; Mops, 3-(N-

morpholino)propanesulfonic acid; PDB, protein databank; PEG, polyethylene glycol; 

PEP, phosphoenolpyruvate; PLP, pyridoxal 5’-phosphate; PMP, pyridoxamine 5’-

phosphate; Tris, tris(hydroxymethyl)aminomethane ; UMP, uridine monophosphate 
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Abstract 

As inhibitors of chitin synthase, nikkomycins have attracted interest as potential 

antibiotics. The biosynthetic pathway to these peptide nucleosides in Streptomyces 

tendae is only partially known. In order to elucidate the last step of the biosynthesis of 

the aminohexuronic building block, we have heterologously expressed a predicted 

aminotransferase encoded by the gene nikK from S. tendae in Escherichia coli. The 

purified protein, which is essential for nikkomycin biosynthesis, has a pyridoxal-5-

phosphate cofactor bound as a Schiff base to lysine 221. The enzyme possesses 

aminotransferase activity and uses several standard amino acids as amino group donors 

with a preference for glutamate (Glu > Phe > Trp > Ala > His > Met > Leu). Therefore, 

we propose that NikK catalyzes the introduction of the amino group into the 

ketohexuronic acid precursor of nikkomycins. At neutral pH, the UV-Vis absorbance 

spectrum of NikK has two absorbance maxima at 357 and 425 nm indicative of the 

presence of the deprotonated and protonated aldimine with an estimated pKa of 8.3. The 

rate of donor substrate deamination is faster at higher pH, indicating that an alkaline 

environment favors the deamination reaction. 
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A variety of structurally related peptide nucleosides termed nikkomycins have been 

isolated from the culture filtrates of Streptomyces tendae and ansochromogenes (1;2). 

Nikkomycins show structural similarity to the chitin synthase substrate UDP-N-

acetylglucosamine and hence inhibit chitin biosynthesis in fungi and insects (3). Owing 

to this inhibition nikkomycins have potential as potent fungicidal, insecticidal, and 

acaricidal compounds. As they are non-toxic to mammals and easily degradable in 

nature, they are recognized as ideal fungicides for human therapy and insecticides for 

agriculture (4;5). 

In 1970, the first producing strain for nikkomycins, S. tendae Tü901, was isolated from 

a soil sample near Nikko, Japan, as part of a program to discover novel fungicides and 

insecticides for agricultural use (5;6). Nikkomycins are composed of a peptidyl and a 

nucleoside moiety, which are synthesized separately and then linked by a peptide bond 

(7). The peptidyl moiety consists of hydroxypyridylhomothreonine (HPHT,  

nikkomycin D) which is derived from L-lysine and 2-oxo-butyrate (8;9). 5-

aminohexuronic acid, which is bound N-glycosidically either to uracil or to 4-formyl-4-

imidazoline-2-one, forms the nucleoside moiety of nikkomycins Z and X, respectively 

(2). Nikkomycin X and Z are the main components of nikkomycins in S. tendae and 

ansochromogenes, and also the most active compounds. The corresponding nucleoside 

moieties are designated as nikkomycin CX and CZ (10). 

The nikkomycin biosynthetic gene cluster in S. tendae consists of 22 structural genes, 

organized in three polycistronic operons and a monocistronically transcribed regulatory 

gene. Although functions have been assigned to many of those genes by sequence 

comparisons and gene knock-out experiments (11), the biosynthesis of nikkomycins is 

so far only partially understood. The biosynthesis of the peptidyl moiety commences 

with the deamination of L-lysine to the corresponding α-keto acid, catalysed by the 

aminotransferase NikC (12). After spontaneous cyclization and dehydration of the α-

keto acid, the resulting piperideine-2-carboxylate is oxidized by the FAD containing 

enzyme NikD to form picolinic acid (13). Picolinic acid is activated and loaded to 

coenzyme A by the ATP-dependent picolinate-CoA ligase NikE, and the resulting CoA-

thioester is reduced to picolinaldehyde by the dehydrogenase NikA (9;14;15). An aldol 

condensation between picolinaldehyde and 2-oxobutyrate is catalysed by the aldolase 

NikB, generating 4-(2’-pyridinyl)-2-oxo-4-hydroxyisovalerate (POHIV) which is 

aminated by NikT to 4-(2’-pyridinyl)-homothreonine (PHT). Hydroxylation of PHT by 
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NikG and NikF at the pyridinyl moiety then yields the final peptide residue for 

nikkomycin biosynthesis (8;16;17).  

 Nikkomycins of the X series comprise a 4-formyl-4-imidazolin-2-one base, 

which originates from L-histidine.  After L-histidine is activated and transferred to the 

carrier protein NikP1, it is hydroxylated by NikQ. NikP2 is necessary for the hydrolytic 

release of β-OH-His from NikP1 (2). Further transformations lead to the imidazolone 

base which is possibly transferred to 5’-phosphoribosyl-1-pyrophosphate by NikR, an 

enzyme with significant sequence similarity to uracil phosphoribosyl transferases (11). 

The enolpyruvyl transferase NikO has been demonstrated to catalyse the formation of 

3’-enolpyruvyl uridine monophosphate (3’-EPUMP) out of uridine monophosphate and 

phosphoenolpyruvate (18). This is totally different from the previously proposed 

pathway for the biosynthesis of the nucleoside moiety, where the enolpyruvyl moiety is 

attached to the 5’-position of uridine (19). It can be expected that NikO also catalyses 

the analogous reaction with 5’-phosphoribofuranosyl-4-formyl-4-imidazolin-2-one 

instead of UMP, because nikO inactivated mutants produced neither the nikkomycins I, 

J, X and Z nor the nucleoside moieties CX and CZ, but accumulated the novel nucleoside 

ribofuranosyl-4-formyl-4-imidazolone in the culture filtrate (19). Considering the 

introduction of the enolpyruvyl group at the 3’-position of UMP, a rearrangement of the 

carbon skeleton, catalysed by the enzymes which are cotranscribed with NikO, was 

postulated (18). Structural genes for the biosynthesis of the aminohexuronic acid moiety 

are encoded on the nikIJKLMNO operon, and nikL, nikK and nikM disruption mutants 

accumulated bicyclic nikkomycins SX and SZ in the fermentation medium (11).  The 

characterization of the encoded enzymes will shed light on the reactions that lead to 

aminohexuronic acid. Here, we report the heterologous expression and biochemical 

characterization of NikK. Our studies show that the enzyme is a pyridoxal-5’-phosphate 

dependent aminotransferase with L-glutamate as the preferred amino group donor. We 

propose that NikK catalyses the introduction of the amino group into the nucleoside 

moiety of nikkomycin antibiotics as shown in Scheme 1. 
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Materials and Methods 

 

Reagents 

All chemicals were of highest grade commercially available and purchased from 

Sigma−Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or Merck 

(Darmstadt, Germany). Nickel−nitrilotriacetic acid agarose (Ni−NTA) was from Qiagen 

(Hilden, Germany), Sephadex resin from Pharmacia Biotech AB (Uppsala, Sweden). 

The chaperone plasmid set was from Takara (Shiga, Japan). 

 

Determination of the nikK gene sequence 

Genomic DNA was isolated from Streptomyces tendae Tü901/8c, using the illustra™ 

bacteria genomicPrep Mini Spin Kit from GE Healthcare (Buckinghamshire, UK). The 

nikK gene region was amplified by PCR and several clones of the PCR product were 

analyzed by DNA-sequencing (Eurofins DNA; Ebersberg, Germany).  

 

Cloning and expression in Escherichia coli 

The synthetic gene in E. coli codon usage, encoding for the S. tendae NikK, was 

ordered from DNA 2.0. It contained an NdeI restriction site at the 5’-end and a XhoI 

restriction site at the 3’-end, and was cloned into the NdeI/XhoI restriction sites of the 

pET21a vector (Novagen), generating the expression plasmid pET21a(nikK). The gene 

was designed without a stop codon, which allows expression of the protein with a C-

terminal hexahistidine tag. The nikK sequence on the expression plasmid was verified 

by DNA-sequencing (Eurofins DNA).  

Chemically competent E. coli BL21(DE3) cells were transformed with the chaperone 

plasmid pG-KJE8 (Takara Bio Inc.), these transformants were made competent and 

transformed with pET21a(nikK). 

Expression of NikK with the help of co-expressed chaperones (dnaK, dnaJ, 

grpE, groES, groEL) was achieved by growing a 10 mL preculture in Luria-Bertani 

(LB) medium containing 50 µg/mL ampicillin and 20 µg/mL chloramphenicol over 

night at 37 °C. The preculture was used to inoculate 750 mL LB medium containing 50 

µg/mL ampicillin and 20 µg/mL chloramphenicol for plasmid selection, 1 mM 

pyridoxine for cofactor integration and 0.5 mg/mL L-arabinose and 1 ng/mL 

tetracycline for chaperone induction. The culture was incubated at 37 °C until an 

OD600 of 0.5 and IPTG was added to a final concentration of 0.1 mM. The culture was 
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incubated over night at 20 °C and cells were harvested by centrifugation. The pellet was 

washed with 0.9 % NaCl solution and stored at -20 °C. 

 

Generation of NikK K221M and E265A/E266A/Q267A variants by site-specific 

mutagenesis 

Site directed mutagenesis was carried out according to the QuikChange® XL Site-

Directed Mutagenesis Kit from Stratagene (Santa Clara, CA, USA). The pET21a(nikK) 

plasmid served as template. The following primers and their complementary 

counterparts were used:  5’-C CAC GTA GTT CGT GTG AAT ACC TTC TCT ATG 

AGC TAC GGC CTG TCT GG -3’ for the  NikK K221M variant and 5’- GT CGC TCC 

CTG GCG GCG GCG GCT GTT TTC ACT GCG ATT TG -3’ for the NikK 

E265A/E266A/Q267A variant. The underlined nucleotides denote the mutated codons. 

After mutagenesis, the sequence of the transformation construct was verified by DNA-

sequence analysis. Transformation and expression was carried out as described for wild 

type NikK. 

 

Cell disruption and purification 

The pellet was thawed and resuspended in lysis buffer (50 mM phosphate buffer at pH 

8.0, containing 300 mM NaCl and 10 mM imidazole), using 2 mL buffer per gram of 

wet cells. After adding a few milligrams of pyridoxal 5’-phosphate, cells were disrupted 

by 30 min incubation with lysozyme and 0.5 s sonication pulses for 10 min while 

cooling on ice. The cell debris was removed by centrifugation at 18 000 g for 30 min at 

4 °C. 

The hexahistidine-tagged NikK was purified by Ni-NTA affinity 

chromatography, loading the supernatant onto a Ni-NTA column (Qiagen), previously 

equilibrated with lysis buffer. After loading of the filtered lysate, the column was 

washed with 10 column volumes of wash buffer (50 mM sodium phosphate, 300 mM 

NaCl, 20 mM imidazole, pH 8.0) and bound protein was recovered with elution buffer 

(50 mM sodium phosphate, 300 mM NaCl, 150 mM imidazole, pH 8.0). The purity of 

the eluted 3 mL fractions was determined using SDS-polyacrylamide gel 

electrophoresis. Fractions containing NikK were pooled and concentrated using 

Centripreps (Millipore). The buffer was exchanged to 50 mM potassium phosphate 

containing 150 mM NaCl (pH 7.5) using a PD-10 column (GE Healthcare) and the 

deeply yellow solution of NikK protein was stored at 4 °C. 
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Native molecular mass determination 

The molecular mass of the purified protein was determined by gel filtration 

chromatography in order to assess the oligomerization state of native NikK. The 

analytical column, a Superdex 200 10/300 GL (Pharmacia Biotech AB) was mounted on 

a fast protein liquid chromatography (FPLC) system (ÄKTA Explorer, Pharmacia 

Biotech AB). The column was equilibrated with 100 mM Tris-HCl buffer containing 

150 mM NaCl at pH 7.5. A 100 µL sample containing 200 μg of NikK was applied to 

the column, and the elution volume was determined by monitoring the absorbance at 

280 and 430 nm. The column was calibrated using a high-molecular-mass gel-filtration 

calibration kit (Amersham Biosciences; α-chymotrypsinogen A, 25 kDa; ovalbumin, 43 

kDa; bovine serum albumin, 67 kDa; aldolase, 158 kDa; catalase, 232 kDa; and ferritin, 

440 kDa). 

 

Spectrophotometric measurements and determination of protein concentration 

UV-vis absorbance spectra were recorded with a Specord 205 spectrophotometer 

(Analytik Jena, Germany), and fluorescence emission spectra with a Hitachi U-3210 

fluorescence spectrophotometer (Tokyo, Japan). The protein solution contained 50 mM 

potassium phosphate buffer at pH 7.5. To measure protein solutions at various pH 

values, either 200 mM Tris (pH 8-10), or Mops (pH 6-7.9) buffers were used. Enzyme 

concentrations were measured using the Pierce BCA
TM

 Protein Assay Kit from Thermo 

Scientific. Spectra of the NikK wild type, NikK K221M and free PLP were taken in  

100 mM potassium phosphate buffer, at pH 8.0. 

 

Aminotransferase activity assay 

The transfer of amino groups from L-alanine to α-ketoglutarate was assayed according 

to the procedure established by Reitman and Frankel (20), also described by Vedavathi 

et al. (21). In our activity test, 2,4-dinitrophenyl hydrazine (DNPH) was added after a 

reaction time of 30 min. 
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Amino donor specificity and rapid reaction kinetics 

The decrease of the absorbance bands at 425 nm and 357 nm, and the increase at 330 

nm were followed spectrophotometrically, in order to assess the transfer reaction of the 

amino group from the donor amino acid to the PLP-cofactor (22). All experiments were 

carried out at 25 ºC. The enzyme solution containing 100 µM NikK and 200 mM Tris-

HCl was mixed with an equal volume of amino acid solution of varying concentrations 

in the same buffer and the absorbance decrease was measured immediately after mixing. 

The experiment was carried out at various pH, using stopped flow equipment (SF-

61DX2, Hi-Tech Scientific) and measuring time-dependent changes of the absorbance 

spectrum (300 to 700 nm) with a diode array detector or at single wavelengths (330 nm, 

357 nm, 425 nm) with a photomultiplier. 

Crystallization 

After affinity and gel-filtration purification, native hexahistidine-tagged NikK and the 

K221M variant of NikK were extensively dialyzed over night against 10 mM Tris-HCl 

at pH 7.5. The purified triple variant, NikK E265A/E266A/Q267A was dialyzed against 

10 mM HEPES buffer pH 7.5. The dialyzed samples were concentrated using 

Centripreps (Millipore) to a variety of final concentrations ranging from 4.4 mg/ml to 

12 mg/ml for native NikK, to ~5 mg/ml for the active site lysine variant K221M and to 

5, 10, 20 and 40 mg/ml for the triple variant. Several commercially available 

crystallization screens (Hampton Research Index Screen, Hampton Research Crystal 

Screen I+II, Hampton Research PEG/Ion Screen, Hampton Research Silver Bullet 

Screen, Hampton Research Additive Screen, Hampton Research Detergent Screen, 

Quiagen Classic II Suite, Quiagen PEG-Suite, Molecular Dimensions Morpheus Screen) 

were set up by using either microbatch or sitting-drop vapor diffusion methods, 

employing an Oryx 7 crystallization robot. For all concentrations the crystallization 

setups were done by mixing equal amounts of protein and precipitant solution with final 

drop volumes of 1, 2, 3 or 4 µl. Crystallization setups were incubated at 293 K and 289 

K respectively. Crystals were obtained under various conditions (e.g. 0.1 M Tris pH 8.5, 

0.3 M magnesium formate, 0.2 M sodium chloride; 0.1 M Tris pH 8.5, 25% w/v 

polyethylene glycol (PEG) 3350, 0.02 M magnesium chloride; 0.1 M HEPES pH 7.5, 

22% w/v polyacrylic acid 5100; 0.2 M ammonium fluoride, 20% w/v PEG 3350, pH 

6.2; 0.1 M HEPES pH 7.5, 25 % (w/v) PEG 2000 MME; 0.2 M magnesium acetate, 20 

%(w/v) PEG 3350; 0.2 M magnesium sulphate, 20 % (w/v) PEG 3350; 0.2 M di-sodium 
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tartrate, 20 % (w/v) PEG 3350; 0.2 M tri-sodium citrate, 20 % (w/v) PEG 3350) and 

grew to full size within one day. 

Molecular modelling 

The homology model of dimeric NikK was built using YASARA (23;24). The structure 

of HisC from E. coli (PDB accession code 1fg3) (25) which shares 25% sequence 

identity with NikK was manually selected as the template for modelling. In order to get 

a good plasticity of the NikK active site, a gem-diamine complex between PLP, 

histidinol-phosphate and the active site lysine residue, present in the template structure, 

was kept during modelling. This model was further refined using secondary structure 

predictions (HHpred, http://toolkit.tuebingen.mpg.de/hhpred) (26;27) for previously 

unaligned regions using the program MODELLER v9.8 (28). Optimization of the model 

was facilitated using a protocol described by Krieger et al (29). Briefly, a short 

molecular dynamics simulation was carried out under constant pressure and temperature 

conditions. The homology model was solvated in a water box, sodium ions were used to 

neutralize charges on the protein and the modelled ligand intermediate was 

parameterized automatically. The solvation box was 7.5 Å bigger than the protein in 

each direction. The whole system was optimized by a steepest descent energy 

minimization using the AMBER 03 force field (30;31). Long range electrostatic 

interactions were treated using the Particle-Mesh-Ewald method (32). A trajectory was 

run for a total of 500 ps with snapshots taken every 25 ps. Every snapshot structure was 

minimized by a simulated annealing run and the energies were tabulated. The lowest 

energy snapshot was taken as the best optimized structure and analysed using YASARA 

(www.yasara.org) and PyMOL (www.pymol.org). 

For docking calculations the structures of ligands (external aldimines of glutamic acid, 

leucine, cysteine and the ketohexuronic acid) were built in Maestro 

(http://www.schrodinger.com) and geometry optimized using the OPLS force field 

(33;34). Partial charges for the ligands were computed with the Antechamber program 

of Amber 11 using the semiempirical AM1-bcc method (35). The refined homology 

model was prepared according to requirements of AutoDock v4.2 (addition of polar 

hydrogen atoms, addition of partial charges, assignment of atom types). The modelled 

ligand-intermediate was deleted from the model prior to docking and the simulations 

were performed with AutoDock v4.2 (36)  using the implemented Lamarckian genetic 

algorithm with a population size of 350 individuals, and an average number of 
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generations of about 900. The cubic energy grid was centered on the Nε atom of K221 

and had an extension of 22.5 Ǻ in each direction. While all ligand structures were 

treated as fully flexible to ensure a maximum degree of freedom during the simulations, 

all protein residues were kept rigid. For each ligand structure, 50 independent docking 

runs were performed and the resulting binding modes were clustered based on an r.m.s.-

deviation cut-off of 2.0 Å. The obtained structures were further subjected to geometry 

optimization in YASARA.  

Every protein-ligand complex was analyzed individually to see, whether it meets the 

C4A and C4 of PLP at around 90°, distance of N1 from PLP to the carboxyl group of 

D190 within 4 Å, salt bridge between the α-carboxyl group of the ligand and R343, 

superposition with the PLP-cofactor). 
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Results 

 

Genomic sequencing of the nikK gene 

The nikK gene region was sequenced six times to confirm the DNA sequence deposited 

in the UniProt database (GenBank: CAC80909.1). In all cases we detected two 

deviations from the deposited sequence: the codon for the amino acid in position 348 

specified asparagine instead of aspartate, and the codon for position 349 specified 

aspartate instead of histidine (see supplementary Figure S1). Accordingly, these 

alterations were taken into account for the generation of the synthetic gene used for 

heterologous expression of nikK. 

 

NikK expression and native molecular weight determination 

Several attempts to heterologously express the PCR-amplified nikK gene in Escherichia 

coli and Pichia pastoris were unsuccessful. Hence, a synthetic gene in E. coli codon 

usage was employed to express the protein. In addition, the soluble protein yield could 

be doubled to 5 mg/L medium by concomitant expression of the chaperone genes dnaK, 

dnaJ, grpE, groEL and groES. The C-terminally hexahistidine-tagged protein was 

purified to near homogeneity by a one-step Ni-NTA-affinity chromatography, yielding 

about 0.6 mg of NikK per gram of wet biomass. 

Size exclusion chromatography generated a single peak with an elution 

volume corresponding to a molecular mass of 79 kDa. Since the calculated molecular 

mass of the protein is 39.5 kDa, the native molecular mass determination indicates that 

NikK forms a dimer in solution. 

 

UV-vis absorbance properties of NikK 

The UV-Vis absorbance spectrum of purified NikK indicated the presence of a PLP 

cofactor (Figure 1). The features of the absorbance spectrum strongly depend on the pH 

(Figure 1). At high pH, the spectrum is dominated by an absorbance maximum at 357 

nm while at low pH the maximum absorbance shifts to longer wavelength (425 nm). 

The pH-dependent spectral changes were used to calculate a pKa value of 8.3 for the 

internal aldimine species that typically forms between the PLP cofactor and the side 

chain of a lysine residue (Figure 1, insert) (22). At low pH, an additional peak at 330 

nm appeared which is characteristic for the presence of pyridoxamine-5´-phosphate. 

PLP-dependent aminotransferases like E. coli tryptophanase or tryptophan indole-lyase 
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from Proteus vulgaris, show a characteristic band at 340 nm which corresponds to the 

enolimine form of the cofactor (37). This species exhibits a fluorescence emission 

maximum at around 500 nm on excitation at 340 nm (38). However, no fluorescence 

emission was observed with purified NikK, indicating that the absorbance in this region 

can be assigned solely to the deprotonated form of the PLP Schiff base and the PMP 

form of the cofactor. 

 

Figure 1 

Absorbance spectra of NikK at various pH values (6.5: solid line; 7.8: long dashed, 

8.1: medium dashed; 8.6: short dashed; 9.1: dotted; 9.8: dash-dotted line). The 

arrows indicate the direction of change with increasing pH. The insert shows the 

pH dependence of the absorbance at 357 nm (●) and 425 nm (○). 

 

Demonstration of aminotransferase activity 

The deamination of L-alanine in the presence of α-ketoglutarate was observed by 

measuring the absorbance of the coloured complex formed by pyruvate and DNPH at 

540 nm. The colour change in the presence of NikK enzyme clearly showed that L-

alanine had been converted to pyruvate. No colour change is seen in the absence of α-

ketoglutarate, which serves as an amino acceptor. Thus, it is evident that NikK 

comprises aminotransferase activity. 
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Amino donor specificity: screening of amino acids 

The first amino transfer reaction has been followed with various amino acids at pH 8.0 

and 9.0 (Table 1). The most active amino group donor is L-glutamate. Based on the 

spectral changes occurring in the presence of L-glutamate, shown in Figure 2, vmax and 

KD values of the NikK catalysed deamination of L-glutamate were determined (Figure 3 

and Table 2). Other amino acids (Phe, Trp, Ala, His, Met, Leu) also show significant 

amino group donor activity. The spectral changes were negligible in the presence of 

Gly, Ile, Thr, and Pro. The rapid reaction observed with L-cysteine is probably due to 

the formation of a stable thiazolidine ring between L-cysteine and PLP and not to amino 

group transfer (39;40). 

 

Figure 2 

Spectral changes in the presence of 5 mM L-glutamate at pH 8.0 (A) and pH 9.0 

(B) The solid lines show spectra of a NikK solution in the absence of glutamate, the 

dashed lines are spectra taken after 5 min incubation with glutamate. 
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Figure 3 

Observed absorbance change in the presence of glutamate. ● 330 nm, pH 8; ○ 425 

nm, pH 8; ■ 330 nm, pH 9; □ 357 nm, pH 9. The insert shows a Lineweaver Burk 

linearization to determine the  vmax and KD values by following the absorbance 

decrease at 330 nm at pH 8 (●) and pH 9 (○). 

 

Table 2 

vmax and KD values of the transamination reactions of NikK with L-glutamate 

 
  vmax (s

-1
) KD (mM) 

pH 8.0 2.0 ± 0.18 32.4 ± 5.5 

pH 9.0 32 ± 22 128 ± 38 

 

Rapid reaction kinetics 

Following time-dependent spectral changes after mixing NikK with the respective 

amino acid in a stopped-flow device, it was observed that the reactions proceed in a 

monophasic manner, except in the case of cysteine as substrate (see above). The kobs 

values for several substrate concentrations were determined by monitoring the 

absorbance increase at 330 nm and the absorbance decrease at 425 nm at pH 8 or at   

357 nm at pH 9 (Table 1). At a fixed amino acid concentration, the observed rate was 

independent of the wavelength used to monitor the reaction.  
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pH-Dependence of amino group transfer 

To assess the pH dependence of amino group transfer, L-alanine was used as amino 

group donor at different pH values. As shown in Figure 4, the decrease at 430 nm is ca. 

10 times faster at pH 9 than at pH 7. The pH-dependence of the reaction rate correlates 

with the pH-dependent spectral changes described above (Figure 1 and insert).  

Accordingly, the inflection point of the pH-dependency shown in Figure 4 is close to 

the determined pKa of the aldimine species (= 8.3). This supports the view that the 

deprotonated Schiff base represents the active form of the enzyme-bound PLP cofactor. 

 

Figure 4 

Rate of the absorbance decrease during the first amino transfer reaction with 7.5 

mM L-alanine as amino group donor, plotted against the pH. The sigmoidal 

function shows an inflection point at pH 8.3, the pKa of the Lys221-PLP Schiff 

base. The reaction rate increases with the pH, indicating that the deprotonated 

Schiff base is the active form. 

 

 

Crystallization 

Initial crystallization screens with native hexahistidine-tagged NikK yielded very thin 

plate-like crystals in various conditions. Several of these initial conditions could be 

optimized to a certain extent, showing slightly enhanced growth in the third dimension, 

but the crystals always remained plate like. Even the optimized crystals gave only weak 

and highly anisotropic diffraction patterns which could not be processed.  

In an attempt to improve crystallization, we used the surface entropy reduction 

prediction (SERp) server (41;42) and our model (see below) to predict amino acid 
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replacements which could enhance crystal growth. Thus, a triple variant, NikK 

E265A/E266A/Q267A, was generated, however, we were unable to obtain crystals. 

Similarly, the K221M variant did not yield crystals, neither under the conditions 

optimized for the wild type enzyme, nor under other conditions covered in several 

commercially available screens. 

Homology model  

Blast searches against a nonredundant set of protein sequences (NCBI) showed that 

close homologues to NikK, with sequence identities of more than 50%, only occur in 

other Streptomyces followed by a few sequences of histidinol phosphate 

aminotransferases from various organisms, exhibiting around 30% sequence identity. A 

blast search against the protein databank (PDB) identified the structure of HisC from E. 

coli in complex with histidinol phosphate (PDB code: 1fg3, 25% sequence identity) as 

the most suitable template. NikK was modelled as a dimer, because dimer formation 

was found to be essential for many aminotransferases in order to build up functional 

active sites (25;43;44) and because size exclusion chromatography indicated the 

occurrence of NikK dimers in solution.  

The modelled NikK structure exhibits the same three domains into which structures of 

aminotransferases can usually be divided, namely N-terminal arm, small domain and 

PLP-binding domain (25;43) (Figure 5). The model, however, shows very different loop 

conformations in the small domain (residues 33-40) as well as in the PLP-binding 

domain (residues 49-65). Compared to the sequence of HisC from E. coli, NikK is 12 

residues longer, which results in the difference between the two aforementioned 

regions. Interestingly, the different loop conformations of residues 33-40 introduce 

three completely new interaction possibilities for substrates in the active site, by shifting 

the corresponding loop towards the PLP cofactor. Concomitant with the shape alteration 

in this loop region, residues 49-65, which are predicted to form a small helix in NikK 

rather than an extended loop as in HisC, are affected as they are close in space. 

Furthermore, a tyrosine residue from one protomer, that in analogous aminotransferase 

structures, is pointing towards the active site of the vice versa protomer (25;43;45-48) 

(Y55 in HisC corresponding to Y61 in NikK) is part of the affected residue range 

(Figure 6). Other essential active site residues (Asp190, Tyr193, Ser220, Lys221 and 

Arg330) (25;49), however, are very well conserved in sequence and structure. 
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Figure 5 

Overall structure of the NikK homology model. The enzyme was modelled as a 

dimer. One protomer is shown in green (left) whereas the other protomer is color 

coded for the three domains typical for aminotransferases: N-terminal arm 

(salmon), small domain (light blue) and PLP-binding domain (pale yellow). The 

PLP histidinol-phosphate adduct, which was kept during modelling to assure a 

maximum in plasticity of the active site is shown in a stick representation and 

colored in yellow. The figure was created with PyMol (www.pymol.org). 

http://www.pymol.org/
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Figure 6 

Comparison of the homology model of NikK with HisC from E. coli. 

Left: superposition of the NikK homology model and the experimentally 

determined structure of HisC (PDB accession code 1fg3). Residues corresponding 

to NikK are coloured in dark blue whereas HisC is shown in red. Right: a color-

coded (NikK: dark blue, HisC: red) cartoon representation of the region that in 

contrast to HisC is predicted as a helix in NikK and therefore adopts a completely 

different conformation, which results in a differently shaped binding pocket.  

 

 

The role of K221 in Schiff base formation 

Our homology model of NikK suggests that K221 is potentially involved in the 

formation of the internal Schiff base with the PLP cofactor. To test this hypothesis, we 

generated a NikK variant where K221 is replaced by methionine (K221M). The isolated 

K221M variant displays a deep yellow colour, however the UV-vis spectrum shows 

remarkable differences to the spectrum obtained with wild type protein (Figure 7). In 

contrast to wild type protein, the absorbance maximum of the K221M variant is shifted 

to lower wavelength (400 nm) resembling the absorbance spectrum of free PLP rather 

than the enzyme-bound Schiff base (see Figure 7). The addition of glutamic acid (10 

mM final concentration) to the K221M variant results in a shift of the absorbance 

maximum to around 410 nm, indicating that an external aldimine can be formed 

between non-covalently bound PLP and the amino acid without prior binding of the 

cofactor to K221. However, formation of the external aldimine in the K221M variant 
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does not lead to deamination of the substrate as the active site lysine is essential for the 

conversion of the cofactor to the PMP form.  

 

 

Figure 7 

UV-vis absorbance spectra of NikK wild type (solid line), NikK (K221M) (long 

dashed line) and free PLP (short dashed line). The spectra were taken at pH 8.0 at 

an enzyme or PLP concentration of 25 µM. 

 

 

Substrate docking 

We docked three possible amino group donors and the proposed keto-acid substrate in 

their external aldimine form into the active site of NikK and obtained mechanistically 

reasonable binding modes for all of them. Characteristic interactions of the docked 

ligands were H-bonding of pyridine N1 to D190, stacking interactions of the PLP-

pyridine ring with F112, salt bridge formation between the α-carboxylate of the ligands 

with R343/R330 and PLP-phosphate group stabilization by H-bonding to the main chain 

NH and side chain OH of S88.  

Compared to structures of other aminotransferases (e.g. HisC from E. coli and aspartate 

aminotransferases from various organisms), additional interactions (Figure 8A-D) of the 

ligands with the enzyme, are provided by the altered loop region (residues 33 to 35) 

above the active site (Figure 8). Within this loop especially K33 was found to form an 

additional salt-bridge with the α-carboxylate of the docked ligands. Apart from that, 

further interactions of the amino acid substrate side chains were facilitated by a salt 
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bridge between the δ-carboxyl group and R229 (glutamate, Figure 8B), hydrophobic 

interactions of the leucine sec-butyl group with F19 (Figure 8D) and a possible disulfide 

bridge formation of cysteine with C35 (Figure 8C).  

 

Figure 8 

Docked and energy minimized complex structures of the NikK homology model 

and three representative amino group donors as well as the ketohexuronic acid 

moiety built as external aldimines. (a) Ketohexuronic acid linked via a Schiff base 

to PMP building an external aldimine. Active site residues are shown as sticks and 

interactions between protein residues and substrate are indicated by the red 

dashed lines. The active site lysine K221 is coloured in orange. (b) Docked complex 

of NikK and glutamic acid external aldimine. Residues from a loop region above 

the active site are forming additional interactions with the δ-carboxyl group of the 

substrate. In addition, stacking interactions of a phenylalanine residue with the 

pyridine ring of PLP can be seen. (c) Docked external aldimine form of cysteine. It 

can be seen that there is another cysteine side chain close enough to form a 

disulfide bridge. (d) Leucine docked as external aldimine to the active site of NikK. 

Even though there are multiple polar interaction possibilities, the hydrophobic side 

chain of leucine gets accommodated, making hydrophobic interactions with an 

adjacent phenylalanine residue. All residues are labelled according to NikK amino 

acid numbering. 
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Docking of our proposed substrate for NikK, ketohexuronic acid, into the 

active site gave a reasonably looking binding mode as well. Here, additional ligand side 

chain interactions with the enzyme are hydrogen bonding between D89 and the OH-

groups of the sugar moiety as well as the interaction of the 4-formyl-4-imidazoline-2-

one with the conserved R229 (Figure 8A). Moreover, the obtained docking pose also 

made evident how important the additional space in the active site of NikK is in order to 

accommodate this large substrate. 

 

To compare the plasticity of the active sites of our NikK homology model with its 

template, HisC from E.coli, we superimposed the obtained docking pose of the 

ketohexuronic acid onto the HisC active site, by fitting the two PLP cofactors to each 

other. This resulted in clashes with side chain and main chain atoms of HisC residues 

54-58. These residues however, correspond to residues 60-64 in NikK, which are part of 

one altered loop region (Figure 9). 

 

Figure 9 

Superposition of the binding mode obtained for the ketohexuronic acid docked as 

an external aldimine to NikK, with the active site structure of HisC. The 

orientation of the loop region (residues 54 to 58) in HisC would introduce clashes 

with the sugar moiety of the substrate. This is further evidence that the different 

structure of this loop region is essential for binding of ketohexuronic acid. 
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Discussion 

 

Several structurally related peptide nucleosides termed nikkomycins are produced by 

Streptomyces tendae and ansochromogenes (6). One characteristic feature of the 

biosynthesis is the modular set up where a dipeptide comprised of two non-standard 

amino acids and an aminohexuronic acid moiety are synthesized separately and then 

condensed to the desired product (with various nucleobases N-glycosidically linked to 

the sugar). Several steps of the dipeptide biosynthesis were studied (50;51) but so far 

only the initial reaction step towards the biosynthesis of aminohexuronic acid was 

reported. In this first reaction, NikO, a member of the enolpyruvyl transferases catalyzes 

the transfer of an enolpyruvyl group to the 3’ position of UMP, yielding 3’-enolpyruvyl-

UMP (18). A series of unknown enzymatic reactions then leads to the conversion to 

aminohexuronic acid.  In S. tendae, a set of genes (nikI, nikJ, nikK, nikL, nikM) were 

identified that encode enzymes catalyzing the required chemical steps (19). In order to 

gain further insight into the biosynthetic pathway, we have expressed nikK to 

demonstrate its role as an aminotransferase involved in the last step of the biosynthesis 

of aminohexuronic acid from ketohexuronic acid (Scheme 1). 
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Scheme 1 

Proposed final step in the biosynthesis of the aminohexuronic building block of 

nikkomycins catalyzed by NikK. NikK plays an essential part in the biosynthetic 

pathway of nikkomycin antibiotics. It is assumed that the NikK enzyme catalyzes 

the introduction of the amino group into the aminohexuronic acid moiety of 

nikkomycins. 
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The nikK gene encodes a 39.5 kDa protein which shows sequence similarities to several 

pyridoxal-5’-phosphate containing histidinol phosphate aminotransferases, e. g. 44% 

similarity and 25% identity to the histidinol phosphate aminotransferase HisC from 

Escherichia coli. Using a synthetic nikK gene optimized for E. coli codon usage, a 

sizable amount of soluble protein was produced. The yellow colour of the protein 

solution and the UV-vis absorbance properties of the protein indicated the presence of 

pyridoxal-5’-phosphate. NikK was shown to form a dimer in solution, like many other 

PLP-dependent enzymes, with each protomer having a mass of approximately 40 kDa 

as judged from SDS-PAGE. For many PLP-dependent enzymes, dimer formation seems 

to be essential for forming a functional active site (25). 

The PLP cofactor features distinct peaks in the UV-vis absorbance spectrum. The peak 

at 425 nm, which is prominent at lower pH values, represents the protonated form of the 

nitrogen in the Schiff base formed between the aldehyde group of the cofactor and the 

side chain amino group of an active site lysine residue. On the other hand, the peak at 

357 nm observed at high pH shows the deprotonated form of the Schiff base nitrogen. 

The absorbance spectra intersect in a single isosbestic point at 380 nm. From the pH-

dependence of the Uv-Vis absorbance spectra, a pKa of 8.3 was determined. This value 

is significantly higher than the value of 6.6 and 6.8 determined for histidinol phosphate 

aminotransferase (EC 2.6.1.9) and aspartate aminotransferase (EC 2.6.1.1), respectively. 

Apparently, in those enzymes the pKa increases successively during catalysis. In 

AspAT, the pKa is expected to increase to 8.8 in the Michaelis complex that is formed 

with the substrate amino acid and to above 10 in the external aldimine. The low pKa 

value of the unliganded enzyme is explained by the strain on the imine-pyridine torsion 

angle of the Schiff base, which is also crucial for the successive increase of the pKa 

(52;53). On binding of the substrate amino acid, the pKa increases and a proton is 

transferred from the protonated amino group of the substrate to the Schiff base nitrogen. 

The free amino group then nucleophilically attacks the imine, which has an increased 

electrophilicity due to protonation. In this so-called transaldimination step, the PLP-

substrate Schiff base is formed (53). However, the imine nitrogen of another member of 

subfamily I aminotransferases, glutamine:phenylpyruvate aminotransferase from 

Thermus thermophilus, shows a comparingly high pKa value of 9.3 (54).  
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The protonated Schiff base can also form an enolimine with an absorbance at 340 nm. 

We have observed an additional peak at 330 nm in the UV-vis absorbance spectrum of 

the purified NikK enzyme. However, the enolimine exhibits a typical fluorescence 

emission centered at around 500 nm which could not be detected in the case of NikK 

(22). Therefore, we conclude that the absorbance at 330 nm is not due to the enolimine 

but rather from the PMP form of the cofactor, which might be formed during cell 

disruption and purification, when the protein is in contact with molecules that function 

as amino group donors. 

Our homology model predicted K221 as a potential candidate for Schiff base formation 

with the PLP cofactor. In order to confirm this assignment we have exchanged K221 

with leucine by site-directed mutagenesis of the nikK gene. The resulting K221M 

variant shows significant changes in the UV-Vis spectrum with an absorbance 

maximum at 400 nm (Figure 7). The absorbance spectrum of the K221M variant 

resembles that of free PLP suggesting that the variant is still capable of PLP binding, 

however, unable to form the internal Schiff base. Although the addition of a potential 

amino group donor yields the external aldimine, further conversion to pyridoxamine-5-

phosphate is not observed, clearly demonstrating that K221 is the catalytic lysine in the 

active site of NikK. In pyridoxal-5’-phosphate-dependent aminotransferases, the 

transfer of the amino group between two amino acids proceeds in two steps, 

summarized in the following equations: 

 

PLP-enzyme + amino acid A ↔ PMP-enzyme + keto acid A       (1) 

PMP-enzyme + keto acid B ↔ PLP-enzyme + amino acid B       (2) 

 

In amino transfer reactions catalysed by pyridoxal-5’-phosphate dependent enzymes the 

first reaction step is always a transaldimination reaction, which starts by conversion of 

the internal aldimine formed by the PLP cofactor and the ε-amino group of the lysine 

residue in the active site into an external aldimine intermediate by replacing the lysine 

residue with the amino acid substrate (46). Most likely, the mechanism is comparable to 

that of serine- glyoxylate aminotransferase, which was described by Karsten et al: The 

amino acid substrate binds with its α-amine protonated, and an enzymatic base accepts a 
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proton from the amino group of the substrate. The resulting free amino group attacks the 

PLP cofactor at C4’, leading to a gem-diamine intermediate, which then collapses to 

form the external aldimine. In the external aldimine, the α-proton is abstracted from the 

amino acid substrate by the ε-amino group of the lysine residue, resulting in the 

quinonoid intermediate. The most important function of PLP is the stabilization of 

carbanions generated by the loss of the proton at Cα of the substrate. The negative 

charge is delocalized by resonance into the π-electron system of the quinonoid 

intermediate. These properties of a suitable electron sink are further enhanced by a close 

interaction of the pyridinium nitrogen with an aspartate residue (55). According to our 

homology model, this role is fulfilled by D190 in the active site of NikK. Proton 

transfer from the ε-amino group of the lysine to C4’ of the quinonoid intermediate leads 

to the ketamine which is finally hydrolysed to the keto acid corresponding to the 

substrate and the PMP form of the enzyme (56;57). 

We have characterized the deamination step spectroscopically with several amino acids 

by observing the absorbance change at 330 nm, 357 nm and 425 nm. The reaction rate 

was negligible with Ser, Gly, Ile, Thr, and Pro as amino group donors while other amino 

acids, like Phe, Trp, Ala or His, showed significant amino donor activity (Table 1). 

Glutamate turned out to be the most active amino-donor (Table 1). Interestingly, 

glutamate was also found to be the amino group donor for the structurally related 

histidinol phosphate aminotransferases. For example, HisC from E. coli catalyzes the 

seventh step in the histidine biosynthetic pathway, the transfer of the amino group from 

glutamate to imidazoleacetol phosphate (25). Hence, Glu is a likely candidate as an 

amino group donor for the in vivo biosynthesis of the aminohexuronic acid in 

Streptomyces. The transamination reaction with glutamate is pH dependent, with rates 

increasing at higher pH (see Figures 2 and 3, and Table 2). The pH-dependency of the 

rate exhibits the same pKa as protonation/deprotonation equilibrium of the Schiff base 

nitrogen indicating that the deprotonated form of the Schiff base is the active form of 

the enzyme. 

Very rapid spectral changes in the NikK spectrum are observed in the reaction with 

cysteine. However, the reaction does not proceed in a monophasic manner as it is 

observed with the other amino acids, but seems to consist of a rapid and a slow phase 

(for rates see Table 1). We suppose that these observations are due to a side reaction, 
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and not to amino group transfer. Cysteine reacts with PLP, resulting in the formation of 

a stable thiazolidine ring, a species that absorbs at 330 nm (39;40).  

 

 

Table 1 

Reactivity of NikK with various amino acids. Reaction rates (kobs) were measured at a 

concentration of 10 mM of the respective amino acid at pH 8.0 and pH 9.0 by 

monitoring the absorbance decrease at 425 nm or 357 nm and the absorbance increase at 

330 nm. 

 

 

  pH 8.0   pH 9.0  

  k (s
-1

)   k (s
-1

)  

  425 nm 330 nm 357 nm 330 nm 

Glu 0.560 0.586 3.396 3.687 

Phe 0.103 0.116 0.200 0.212 

Trp 0.070 0.069 1.204 1.406 

Ala 0.056 0.058 0.171 0.163 

His 0.052 0.055 0.092 0.097 

Met 0.050 0.050 0.109 0.113 

Leu 0.045 0.052 0.110 0.117 

Asp 0.031 0.031 0.128 0.114 

Gln 0.020 0.022 0.037 0.045 

Arg 0.013 0.016 0.009 0.010 

Lys 0.011 0.011 0.040 0.044 

Val 0.003 0.003 0.006 n.d. 

Cys 4.2/0.003 3.4/0.003 n.d. n.d. 

Ser 0.002 0.003 n.d. n.d. 

Gly 0.000 0.000 n.d. n.d. 

Ile 0.000 0.000 n.d. n.d. 

Thr 0.000 0.000 n.d. n.d. 

Pro 0.000 0.000 n.d. n.d. 

 

Our results demonstrate that NikK is an active transaminase with a preference for 

glutamate as amino group donor (equation 1). The enzyme may then transfer the amino 

group to ketohexuronic acid (keto acid B in equation 2) to complete the synthesis of 

aminohexuronic acid used as a building block for nikkomycins (see Scheme 1). How 

the ketohexuronic acid is synthesized by the gene products of nikI, nikJ, nikL, and nikM 
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from the first metabolite 3’-enolpyruvyl-UMP is currently subject of further 

investigations in our laboratory. 

To gain deeper insight into the structure of NikK and the amino acids directly involved 

in the transamination reaction, we attempted to crystallize the protein. Several initial 

crystallization conditions were found that gave rise to thin, plate-like crystals, however, 

none of these crystals could be improved to give satisfactory diffraction sufficient to 

obtain high-resolution data. Interestingly, NikK seems to favour crystal growth in two 

dimensions and therefore several approaches to enhance crystal growth in the third 

dimension (e.g. covering of the reservoir solution with different mixtures of oil (58), 

addition of organic solvents to the crystallization droplets, different protein 

concentrations, macro-seeding) were conducted, but were unsuccessful. 

Therefore, we built a homology model of NikK using the structure of histidinol-

phosphate aminotransferase from E. coli as a template. Despite the low sequence 

identity (25%), NikK displays conservation of many essential active site residues such 

as D190, Y193, S220, K221 and R330). Looking at the subtle differences between our 

model and other aminotransferase structures, including its template, two loop regions 

(residues 33-40 and 49-65) occur in a different conformation. These new conformations, 

not only introduce additional interaction partners for a bound substrate in the active site 

of NikK, but also have a major influence on the size and plasticity of NikKs binding 

pocket (Figure 8). The change in loop conformations accompanied by the gain in active 

site space is in agreement with the increased spatial requirements of the ketohexuronic 

acid sustrate compared to the amino group acceptor of HisC. 

Apart from that, we obtained very intriguing results for docking of the ketohexuronic 

acid too. The slightly changed shape of the binding pocket in NikK enabled the 

accommodation of our big substrate in the active site. Thus we propose that this change 

in shape is necessary to enable the amination of the ketohexuronic acid substrate to the 

aminohexuronic acid product. Further evidence for this shape alterations being essential 

for NikK to act as an aminotransferase on such a big substrate is, that by superposing 

the docking pose of the ketohexuronic acid onto the PLP cofactor in the HisC structure, 

clashes with side- and main chain atoms of residues 54-58, from the second protomer, 

are found (Figure 9). 
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Furthermore, we docked three different amino acids (Glu, Leu and Cys) and the 

proposed substrate, ketohexuronic acid, in their external aldimine form into the active 

site of the homology model, to get a better understanding of the aminotransferase 

activity of NikK and to see if its active site could accommodate our proposed substrates. 

This enabled us to identify the active site residues, which provide important interactions 

with the ligands. As a result we can now give a better rationalisation for the highest 

measured reactivity of glutamate as amino group donor, since the polar, charged side 

chain gets accommodated very well by forming a salt bridge between R229 and the δ-

carboxyl group of the amino acid. Moreover, we also found an explanation for the lower 

reactivity for leucine through the docking calculations. In the model, the environment of 

the active site is aligned by more polar than apolar residues and the only hydrophobic 

interaction for the sec-butyl side chain of leucine is that with F19. Thus, the negatively 

charged glutamic acid is clearly preferred over hydrophobic substrates such as leucine 

in our model.  

A different situation can be imagined for cysteine. As there is a cysteine residue 

presented by the loop above the active site, very close to the external aldimine SH group 

in the obtained docking pose, disulfide bridge formation between the two side chains 

would abolish transaldimination. This observation can serve as an additional 

explanation for the non-acceptance of cysteine as an amino group donor (Figure 9). 
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Supplementary Figure S1 

DNA- and amino acid sequence of NikK. Changes to the sequence in the data bank are 

in bold face and underlined (N348 instead of D and D349 instead of H). The DNA-

sequence in the database for these two amino acids is AAG CAC. 

 
     1 ATGCCAGCTCGTGAAGGTGCAGACTCTCCGTTCCTGCGTGAATCTGCTGGTCGTTTTCGT 

     1  M  P  A  R  E  G  A  D  S  P  F  L  R  E  S  A  G  R  F  R  

    61 AACCGCCGCGTTCGTGTTCCGGATGAAATCAATCTGAAAAATTGTGGTCTGCTGGACAGC 

    21  N  R  R  V  R  V  P  D  E  I  N  L  K  N  C  G  L  L  D  S  

   121 CGCGCTGCGGCAGTTCATCGTGCGACCCTGGCAGAATTCGATCCAAATGATGTTCTGACC 

    41  R  A  A  A  V  H  R  A  T  L  A  E  F  D  P  N  D  V  L  T  

   181 TATCCGATCCTGCAGCCGGTTTACGGTATGCTGGCTGACCGTTTCGGTGTGGACACCGAT 

    61  Y  P  I  L  Q  P  V  Y  G  M  L  A  D  R  F  G  V  D  T  D  

   241 TCCCTGGTGCTGACCGCTGGTTCTGACCCTGGTCTGAACCTGCTGACCCGTGCGTTCCCG 

    81  S  L  V  L  T  A  G  S  D  P  G  L  N  L  L  T  R  A  F  P  

   301 GAAGTGTCCCGTATTGTTCTGCACCAGCCGAACTTCGACGGTTGGGCAAAATTCGCAGCC 

   101  E  V  S  R  I  V  L  H  Q  P  N  F  D  G  W  A  K  F  A  A  

   361 ATCTCTGGCTGCGTTCTGGATCCGGTTGCTCCTGATCCAGAAACCGGCCTGTTTGACCTG 

   121  I  S  G  C  V  L  D  P  V  A  P  D  P  E  T  G  L  F  D  L  

   421 CGCGATCTGGCACGTCGTCTGCGTGCAGGTGCACCGGCGTTCGTGGTGGTTACCACTCCG 

   141  R  D  L  A  R  R  L  R  A  G  A  P  A  F  V  V  V  T  T  P  

   481 CACTCCTTTACTGGCCAGGTACACGGTCGTGAAGAGCTGGCTGAACTGGCTGACGCCGTT 

   161  H  S  F  T  G  Q  V  H  G  R  E  E  L  A  E  L  A  D  A  V  

   541 GCCGAGCATGGCTCCCTGCTGGTGGTTGATACTGCTTACCTGGCTTTTACTGAAGGTGGT 

   181  A  E  H  G  S  L  L  V  V  D  T  A  Y  L  A  F  T  E  G  G  

   601 GAAGAACTGGTACGTGGTCTGGCTGGTCTGCGCCACGTAGTTCGTGTGAATACCTTCTCT 

   201  E  E  L  V  R  G  L  A  G  L  R  H  V  V  R  V  N  T  F  S  

   661 AAGAGCTACGGCCTGTCTGGCGCCCGTATTGCTGTGACCGTAGCACACCCGGCTACCGCG 

   221  K  S  Y  G  L  S  G  A  R  I  A  V  T  V  A  H  P  A  T  A  

   721 CGTCACCTGTTCGACCTGGACCCAGAAGGCTCTGTGTCCGCACCGGCAGTTGCCCTGCTG 

   241  R  H  L  F  D  L  D  P  E  G  S  V  S  A  P  A  V  A  L  L  

   781 CGTCGCTCCCTGGAGGAGCAGGCTGTTTTCACTGCGATTTGGGCGGACGTGCGCCGTCTG 

   261  R  R  S  L  E  E  Q  A  V  F  T  A  I  W  A  D  V  R  R  L  

   841 CGCGAACGTTTTGCCGCCGAGGTGGAACGCGCCGTCCCGGGTTGGCACGCGCGTCCGTCT 

   281  R  E  R  F  A  A  E  V  E  R  A  V  P  G  W  H  A  R  P  S  

   901 GGCGGTAACTTCGTCACCTGGGACGTTCCGGGCCCTGCTGACGCGGGTGCAGCTTCTCGC 

   301  G  G  N  F  V  T  W  D  V  P  G  P  A  D  A  G  A  A  S  R  

   961 CACCTGCTGGGTCGTGGCATCGTTGTTCGTGATCTGTCTGGTGCGCCGGGTCTGCCTGCT 

   321  H  L  L  G  R  G  I  V  V  R  D  L  S  G  A  P  G  L  P  A  

  1021 GCTGTCCGTATTGCGGTAGCCAACGACGCAGTAGTGCGTCAAGTCGTTGCCGCGCTGGGT 

   341  A  V  R  I  A  V  A  N  D  A  V  V  R  Q  V  V  A  A  L  G  

  1081 GACCGTTACCGTGAAGGTGTTGCC 

   361  D  R  Y  R  E  G  V  A   
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Supplementary figure S2 

Alignment of the amino acid sequences of NikK from Streptomyces tendae, histidinol 

phosphate aminotransferase HisC from Escherichia coli, aspartate aminotransferase 

(AAT) from E. coli, and SanB from S. ansochromogenes. Important conserved residues 

are marked with an asterisk: K221, the lysine residue which forms the Schiff base with 

the PLP cofactor, and D190, the aspartate which interacts with the pyridinium nitrogen 

of PLP to maintain it in the protonated form, thereby enhancing the electron sink nature 

of the cofactor. 
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Supplementary figure S3: Gel filtration chromatogram of NikK. The elution volume of 

60 mL corresponds to a molecular weight of 80.6 kDa, indicating that NikK occurs as a 

dimer in solution. 

 

 

 

Supplementary figure S4: SDS-Gel of NikK. Lane 1 shows the Low-Molecular-Weight 

Standard, Lane 2 shows NikK after purification by gel filtration chromatography. 
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4.1 Introduction 

4.1.1 Protein tyrosine phosphatases 

Protein tyrosine phosphatases (PTPs) catalyse the removal of phosphate groups attached 

to tyrosine residues on proteins via a cysteinyl-phosphate enzyme intermediate. The 

phosphorylation of protein tyrosine is a common post-translational modification which 

can create novel recognition motifs for protein interactions and cellular localization. 

Furthermore, it affects protein stability and regulates enzyme activity. As maintaining 

an appropriate level of protein tyrosine phosphorylation is essential for many cellular 

functions, PTPs are key enzymes in signal transduction pathways and cell cycle control 

and have great importance for the control of cell growth, proliferation, differentiation 

and transformation (137;138). The hallmark for the superfamily of protein tyrosine 

phosphatases is the active site sequence C(X)5R, also known as the PTP signature motif 

(138). 

4.1.2 StNikL 

The NikL enzyme from Streptomyces tendae shows sequence similarities to protein 

tyrosine/serine phosphatases and its sequence contains the C(X)5R motif. In S. tendae, 

NikK and NikL are encoded on two adjacent open reading frames (ORFs). In the sanB 

gene of S. ansochromogenes, there is no stop codon between the sequences analogous 

to the nikK and nikL genes of S. ansochromogenes. SanB is a 63 kDa protein which 

possesses a putative histidinol-phosphate aminotransferase subunit with 97% sequence 

identity to NikK (39 kDa) and a putative phosphatase subunit with 94% sequence 

identity to NikL (26 kDa). Due to the similarity to protein tyrosine phosphatases, it was 

speculated that NikL catalyses a dephosphorylation reaction, possibly the 

dephosphorylation of the nikkomycin intermediate 3’-EPUMP to 3’-EP-uridine. To 

elucidate the role of NikL in the biosynthesis of nikkomycins, attempts were made to 

express and characterize the enzyme. 
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4.2 Materials and Methods 

4.2.1 Reagents 

All chemicals were of highest grade commercially available and purchased from 

Sigma−Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or Merck 

(Darmstadt, Germany). Alkaline phosphatase from bovine intestinal mucosa was from 

Sigma-Aldrich (St. Louis, MO, USA). Nickel−nitrilotriacetic acid agarose (Ni−NTA) 

was from Qiagen (Hilden, Germany), amylose resin from New England Biolabs 

(Ipswich, MA, USA), Sephadex resin from Pharmacia Biotech AB (Uppsala, Sweden). 

The rabbit His-probe antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA), and the anti-rabbit antibody from Sigma-Aldrich (St. Louis, MO, USA). The 

enterokinase and the E. coli ER2509 strain were from New England Biolabs (Ipswich, 

MA, USA). 

4.2.2 Cloning and expression in Escherichia coli 

The pJ201 plasmid containing a synthetic gene in E. coli codon usage, encoding for a 

fusion protein of the S. tendae NikK and NikL, was ordered from DNA 2.0 (Menlo 

Park, CA, USA). It was designed according to the corresponding DNA sequence in the 

database but without a Stop codon after NikK, and with NdeI and XhoI restriction sites 

for cloning into the pET21a vector. The vector pET21a(nikK-nikL) was transformed 

into E. coli BL21(DE3) cells and expression and purification was performed as 

described for NikK or NikM (6.2.2). The NikK-NikL fusion protein was observed to 

form aggregates and could not be purified properly, so it was decided to express NikL 

as a fusion protein with the maltose binding protein (MBP). The described pJ201 

plasmid with the nikK-nikL fusion gene was used as a template for amplification of the 

nikL gene by PCR, in order to express NikL or create the fusion protein of NikL with 

MBP. The Phusion™ High Fidelity DNA Polymerase was purchased from Finnzymes 

(Espoo, Finland), both primers contained a KpnI restriction site and the 5’-primer 

contained the sequence for an additional hexahistidine tag (5´- ATG GTC CCA GGC 

CTG CCG AAC GTG C -3´ and 5´- TTA GTG ATG ATG GTG ATG ATG CAG ACG 

CAC TGG ATG AGT GAA AGC ACC TAC TAC GGT G -3´). The PCR product was 

cloned into the KpnI restriction site of the pMAL-c4E vector from New England 

Biolabs (Ipswich, MA, USA). The sequence of the expression plasmid pMAL(nikL) 

was verified by DNA-sequencing (Eurofins DNA, Ebersbach, Germany). This plasmid 

allows the expression of NikL as a fusion protein with maltose binding protein (MBP) 
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at the N-terminus and with an additional C-terminal hexahistidine tag. A further 

construct for expression without the hexahistidine tag was generated by site specific 

mutagenesis, using the QuikChange
®

 XL Site-Directed Mutagenesis Kit from 

Stratagene (Santa Clara, CA, USA). The mutagenesis primers were designed in a way to 

substitute the codon for the first histidine residue with a stop codon. Chemically 

competent E. coli ER2508 cells were transformed with the expression plasmid 

pMAL(nikL). Expression of NikL was achieved by growing a 10 mL preculture in 

Luria-Bertani (LB) medium containing 100 µg/mL ampicillin over night at 37 °C. The 

preculture was used to inoculate 750 mL LB medium containing 100 µg/mL ampicillin 

for plasmid selection. The culture was incubated at 37 °C until an OD600 of 0.5 and 

IPTG was added to a final concentration of 0.1 mM. The culture was incubated for 3 h 

at 37 °C and cells were harvested by centrifugation. The pellet was washed with 0.9 % 

NaCl solution and stored at -20 °C.  

MBP-NikL was also expressed under concomitant co-overexpression of chaperone 

proteins. Chemically competent E. coli ER2508 cells were transformed with the pG-

kJE8 plasmid from Takara (Japan). These cells were made competent and transformed 

with pMAL(nikL). Fermentation was carried out as described for NikK. 

4.2.3 Cell disruption and purification 

Several strategies for purification of the MBP-NikL fusion protein and the NikL-

product of its cleavage by enterokinase were tried: Ni-NTA affinity chromatography, 

affinity chromatography using an amylose column, and gel filtration as well as 

combinations of the purification methods. 

 For purification by Ni-NTA affinity chromatography, the pellet was thawed and 

resuspended in lysis buffer (100 mM Tris-HCl buffer at pH 8.0, containing 300 mM 

NaCl and 10 mM imidazole), using 2 mL buffer per gram of wet cells. Cells were 

disrupted by 30 min incubation with lysozyme and 0.5 s sonication pulses for 10 min 

while cooling on ice. The cell debris was removed by centrifugation at 18 000 g for 30 

min at 4 °C. The supernatant was loaded onto a Ni-NTA column (Qiagen), previously 

equilibrated with lysis buffer. After loading of the filtered lysate, the column was 

washed with 10 column volumes of wash buffer (100 mM Tris-HCl, 300 mM NaCl, 20 

mM imidazole) and bound protein was recovered with elution buffer (100 mM Tris-

HCl, 300 mM NaCl, 150 mM imidazole, pH 8.0). The purity of the eluted 3 mL 

fractions was determined using SDS-polyacrylamide gel electrophoresis. Fractions 
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containing the MBP-NikL fusion protein were pooled and concentrated using Amicon
®
 

Ultra Centrifugal Filter Units (Millipore, Billerica, MA, USA). The buffer was 

exchanged to storage buffer (20 mM Tris-HCl, 50 mM NaCl, pH 8.0) using a PD-10 

column (GE Healthcare) and the protein solution was stored at 4 °C.  

Purification using the affinity of the MBP to the amylose column was performed at 4 

°C. The cell pellet was thawed and resuspended in column buffer (20 mM Tris-HCl, 

200 mM NaCl, 1 mM EDTA, pH 7.4), using 7.5 mL buffer per gram of wet cells. Cells 

were disrupted by 30 min incubation with lysozyme and 0.5 s sonication pulses for 10 

min while cooling on ice. The cell debris was removed by centrifugation at 18 000 g for 

30 min at 4 °C, and the filtered lysate was loaded to the amylose column, which was 

previously equilibrated with 8 bed volumes of column buffer. The column was washed 

with 12 bed volumes of column buffer, and the fusion protein was eluted with 3 bed 

volumes of elution buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 10 mM 

maltose, pH 7.4). The purity of the eluted 3 mL fractions was determined using SDS-

polyacrylamide gel electrophoresis. Fractions containing the MBP-NikL fusion protein 

were pooled and concentrated using Amicon
®
 Ultra Centrifugal Filter Units (Millipore, 

Billerica, MA, USA). The buffer was exchanged to storage buffer (20 mM Tris-HCl, 50 

mM NaCl, pH 8.0) using a PD-10 column (GE Healthcare) and the protein solution was 

stored at 4 °C. 

To combine both purification methods, the protein solution resulting after Ni-NTA 

affinity chromatography was diluted with an excess of column buffer (20 mM Tris-HCl, 

200 mM NaCl, 1 mM EDTA, pH 7.4) and applied to the amylose column, or, the 

protein solution resulting from purification by the amylose column was diluted with an 

excess of lysis buffer (100 mM Tris-HCl buffer at pH 8.0, containing 300 mM NaCl and 

10 mM imidazole) and applied to the Ni-NTA column. Further steps of washing and 

elution were carried out as described for the respective column. To verify the presence 

of the intact MBP-NikL fusion protein, MALDI-time of flight MS measurements with a 

Micro MX (Waters, Milford, MA, USA) instrument and Western Blots using antibodies 

against the hexahistidine tag were performed. 

After affinity chromatography, the fusion protein was further purified by gel filtration 

chromatography, using a HiLoad 16/60 Superdex™ 200 prep grade column (Pharmacia 

Biotech AB, Uppsala, Sweden) which was mounted on a fast protein liquid 
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chromatography (FPLC) system (ÄKTA Explorer, Pharmacia Biotech AB). The column 

was equilibrated with 20 mM Tris-HCl buffer at pH 8.0, containing 50 mM NaCl.  

4.2.4 Cleavage of the fusion protein 

To assess the best conditions for enzymatic cleavage of MBP-NikL by enterokinase, 

several tests were performed, following the instruction manual for the pMAL™ Protein 

Fusion and Purification System from New England Biolabs. The reaction mix contained 

about 1 mg/mL fusion protein in 20 mM Tris-HCl at pH 8.0, 50 mM NaCl, 2 mM 

CaCl2, 0.2 ng/L enterokinase and varying concentrations of SDS (0-0.05%) and was 

incubated for varying time periods (1h to overnight) at room temperature. Cleavage was 

monitored by SDS-PAGE and Western Blot using antibodies against the hexahistidine 

tag. After cleavage, the reaction mix was applied to the amylose column to remove 

MBP contents. 

4.2.5 Testing 3’-EPUMP as a potential substrate for NikL 

Solutions of the MBP-NikL fusion protein after purification by each of the methods 

described above and of the fusion protein after treatment with enterokinase were 

incubated for varying time periods (30 min to overnight) with varying concentrations of 

3’-EPUMP (0.1 mM to 5 mM) under various conditions (pH 6.5 to 8.5; 20 to 30 °C; 

presence of 0-10 mM MgCl2 and 0-10 mM CaCl2). The samples were diluted with 

0.05% trifluoroacetic acid and analysed by RP-HPLC, using an Atlantis dC18 column 

(Waters, Dublin, Ireland), mounted on an UltiMate 3000 HPLC system (Dionex, 

Germering, Germany). The elution was carried out by applying a linear gradient of 

0.05% trifluoroacetic acid to acetonitrile in 25 min, using a flow rate of 1 mL/min.  

Furthermore, we tried to test the MBP-NikL fusion protein for phosphatase activity, 

using p-nitrophenylphosphate as model substrate. The assay contained 1 mM p-

nitrophenylphosphate, 50 mM MgCl2 and 2 µM enzyme in 100 mM Tris-HCl (pH 8.0). 

After incubation for 60 min and 165 min, 0.1 M NaOH was added and the absorbance at 

405 nm was measured. A reference without enzyme was also prepared and measured. 

4.2.6 Dephosphorylation of 3’-EPUMP by alkaline phosphatase 

The reaction mix contained 5 mM 3’-EPUMP, 0.2 mg/mL alkaline phosphatase and 100 

mM Tris-HCl, pH 9.0. After incubation for 2 h at 20 °C, HPLC measurements were 

carried out as described above. 
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4.3 Results  

Expression of a NikK-NikL fusion protein was successful but resulted in aggregates 

which could not be purified. The MBP-NikL fusion protein could be expressed in E. 

coli and its cleavage by enterokinase worked, as could be observed on SDS-gels. The 

expression of the whole nikL gene sequence with C-terminal hexahistidine tag was 

confirmed by Western Blots, using anti-His6 antibodies. Gel filtration experiments 

resulted in a molecular weight of over 200 kDa, the whole protein eluted within the 

exclusion volume of the column. The protein preparation could not be separated from 

an unidentified protein of about 60 kDa, not even after enterokinase cleavage. 

Expression and purification of the variant of MBP-NikL without hexahistidine tag also 

resulted in soluble aggregates, and co-overexpression of chaperones did not alter these 

results. 

 

Figure 8: SDS Gel of MPB-NikL and enterokinase cuts. The molecular weight of 

NikL is 26 kDa, of MBP it is 42 kDa. Lane 1: LMW Standards, molecular weights 

are given in kDa; lane 2: MBP-NikL after elution from the amylose column; lanes 

3-5: MBP-NikL solution after treatment with enterokinase, in the presence of 

0.005, 0.01, and 0.02% SDS. 

3´-EPUMP was not converted by amylose-column purified MBP-NikL, neither with nor 

without treatment with enterokinase. Incubation of 3´-EPUMP with MBP-NikL purified 

by Ni-NTA affinity chromatography resulted in a change in the HPLC elution profile. 

The new peak had the same retention time as the peak that emerges after treatment of 

3´-EPUMP with alkaline phosphatase. The observed reaction was very slow and 

conversion was not completed after 15 hours. 
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Incubation of 3’-EPUMP with alkaline phosphatase led to conversion to 3’-EP-uridine 

(see Figure 9). 

Phosphatase activity of the enzyme preparations using p-nitrophenylphosphate as model 

substrate was not observed. 
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Figure 9: HPLC elution profiles of 3’-EPUMP before (left) and after 2 h of incubation with 

alkaline phosphatase (right panel). 
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4.4 Discussion 

The enzyme encoded by the nikL gene shows sequence similarity to protein tyrosine 

phosphatases. Therefore it is expected to catalyze a dephosphorylation reaction. If the 

phosphate group in 5´-position is released by a phosphatase acting downstream to NikO, 

there is still the question whether this phosphate cleavage would occur before or after 

skeleton rearrangement.  If the former is the case, 3´-EPUMP might be the substrate of 

NikL. 

NikL ?
HPO3

2-

 

Scheme 11: Hypothetic role of NikL in nikkomycin biosynthesis: the 

dephosphorylation of 3’-EPUMP. 

As previous attempts to express the nikL gene heterologously in Escherichia coli and 

Pichia pastoris failed, we tried expression of hexahistidine tagged NikL as a fusion 

protein with the maltose binding protein (MBP). A construct of the gene encoding for 

MBP and nikL in E. coli codon usage could be expressed but purification turned out to 

be difficult. The fusion protein was observed to form aggregates which included an 

unidentified protein. NikL, after cleavage with enterokinase, could not be separated 

from those aggregates, and expression without the hexahistidine tag did not make a 

difference in the formation of aggregates. Hoping that at least a small amount of active 

NikL might be present in the enzyme preparation, we carried out several experiments, 

testing 3´-EPUMP as substrate. No conversion was observed using MBP-NikL purified 

with an amylose column, not even after cleavage with enterokinase. Neither did the 

enzyme show phosphatase activity with the model substrate p-nitrophenylphosphate. 

The enzyme preparation resulting from the purification by Ni-NTA affinity 

chromatography was shown to slowly dephosphorylate 3´-EPUMP. As this purification 

method results in a solution that is significantly contaminated by E. coli proteins, we 

assume that the observed phosphatase activity derives from other enzymes than NikL. 
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Apparently, 3´-EPUMP is readily dephosphorylated by ubiquitous phosphatases in the 

cytoplasm. This raises the question whether dephosphorylation of 3´-EPUMP is 

catalyzed by enzymes present in the S. tendae cell which are not encoded within the nik 

gene cluster. This would be rather unusual, as in Streptomyces spp. transcription and 

translation of enzymes involved in the biosynthesis of secondary metabolites are tightly 

coupled and the clustering of genes is important for proper timing of expression (77;78).  

The sequence of the SanB enzyme of S. ansochromogenes is highly identical to a NikK-

NikL fusion protein. Considering this, it might also be possible that NikL plays a part in 

regulation or stabilization of NikK and does not directly catalyze a step in the 

biosynthetic pathway. Conclusively, it has to be stated that the role of NikL in the 

nikkomycin biosynthetic pathway remains completely undissolved. 
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5.1 Introduction 

5.1.1 Iron-sulfur proteins: properties and structures of iron-sulfur clusters 

Presumably, iron-sulfur proteins were among the first catalysts in nature. In the days of 

anaerobic life at high temperature in volcanic vents, iron and sulphur must have been of 

great importance, as they belong to the chemically most versatile elements. Due to their 

versatility, their ready assembly, and their function as compact redox catalysts in the 

range of low potentials, they still show a unique usefulness (139). 

Iron-sulfur proteins, which are present in all three domains of life, are characterized by 

the presence of iron-sulfur clusters, which contain sulfide-linked di-, tri-, and tetrairon 

centers which occur in variable oxidation states (140). The simplest polymetallic system 

is the [Fe2S2] cluster, which is constituted by two iron ions bridged by two sulphide 

ions. It can be coordinated by four cysteinyl ligands or by two cysteines and two 

histidines, and exists in two oxidation states, (Fe
III

)2 and Fe
III

Fe
II
. The [Fe4S4] cluster, 

which is the most frequently encountered cluster, features four iron ions and four 

sulphide ions which are placed at the vertices of a cubane-type structure (Figure 10). 

Cysteinyl ligands usually further coordinate its Fe centers. The [Fe3S4] cluster, which is 

found more rarely in nature, is a variant of the [Fe4S4] cluster. Each of three sulphide 

ions bridges two iron ions, while three iron ions are bridged by a fourth sulphide bridge. 

In a number of iron-sulfur proteins, the [Fe4S4] cluster can be reversible converted to the 

[Fe3S4] cluster by oxidation and loss of Fe (139). 

 

Figure 10: Iron-sulfur clusters. (A) A single iron ion bound by four cysteine 

residues. (B) 2Fe-2S cluster with iron ions bridged by sulfide ions. (C) 4Fe-4S 

cluster. (Figure taken from http://www.ncbi.nlm.nih.gov/books/NBK22505/) 
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More complex iron-sulfur clusters are also common. In some cases, a [Fe4S3] fragment 

serves as a building block for more complicated clusters. A famous example is the 

MoFe cluster of nitrogenase, where two [Me4S3] fragments are linked by sulphides, and 

the P-cluster of the same enzyme, where two [Fe4S3] modules are linked by cysteines 

(141). In Fe-only hydrogenases, several clusters are involved which are placed along a 

protein scaffold to provide a pathway for electron transfer (142). 

5.1.2 Functions of iron-sulfur clusters 

Electron transfer is the most obvious function of iron-sulfur clusters, considering that 

the redox potentials of Fe-S proteins span a remarkable range. In the mitochondrial 

electron-transfer chain there are altogether more than ten Fe-S clusters. One of the 

biggest multi-Fe-S proteins known is mammalian NADH dehydrogenase, and the 

electron carrier before ubiquinone always is a Fe-S flavoprotein (139). 

Fe-S enzymes also play important roles in redox and nonredox catalysis. For instance, 

the unliganded iron of the [Fe4S4] cluster in the active site of aconitase serves as a 

Lewis acid in catalyzing the abstraction of hydroxyl and a proton from the substrate. 

These are reattached with their positions inverted (143). This is how the citric acid cycle 

enzyme aconitase catalyses the stereospecific isomerisation of citrate to isocitrate, via 

cis-aconitate (144). 

[Fe4S4] clusters are also widely used as primary electron donors in the initiation of 

reactions that occur by a free radical mechanism, involving S-adenosylmethionine 

(145). The so-called radical SAM superfamily is described in section 5.1.4. 

Fe-S clusters can assume different oxidation states and are vulnerable toward oxidative 

destruction, which allows their use by nature in sensing and signalling reactions (139). 

In the SoxR/SoxS system of E. coli, for example, the oxidation state of the [Fe2S2] 

cluster serves as a trigger to the response to the O2
-
 radical. In the 1+ state of the cluster, 

SoxR is inactive. In the presence of O2
-
, it becomes oxidized to the 2+ state, triggering a 

complex stress response, resulting in the biosynthesis of protective proteins (146). In 

some cases, the Fe-S clusters are destroyed in the sensing act to produce the signal for 

response. For example, cytoplasmic aconitase acquires the ability to bind so-called iron-

responsive elements on RNA only upon loss of the cluster (147;148). 
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5.1.3 Iron-sulfur cluster biosynthesis 

The cellular process of iron-sulfur cluster biosynthesis depends on complex protein 

machineries (149;150). It is essential to almost all forms of life and is remarkably 

conserved in prokaryotes and eukaryotes. In bacteria, three distinct types of iron-sulfur 

cluster machinery have been established, the NIF, ISC and SUF systems (Figure 11). In 

each case the overall mechanism involves the assembly of transient clusters on scaffold 

proteins, mediated by cysteine desulfurase (NifS, IscS, SufS), and the subsequent 

transfer of the clusters to the apoproteins. 

 

Figure 11: Organization of genes in selected bacterial nif, isc, and suf operons 

(Av,Azotobacter vinelandii; Ec, Escherichia coli; Tm, Thermotoga maritima). Figure 

taken from Bandyopadhyay et al (149). 

The ISC system is the primary system for Fe-S biosynthesis in bacteria (151;152). With 

a few additional components, the ISC systems constitutes the Fe-S biosynthetic 

machinery in the mitochondria of eukaryotic cells, which supports the hypothesis that 

the mitochondrial ISC system was inherited from the bacterial endosymbiotic ancestor 

of the organelle (153;154). 

The NIF system is specific for iron-sulfur cluster assembly in nitrogen fixing organisms 

such as Azotobacter vinelandii (152). 

The SUF system plays a similar general role in many bacteria as the ISC system, but 

works only under conditions of iron starvation or oxidative stress (150;155). The 

bacterial SUF system also forms the basis for the iron-sulfur cluster assembly 

machinery in plant chloroplasts (153) and apparently is the sole system for Fe-S cluster 

biogenesis in archea and cyanobacteria. 
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All three Fe-S cluster assembly systems involve a cysteine desulfurase (NifS, IscS, 

SufS), which is a homodimeric, pyridoxal phosphate-dependent enzyme that catalyzes 

the conversion of L-cysteine to L-alanine and an enzyme-bound cysteine persulfide 

(156) which can transfer S
0
 directly, or via the SufE sulphur transferase (150) to the 

active site of scaffold proteins (157;158). At least one type of potential scaffold protein 

(NifU, IscU, SufU, 
Nif

IscA, IscA, SufA) capable of assembling both [Fe2S2]
2+

 and 

[Fe4S4]
2+

 clusters forms part of each machinery (159-162). It is not fully known which 

is the immediate iron donor for cluster assembly, but frataxin and its bacterial homolog 

CyaY were discussed to play the role as iron donors for U-type scaffold proteins 

(154;163). After cysteine desulfurase-mediated assembly of transient [Fe2S2]
2+

 and 

[Fe4S4]
2+

 clusters on scaffold proteins, preformed clusters are transferred to the apo 

froms of acceptor proteins (159;162). In addition to sulphur donor, sulphur transfer and 

scaffold proteins, other proteins encoded in the ISC, NIF, and SUF systems play roles in 

transcriptional regulation and energy production (150). 

5.1.4 The radical SAM superfamily 

Enzymes of the radical SAM superfamily function by a mechanism in which S-

adenosylmethionine (SAM) serves as an oxidizing agent in DNA repair and the 

biosynthesis of vitamins, coenzymes and antibiotics. Radical SAM superfamily 

members are involved in highly diverse biochemical processes in animals, plants and 

microbes. They contain the cysteine motif CxxxCxxC, which nucleates a [Fe4S4] 

cluster. By the use of a strong reducing agent, namely the low potential [Fe4S4]
1+

 

cluster, a powerful oxidizing agent is generated from SAM: the 5´-deoxyadenosyl 

radical (145). The [Fe4S4] clusters in the group of radical SAM enzymes are unique in 

that they are formed with three cysteinyl ligands to iron while the ligands to the fourth 

iron originate with SAM (164-170). The radical SAM enzymes are mechanistically 

related to the family of adenosylcobalamine-dependent enzymes, but they use SAM as a 

source of the 5´-deoxyadenosyl radical and are much more numerous and diverse in 

function. Controlled cleavage of unreactive C-H bonds in alkyl groups represents one of 

the most chemically difficult reactions in enzymology. The reactions of radical SAM 

enzymes are chemically diverse but their mechanisms all involve the reductive cleavage 

of SAM to the deoxyadenosyl radical  (145). 
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5.1.5 The chemical diversity of radical SAM enzymes and the role of SAM 

The first radical enzymes described was lysine-2,3-aminomutase (LAM) (Figure 12a), 

which converts L-lysine to L-β-lysine in antibiotic biosynthesis (171). In LAM and 

spore photoproduct lyase (Figure 12b), an enzyme which is involved in bacterial DNA 

repair, SAM serves as a reversible source of the 5´-deoxyadenosyl radical. After 

mediating hydrogen transfer, the 5´-deoxyadenosyl radical is regenerated and reverts to 

SAM. In these enzymes, SAM works as a coenzyme and is not consumed (145).  

In other enzymes, SAM does not function catalytically, but as a substrate that undergoes 

reductive cleavage to methionine and 5-deoxyadenosine, generating a stable glycyl 

radical at in the active site of the enzyme. This is the case for pyruvate formate lyase 

(PFL) activase (Figure 12c), an enzyme that stimulates the reaction of PFL (pyruvate + 

CoA  formate + acetyl-CoA) (172), and for ribonucleoside triphosphate reductase 

(ARR) (Figure 12d), whose activase subunit generates a glycyl radical in the catalytic 

subunit (173;174).  

The last step of biotin synthesis, as well as of lipoic acid biosynthesis, consists of the 

insertion of sulphur into unactivated C-H bonds. To generate the thiophane ring of 

biotin, a sulphur atom is inserted into two C-H bonds by biotin synthase (BioB) in a 

SAM-dependent reaction (Figure 12e) that leads to the production of methionine and 5´-

deoxyadenosine (173;174). Lipoic acid results from the insertion of two sulphur atoms 

into C-H bonds of its precursor, which is catalysed by LipA (Figure 12f) (173;174). 

BioB and LipA also use SAM as an oxidizing substrate and source of the 5´-

deoxyadenosyl radical, but, unlike PFL and ARR activases, they do not generate stable 

radicals (145). 
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Figure 12: Reactions catalyzed by several well studied radical SAM enzymes. (a) 

lysine-2,3-aminomutase, (b) spore photoproduct lyase, (c) pyruvate formate-lyase 

activase, (d) ribonucleoside triphosphate reductase activase, (e) biotin synthase, (f) 

lipoyl synthase. Figure adapted from Wang and Frey, 2007 (145). 
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5.2 Materials and Methods 

5.2.1 Reagents 

All chemicals were of highest grade commercially available and purchased from 

Sigma−Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or Merck 

(Darmstadt, Germany). Nickel−nitrilotriacetic acid agarose (Ni−NTA) was from Qiagen 

(Hilden, Germany), Strep-Tactin
®
 resin from IBA BioTAGnology (Göttingen, 

Germany), Sephadex, Q Sepharose and phenylsepharose resin from Pharmacia Biotech 

AB/GE Healthcare (Uppsala, Sweden).  

5.2.2 Cloning and expression in Escherichia coli 

Streptomyces tendae Tü901/8c was grown in 250 mL LB-Medium at 30 °C for six days. 

Genomic DNA was isolated using the Illustra™ bacteria genomic Prep Mini Spin Kit 

from GE Healthcare (Buckinghamshire, UK) and used as a template for PCR using 

Phusion™ High Fidelity DNA Polymerase from Finnzymes (Espoo, Finland).  The PCR 

products contained an NdeI restriction site at the 5’-end and a XhoI restriction site at the 

3’-end, and were cloned into the NdeI/XhoI restriction sites of the pET21a vector 

(Novagen), generating the expression plasmid pET21a(nikJ). The nikJ gene was 

designed without a stop codon, which allows expression of the protein with a C-

terminal hexahistidine tag. To express NikJ with a Strep tag, the expression plasmid 

pET21a(nikJ
Strep

) was generated, using pET21a(nikJ) as a template. The 5’-primer 

encoded the Strep tag (5´ -ccg ctc gag cgg tca ttt ttc gaa ctg cgg gtg gct cca agc gct tgc 

cgg gcg cag ggc c-  3´). The PCR products also contained an NdeI restriction site at the 

5’-end and an XhoI restriction site at the 3’-end, and were cloned into the NdeI/XhoI 

restriction sites of the pET21a vector. The sequence on each expression plasmid was 

verified by DNA-sequencing (Eurofins DNA, Ebersbach, Germany).  

Chemically competent E. coli BL21(DE3) cells were transformed with a plasmid 

containing the isc cluster from E. coli and a gene for chloramphenicol resistance, which 

we obtained from Tobias Gräwert from TU Munich (175). These transformants were 

made competent and transformed with pET21a(nikJ) and pET21a(nikJ
Strep

). Expression 

of NikJ with either a hexahistidine, or a Strep tag, was achieved by growing a 10 mL 

preculture in Luria-Bertani (LB) medium containing 100 µg/mL ampicillin and 25 

µg/mL chloramphenicol over night at 37 °C. The preculture was used to inoculate 500 

mL TB medium (12 g/L peptone, 24 g/L yeast extract, 2.3 g/L KH2PO4, 12.5 g/L 
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K2HPO4, 4 mL/L glycerol, 1 mM L-cysteine, 30 mg/L ammonium iron(III)citrate), 

containing 100 µg/mL ampicillin and 25 µg/mL chloramphenicol for plasmid selection. 

The culture was incubated at 37 °C for 2 h, and IPTG was added to a final concentration 

of 1 mM. The culture was incubated overnight at 30 °C and cells were harvested by 

centrifugation. The pellet was washed with 0.9 % NaCl solution and stored at -20 °C.  

5.2.3 Cell disruption and centrifugation 

The cell pellet containing His-tagged NikJ was thawed and resuspended in lysis buffer 

(100 mM Tris-HCl buffer at pH 8.0, 300 mM NaCl and 10 mM imidazole), the pellet 

after expression of Strep-tagged NikJ (NikJ
Strep

) was thawed and resuspended in buffer 

W (100 mM Tris-HCl, pH 8.0, 150 mM NaCl) using 2 mL buffer per gram of wet cells. 

Cells were disrupted by 30 min incubation with lysozyme and 0.5 s sonication pulses 

for 10 min while cooling on ice. The cell debris was removed by centrifugation at 

18,000 g for 30 min at 4 °C. In several attempts to purify NikJ
Strep

 under the exclusion 

of oxygen, the suspension of pellet in buffer W was prepared in a glove box filled with 

N2, 0.5 mg/mL lysozyme and 1 mM PMSF were added, and the mixture underwent 

freezing at -20°C and thawing at room temperature in a tightly closed Oak Ridge 

Centrifuge Tube (Nalgene, Rochester, NY, USA). Triton X-100 was added to a final 

concentration of 0.5% and after 30 min shaking at room temperature, it was 

centrifugated at 18 000 g for 30 min at 4 °C and transferred back into the glove box for 

purification. 

5.2.4 Purification by Ni-NTA affinity chromatography 

The hexahistidine-tagged NikJ enzyme was purified by Ni-NTA affinity 

chromatography, loading the respective supernatant onto a Ni-NTA column (Qiagen), 

previously equilibrated with lysis buffer. After loading of the filtered lysate, the column 

was washed with 10 column volumes of wash buffer (100 mM Tris-HCl, 300 mM 

NaCl, 20 mM imidazole, pH 8.0 and bound protein was recovered with elution buffer 

(100 mM Tris-HCl, 300 mM NaCl, 150 mM imidazole, pH 8.0). The purity of the 

eluted 3 mL fractions was determined using SDS-polyacrylamide gel electrophoresis. 

Fractions containing NikJ were pooled and concentrated using Amicon
®
 Ultra 

Centrifugal Filter Units (Millipore, Billerica, MA, USA).  

After purification, the buffer was exchanged to 100 mM Tris buffer (pH 7.5) using a 

PD-10 column (GE Healthcare) and the solution of the  protein was stored at -20 °C. 

When intended for crystallization, NikJ was further purified by gel filtration 
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chromatography, using a Hi Load™ 16/60 Superdex 200 prep grade column (Pharmacia 

Biotech AB) which was mounted on a fast protein liquid chromatography (FPLC) 

system (ÄKTA Explorer, Pharmacia Biotech AB, Uppsala, Sweden). The column was 

equilibrated with 50 mM Tris-HCl buffer at pH 7.5. 

5.2.5 Purification by the Strep-tag purification system 

Several attempts were made to purify NikJ using the Strep-tag
®
 Purification Protocol 

(IBA BioTAGnology, Göttingen, Germany). The purification and buffer exchange was 

initially performed without oxygen exclusion, then with the use of an AtmosBag
™

 

(Sigma-Aldrich) which was filled with N2, and finally under anoxic conditions in a 

glove box. With the help of the Strep-Tactin
®
 Column Evaluation Set from IBA 

BioTAGnology (Göttingen, Germany), a Strep-Tactin
®
 Superflow

®
 Gravity flow 

column (5 mL) was chosen for purification of NikJ. All chromatographic steps were 

performed according to the Strep-tag
®
 Purification Protocol from IBA BioTAGnology, 

using buffers without EDTA. The purity of the eluted protein was checked by SDS-

PAGE. After purification, the buffer was exchanged to 100 mM Tris buffer (pH 7.5) 

using a PD-10 column (GE Healthcare).  

5.2.6 Determination of the oligomerization state by gel filtration and Native 

PAGE 

NikJ, which was purified by Ni-NTA affinity chromatography, was loaded onto a Hi 

Load™ 16/60 Superdex 200 prep grade column (Pharmacia Biotech AB) which was 

mounted on a fast protein liquid chromatography (FPLC) system (ÄKTA Explorer, 

Pharmacia Biotech AB). The column was equilibrated with 50 mM Tris-HCl buffer at 

pH 7.5. Elution of the protein was monitored by measuring the absorbance at 280 and 

450 nm. 

Native PAGE was performed according to the Mini-PROTEAN
®
3 Cell (Bio-Rad, 

Hercules, CA, USA) instruction manual for SDS-PAGE, without the addition of SDS. A 

12.5% separating gel was used, and the buffer for the 5% stacking gel had a pH of 8.8. 

30 µg of protein were applied to each lane, and the gels were run at 90 V and 4 °C for 

three hours. 

5.2.7 Expression and purification of NifS 

The plasmid encoding the scaffold protein for iron-sulfur cluster biosynthesis from 

Azotobacter vinelandii, NifS, was a gift from Dennis Dean (Virginia Polytech Institute, 
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USA). It was transformed into chemically competent E. coli BL31(DE3) cells. 

Expression of NifS was achieved by growing a 10 mL preculture in Luria-Bertani (LB) 

medium containing 100 µg/mL ampicillin over night at 37 °C. The preculture was used 

to inoculate 500 mL LB medium containing 100 µg/mL ampicillin for plasmid selection 

and 1 mM pyridoxine for incorporation of the PLP cofactor. The culture was incubated 

at 37 °C until an OD600 of 0.5 was reached and lactose was added to a final 

concentration of 10 g/L. The culture was further incubated for 3 h at 30 °C and cells 

were harvested by centrifugation. The pellet was washed with 0.9 % NaCl solution and 

stored at -20 °C. 

The pellet was thawed and resuspended in 100 mM Tris-HCl buffer (pH 7.5) using        

3 mL buffer per gram of wet cells. Cells were disrupted by 0.5 s sonication pulses for  

10 min while cooling on ice. The cell debris was removed by centrifugation at 18,000 g 

for 30 min at 4 °C. The supernatant was subjected to 25-45% ammonium sulphate cuts. 

After precipitation, the protein pellet was dissolved in 100 mM Tris-HCl buffer (pH 7.5) 

and applied to a HiLoad™ 16/10 Q Sepharose
®
 High Performance column (GE 

Healthcare, Uppsala, Sweden), previously equilibrated with 20 mM Tris-HCl (pH 7.5). 

Bound NifS was eluted using a gradient (0-0.6 M NaCl in 30 min, at a flow rate of        

3 mL/min). Fractions containing NifS were pooled, concentrated using Amicon
®
 Ultra 

Centrifugal Filter Units (Millipore, Billerica, MA, USA) and applied to a Phenyl 

Sepharose6
®
 Fast Flow XK26/20 column (GE Healthcare, Uppsala, Sweden), 

previously equilibrated with 20 mM Tris-HCl (pH 7.5), containing 0.5 M (NH4)2SO4. 

Bound NifS was eluted using a gradient (0.5-0 M (NH4)2SO4 in 30 min, at a flow rate of 

3 mL/min). Fractions containing NifS were pooled, concentrated using Amicon
®
 Ultra 

Centrifugal Filter Units (Millipore, Billerica, MA, USA), and stored at -20 °C. 

5.2.8 Purification in the presence of S-adenosylhomocysteine 

In an attempt to stabilize Fe-S clusters during purification by Ni-NTA affinity 

chromatography as well as purification by the Strep-tag
®
 system, chromatography was 

performed with supplying S-adenosylhomocysteine to all buffers involved in 

purification (1 mM end concentration). 

5.2.9 Fe-S cluster reconstitution 

Reconstitution of Fe-S clusters of NikJ was performed in the N2 atmosphere of a glove 

box, using a method described in the literature (176;177). Stock solutions of all 

components of the reaction mixture were made oxygen-free by flushing with N2. The 
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reaction mixture, which was prepared in 50 mM Tris-HCl buffer at pH 7.6, contained 

0.2 mM (NH4)2Fe(SO4)2, 1 mM L-cysteine, 2.5 mM DTT, 50 mM KCl, 0.4 μM NifS 

and 40 μM  NikJ
Strep

 (freshly purified under anoxic conditions). To monitor the progress 

of reconstitution, the reaction mix was filled in a quartz cuvette which was tightly 

closed with a plug and parafilm and UV-vis spectra were taken with a Specord 205 

spectrophotometer (Analytic Jena, Germany). After reconstitution and incubation for   

30 min, 2.5 mL of the reaction mix were applied onto a PD-10 desalting column (GE 

Healthcare, Uppsala, Sweden) to provide freshly reconstituted NikJ in Tris-HCl buffer 

(pH 7.5). 

5.2.10 Determination of the Fe content of NikJ 

The protein concentration of the samples was determined according to the Bio Rad 

Protein Assay previous to iron analysis. Two samples of NikJ which was purified by Ni-

NTA affinity chromatography and gel filtration were sent to a facility specialized in 

chemical analysis (Spurenanalytisches Labor Dr. Baumann, Pirkensee, Germany) for 

determination of their iron content. Later, we analysed NikJ samples for iron in our own 

lab, using the method described by W.W. Fish (178). Several samples of NikJ solution 

in 100 mM Tris-HCl (pH 7.5), containing 0.1-0.3 mg Protein, were dried in a 

SpeedVac. Standards for calibration containing iron(II)ethylenediammonium sulphate 

were prepared in the same buffer and also dried in the SpeedVac.  

 

Figure 13: Calibration for the determination of the Fe content of biological 

samples. A562=-0.0156(±0.0070)+[0.3098(±0.0042)]*mFe 
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To each sample and standard, 0.5 mL of Reagent A (142 mM KMnO4 solution in 0.6 N 

HCl) was added and the mixture was incubated at 60 ºC for 2 h. 0.1 mL of Reagent B 

(6.5 mM ferrozine (disodium 3-(2-pyridyl)-5,6-bis(4-phenyl sulfonate)-1,2,4-triazine), 

13.1 mM neocuproine (2,9-dimethyl-1,10-phenantroline), 2 M ascorbic acid, 5 M 

ammonium acetate) was added and, after incubation  for 1 h at 20 ºC, the mixture was 

centrifuged for 5 min to remove particles and the absorbance of the supernatant at     

562 nm was measured with a Specord 205 spectrophotometer (Analytic Jena, 

Germany). 

 

5.2.11 Reductive cleavage of SAM 

The reduction of SAM was assayed applying a method used by Rubach et al (179) for 

HydE and HydG iron-only hydrogenase. The reaction mixture contained 100 mM Tris-

HCl (pH 8.0), NikJ (in concentrations between 18 and 40 μM, freshly purified with or 

without addition of S-adenosylhomocysteine, or reconstituted), 50 mM KCl, 1 mM 

SAM, 3 mM sodium dithionite and 5 mM DTT. Controls were prepared without 

addition of NikJ. The reactions were incubated at 37 ºC or 25 ºC and after 1 h or 15 h 

they were analysed by reverse-phase HPLC, using an Atlantis dC18 column (Waters, 

Dublin, Ireland) mounted on an UltiMate 3000 HPLC system (Dionex, Germering, 

Germany). A gradient of 0.1% TFA to 0.1% TFA:28% acetonitrile was applied and 

absorbance was monitored at 280 nm. 

 

 

 

 

 

 

 



Expression and characterization of the iron-sulfur protein NikJ 

 

94 

 

5.3 Results  

5.3.1 Expression and purification of NikJ 

The NikJ enzyme can be expressed in E. coli in significant amounts (approx. 1.7 mg/L 

TB medium). Freshly purified protein shows the dark brown colour which is typical for 

Fe-S proteins. After further purification by gel filtration, a loss of intensity in colour is 

observed. 

 

Figure 14: UV-vis absorbance spectrum of Strep-tagged NikJ, after purification in 

the AtmosBag
®
  fro Sigma-Aldrich. 

 

5.3.2 Fe-S cluster reconstitution 

Changes in the UV-vis spectra indicate that iron-sulfur clusters could indeed be 

reconstituted by the applied method to some extent, as the peak at 420 nm increases. 

The exclusion of oxygen was observed to be important to prevent the immediate 

formation of a black precipitate. The black precipitate (probably FeS), which shifts the 

whole UV-vis spectrum to higher absorbance values due to turbidity, is always observed 

after some time of incubation, but at an earlier timepoint when NikJ is absent.  



Expression and characterization of the iron-sulfur protein NikJ 

 

95 

 

 

Figure 15: Spectra taken of the reconstitution mixture after various time points. 

The left panel shows the mixture including NikJ, the panel on the right side is the 

control without NikJ. Preciptitation of FeS leads to turbidity after longer 

incubation periods in both reaction mixtures. 

5.3.3 The iron content of NikJ 

The two samples of His-tagged NikJ purified without exclusion of oxygen, which were 

sent to the analytical laboratory of Dr. Baumann, were determined to have bound       

0.5 mol and 1 mol Fe per mol NikJ, respectively.  

The iron content of several enzyme preparations determined by the colorimetric method 

varied between 2.0 and 3.5 mol Fe/mol NikJ. After reconstitution trials, the iron content 

of NikJ was not determined, due to the lack of a method to remove the reagent 

(NH4)2Fe(SO4)2 without exposing the Fe-S clusters to oxygen. 

5.3.4 Molecular weight and oligomerization state of NikJ 

To determine the oligomerization state of NikJ, gel filtration and Native PAGE 

experiments were performed. Gel filtration of NikJ, which was prepared by Ni-NTA 

affinity chromatography resulted in three peaks, merging into each other. When the 

elution volumes of the two peak maxima that lie within the separation range of the 

column are taken to calculate the molecular weight, this results in a pentamer and a di- 

or trimer of NikJ. Native PAGE showed two bands with smear between them. When 

NaCl is present during electrophoresis, the band of the faster migrating oligomer is less 

pronounced. A certain proportion of protein apparently forms aggregates which elute 

outside the separating range of the column (at around 70 mL) and do not enter the 

electrophoresis gel. 
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Figure 16: Elution profile of the gel filtration chromatography of NikJ after 

purification by Ni-NTA chromatography. The absorbance was monitored at       

280 nm (solid line) and 450 nm (dashed line). 

 

Figure 17: Native PAGE gels. The gel on the left was run without NaCl addition, 

the gel on the right hand side had 300 mM NaCl in the running buffer. Lanes 1: 

NikJ purified by Ni-NTA chromatography, lanes 2: NikJ from the gel filtration 

fraction of an elution volume of 94-96 mL, lanes 3: NikJ from the gel filtration 

fraction of an elution volume of 112-114 mL. 
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5.3.5 Reductive cleavage of SAM 

In order to determine if NikJ belongs to the radical-SAM superfamily, it was assayed 

for the ability to reductively cleave SAM, by anaerobic incubation of the reconstituted 

protein with an excess of SAM and dithionite. The reductive cleavage should be 

monitored by the formation of 5´-deoxyadenosine. The HPLC elution profiles of the 

reaction mixture incubated with or without NikJ did not reveal any ongoing reaction. 

The SAM peak was unaltered, and no new peak resulting from 5´-deoxyadenosine could 

be observed. 

 

5.4 Discussion 

Although NikJ is readily expressed and can be purified in significant amounts, its iron-

sulfur clusters provide a challenge in handling the protein. The clusters are decomposed 

when oxygen is present and it might be assumed that their stability is low even under 

anoxic conditions. Most purification steps we performed in a glove box, and the Strep-

tag
®
 purification system leads to a very pure enzyme solution, which permits to avoid a 

further gel filtration step. We were not able to completely exclude oxygen during cell 

disruption and centrifugation with our equipment. Concentrating protein solutions after 

elution was also not possible under anoxic conditions.  

NikJ is expected to contain a [Fe4S4] cluster, as it is related to radical SAM enzymes. 

Iron determination always resulted in less than 4 Fe atoms per NikJ monomer, 

indicating that Fe has been lost upon degradation of the clusters. Of course, the 

accuracy of the colorimetric method is questionable, and determination of the protein 

concentration by the Bio-Rad assay contributes to a potential error in quantitation. (A 

more accurate method for the determination of protein concentration was not available, 

as the contribution of the Fe-S cluster to the extinction coefficient at 280 nm is 

unknown and the BCA reaction, which was successfully applied for NikK, is affected 

by Fe.) Still, the results indicate that iron is lost, probably from [Fe4S4] clusters.  

NikJ was observed to be present in different oligomerization states. The peaks of gel 

filtration chromatography merge into each other and Native PAGE shows a smear. It 

seems that a smaller and a larger oligomer (maybe a di-or trimer and a tetra- or 

hexamer) exist in equilibrium, which shifts to the larger species when NaCl is present.  
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NikJ could not be shown to reductively cleave SAM, so we could not ascertain that 

NikJ indeed belongs to the radical SAM superfamily. The reason for the lack of activity 

is unclear. NikJ might be inactive due to inappropriate reaction conditions or the 

oxidative destruction of its Fe-S clusters. However, also NikJ that underwent 

reconstitution by NifS did not cleave SAM. Crystallization trials (performed by Gustav 

Oberdorfer; 119) were unsuccessful so far. The complete exclusion of oxygen during all 

steps of cell disruption, purification and crystallization would be an appropriate means 

to further characterize the enzyme. 

The most important question regarding NikJ is the role it plays in nikkomycin 

biosynthesis. The enzyme shows sequence similarities to radical SAM proteins and Fe-

S oxidoreductases. Therefore, NikJ might catalyze an oxidation reaction. Schüz et al  

found the bicyclic nikkomycins Sx and Sz in the culture broth of Streptomyces tendae 

Tü901/S 2566 and showed that when Fe is added to the production medium, the 

production of  Sx and Sz decreases, with a concomitant increase in the production of 

nikkomycins X and Z (99). From this observation it can be concluded that either, Sx and 

Sz are intermediates of the biosynthetic pathway of the aminohexuronic acid moiety, 

which are converted to the biologically active nikkomycins X and Z in an iron-

dependent manner, or they are side products of the biosynthetic pathway, whose 

formation is promoted by a lack of iron. According to our hypothesis, the bicyclic 

nikkomycins Sx and Sz are intermediates of the biosynthetic pathway and represent the 

substrates for the iron-sulfur enzyme NikJ. An attempt to produce Sx and Sz in 

Streptomyces tendae Tü901/S 2566 and test them as substrates for NikJ is described in 

(8.2.7). 
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6.1 Introduction 

6.1.1 NikI and NikM show similarity to prolyl-4-hydroxylases 

The NikI (24.5 kDa) and NikM (24 kDa) enzymes, whose function in nikkomycin 

biosynthesis is unclear, share about 45% sequence similarity. As they show similarity to 

the α-subunit of bacterial prolyl-4-hydroxylases, they might be involved in the 

hydroxylation of an intermediate of the nikkomycin biosynthetic pathway.  

6.1.2 The role of prolyl 4-hydroxylases 

Prolyl-4-hydroxylases (EC 1.14.11.2) catalyze the hydroxylation of proline residues in 

X-Pro-Gly sequences, leading to the formation of 4-hydroxyproline in collagens (180). 

This irreversible reaction is the most common posttranslational modification in humans 

(181). The presence of 4-hydroxyproline is required for the stability of collagen, the 

major component of connective tissue, at physiological temperature (182). Stabilization 

of the collagen triple helix is the best known role for 4-hydroxyproline, and it is also 

found in proteins with collagen-like domains and elastin. However, prolyl-4-

hydroxylases are not unique to animals, but they are found in plants and 

microorganisms as well (181). Hydroxyproline-rich glycoproteins are a major 

component of the cell wall of higher plants and green algae and play a role in plant 

growth and cellular interaction (183). Hydroxyproline is also found in bacterial 

antibiotic peptides. These non-ribosomal peptides often contain non-natural and 

modified amino acids. In bacteria, animals and plants, sterospecific hydroxylation 

occurs at the 4R position of proline (184). Other isomers of hydroxyproline and other 

proline modifications occur only in bacteria. Free proline is the precursor to all the 

forms of hydroxyproline in bacteria (185). 

6.1.3 Catalysis of 4-hydroxyproline formation 

Prolyl 4-hydroxylase is a member of the non-heme iron (II), α-ketoglutarate-dependent 

dioxygenase family. The hydroxylation of proline requires Fe
2+

, α-ketoglutarate, 

molecular oxygen and ascorbate (Scheme 12). It involves oxidative decarboxylation of 

α-ketoglutarate, and succinate and CO2 are produced (186). During most catalytic 

cycles, ascorbate is not consumed, but the enzyme also catalyzes decarboxylation of α-

ketoglutarate without hydroxylation, leading to an uncoupling of co-substrate turnover 

(187). The inactivation of the enzyme by uncoupling can be overcome by ascorbate, 

which reduces Fe
3+

 to Fe
2+

 (188). 
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Scheme 12: Reactions catalyzed by prolyl 4-hydroxylase. Reaction a) shows the 

hydroxylation of a prolyl residue, reaction b) shows the uncoupled decarboxylation 

of α-ketoglutarate and the role of ascorbate. 

Mammalian prolyl 4-hydroxylase is a α2β2 tetramer, the α-subunit (59 kDa) contains the 

peptide-substrate binding domain and the active site (181;189). The iron is bound in the 

active site by two histidine residues and an aspartate residue (181). The β-subunit       

(55 kDa) functions as protein disulfide isomerase, retains the enzyme in the lumen of 

the endoplasmatic reticulum, and maintains the α-subunit in a soluble and active form 

(190). Prolyl 4-hydroxylase from the endospore-forming gram-positive bacterium 

Bacillus anthracis was shown to form an α2 dimer, the enzyme was suggested to play a 

role in sporulation (191).  

 

6.2 Materials and Methods 

6.2.1 Reagents 

All chemicals were of highest grade commercially available and purchased from 

Sigma−Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or Merck 

(Darmstadt, Germany). Nickel−nitrilotriacetic acid agarose (Ni−NTA) was from Qiagen 

(Hilden, Germany), Sephadex resin from Pharmacia Biotech AB (Uppsala, Sweden). 

6.2.2 Cloning and expression in Escherichia coli 

Streptomyces tendae Tü901/8c was grown in 250 mL LB-Medium at 30 °C for six days. 

Genomic DNA was isolated using the Illustra™ bacteria genomic Prep Mini Spin Kit 

from GE Healthcare (Buckinghamshire, UK) and used as a template for PCR using 

Phusion™ High Fidelity DNA Polymerase from Finnzymes (Espoo, Finland).  The PCR 

products contained an NdeI restriction site at the 5’-end and a XhoI restriction site at the 

3’-end, and were cloned into the NdeI/XhoI restriction sites of the pET21a vector 

(Novagen), generating the expression plasmid pET21a(nikI) and pET21a(nikM). The 

nikI gene was designed without a stop codon, which allows expression of the protein 

with a C-terminal hexahistidine tag. The nikM gene was designed in a way that allows 
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expression with an N-terminal hexahistidine tag, with six codons for histidine at the 5’-

end and a stop codon at the 3’-end. The sequences on each expression plasmid was 

verified by DNA-sequencing (Eurofins DNA, Ebersbach, Germany). Chemically 

competent E. coli BL21(DE3) cells were transformed with the expression plasmid 

pET21a(nikI). Chemically competent E. coli BL21(DE3) cells were transformed with 

the chaperone plasmid pG-KJE8 (Takara Bio Inc.), these transformants were made 

competent and transformed with pET21a(nikM). Expression of NikI was achieved by 

growing a 10 mL preculture in Luria-Bertani (LB) medium containing 100 µg/mL 

ampicillin over night at 37 °C. The preculture was used to inoculate 750 mL LB 

medium containing 100 µg/mL ampicillin for plasmid selection. The culture was 

incubated at 37 °C until an OD600 of 0.5 and IPTG was added to a final concentration 

of 0.1 mM. The culture was incubated for 3 h at 37 °C and cells were harvested by 

centrifugation. The pellet was washed with 0.9 % NaCl solution and stored at -20 °C. 

Expression of NikM with the help of co-expressed chaperones (dnaK, dnaJ, grpE, 

groES, groEL) was achieved by growing a 10 mL preculture in Luria-Bertani (LB) 

medium containing 50 µg/mL ampicillin and 20 µg/mL chloramphenicol over night at 

37 °C. The preculture was used to inoculate 750 mL LB medium containing 50 µg/mL 

ampicillin and 20 µg/mL chloramphenicol for plasmid selection, and 0.5 mg/mL L-

arabinose and 1 ng/mL tetracycline for chaperone induction. The culture was incubated 

at 37 °C until an OD600 of 0.5 and IPTG was added to a final concentration of 0.1 mM. 

The culture was incubated over night at 20 °C and cells were harvested by 

centrifugation. The pellet was washed with 0.9 % NaCl solution and stored at -20 °C. 

 

6.2.3 Generation of a NikM E47A/E48A/E50A variant by site-specific 

mutagenesis 

Site directed mutagenesis was carried out in two steps according to the QuikChange® 

XL Site-Directed Mutagenesis Kit from Stratagene (Santa Clara, CA, USA). The 

pET21a(nikM) plasmid served as template to introduce the mutations. The following 

primer and its complementary counterpart were used:  5’- GAC GGC TTC GCG GCG 

TCC GCG CGC ACC GAC CTG-3’. The underlined nucleotides denote the mutated 

codons. After mutagenesis, the sequence of the transformation construct was verified by 

DNA-sequence analysis. Transformation and expression was carried out as described 

for wild type NikM. 
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6.2.4 Cell disruption and purification 

The pellet was thawed and resuspended in lysis buffer (100 mM Tris-HCl buffer at pH 

8.0, containing 300 mM NaCl and 10 mM imidazole), using 2 mL buffer per gram of 

wet cells. Cells were disrupted by 30 min incubation with lysozyme and 0.5 s sonication 

pulses for 10 min while cooling on ice. The cell debris was removed by centrifugation 

at 18 000 g for 30 min at 4 °C. 

The hexahistidine-tagged NikI and NikM enzymes were purified by Ni-NTA affinity 

chromatography, loading the respective supernatant onto a Ni-NTA column (Qiagen), 

previously equilibrated with lysis buffer. After loading of the filtered lysate, the column 

was washed with 10 column volumes of wash buffer (100 mM Tris-HCl, 300 mM 

NaCl, 20 mM imidazole, pH 8.0 in the case of NikI and 100 mM Tris-HCl, 300 mM 

NaCl, 10 mM imidazole, pH 8.0 in the case of NikM) and bound protein was recovered 

with elution buffer (100 mM Tris-HCl, 300 mM NaCl, 150 mM imidazole, pH 8.0). The 

purity of the eluted 3 mL fractions was determined using SDS-polyacrylamide gel 

electrophoresis. Fractions containing NikI or NikM were pooled and concentrated using 

Amicon
®
 Ultra Centrifugal Filter Units (Millipore, Billerica, MA, USA). For NikI, the 

buffer was exchanged to 100 mM Tris buffer (pH 7.5) using a PD-10 column (GE 

Healthcare) and the solution of the  protein was stored at -20 °C. NikM was always, 

NikI only when intended for crystallization, further purified by gel filtration 

chromatography, using a Hi Load™ 16/70 Superdex 75 prep grade column (Pharmacia 

Biotech AB) which was mounted on a fast protein liquid chromatography (FPLC) 

system (ÄKTA Explorer, Pharmacia Biotech AB). The column was equilibrated with 50 

mM Tris-HCl buffer at pH 7.5. 

6.2.5 Native molecular mass determination 

The molecular mass of each purified protein was determined by gel filtration 

chromatography in order to assess the oligomerization state of native NikI and NikM. 

The analytical column, a Superdex 200 10/300 GL (Pharmacia Biotech AB) was 

mounted on a fast protein liquid chromatography (FPLC) system (ÄKTA Explorer, 

Pharmacia Biotech AB). The column was equilibrated with 100 mM Tris-HCl buffer 

containing 150 mM NaCl at pH 7.5. A 100 µL sample containing 200 μg of the 

respective protein was applied to the column, and the elution volume was determined by 

monitoring the absorbance at 280 nm. The column was calibrated using a high-

molecular-mass gel-filtration calibration kit (Amersham Biosciences; α-
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chymotrypsinogen A, 25 kDa; ovalbumin, 43 kDa; bovine serum albumin, 67 kDa; 

aldolase, 158 kDa; catalase, 232 kDa; and ferritin, 440 kDa). 

6.2.6 Determination of iron bound to NikI or NikM 

To determine and quantitate iron bound to NikI and NikM, the rapid colorimetric 

micromethod developed by W. W. Fish (178) was applied. For a detailed description of 

the method, see 5.2.10. 

6.2.7 Testing 3’-EPUMP and 3’-EP-uridine as potential substrates for NikI and 

NikM 

3’-EPUMP which was generated from UMP and PEP using NikO (see 2.2.5) and 3’-EP-

uridine which was generated by incubation of 3’-EPUMP with alkaline phosphatase 

(see 4.2.6) were tested as substrates for NikI and NikM under various reaction 

conditions. The reaction mix contained about 1 mM of the respective substrate, 1 mM 

α-ketoglutarate, 1 mM ammonium iron (II) sulphate, and 1 mM ascorbate in 100 mM 

Tris-HCl (pH 7.5) and 20 µM NikI or NikM or a combination of both enzymes. After 

incubation for 1 h or overnight at 20 °C or 30 °C, the reaction mix was diluted with 

0.05% TFA and analysed by HPLC, using an Atlantis dC18 column (Waters, Dublin, 

Ireland), mounted on an UltiMate 3000 HPLC system (Dionex, Germering, Germany). 

The elution was carried out by applying a linear gradient of 0.05% trifluoroacetic acid 

to acetonitrile in 25 min, using a flow rate of 1 mL/min. Eluted substances were 

observed by the absorbance at 260 and 280 nm. 
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6.3 Results  

NikI and NikM were expressed heterologously in E. coli in significant amounts and 

appeared to be stable in solution. In the case of NikM, the co-overexpression of 

chaperone led to an increase in the amount of protein produced. NikM with the 

hexahistidine tag either at the C- or at the N-terminus showed a lower affinity to the Ni-

NTA column than the other proteins containing a His-tag. An imidazole concentration 

of 20 mM, which is usually present in the wash buffer, already led to elution of the 

protein. 

Both proteins, NikM and NikI, were shown to exist as monomers in solution. Iron was 

not detected in preparations of these enzymes by the colorimetric method described.  

3’-EPUMP and 3’-EP-uridine were not affected by incubation with NikM, NikI, nor a 

mix of both.   

 

6.4 Discussion 

NikI and NikM share about 45% sequence similarity and show similarity to prolyl 4-

hydroxylases. Possibly, they catalyze the hydroxylation of a biosynthetic intermediate, 

though it is puzzling how such a reaction would fit into the nikkomycin biosynthetic 

pathway. The expression and purification of both monomeric enzymes turned out to be 

relatively unproblematic. As prolyl 4-hydroxylases require Fe
2+

 for catalysis, 

preparations of NikI and NikM were analyzed for their iron content, but no iron was 

detected. The enzymes did not convert 3´-EPUMP. It is unknown if they are inactive 

under the tested conditions or if 3´-EPUMP is not their physiological substrate. Their 

role in nikkomycin biosynthesis remains unclear. 
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7.1 Introduction 

7.1.1 D-Alanine-D-alanine ligase 

D-Alanine-D-alanine ligase (DDl) (E.C. 6.3.2.4) is an essential enzyme in the 

biosynthesis of the bacterial cell wall. The assembly of the D-alanyl-D-alanine 

dipeptide, which is an important cell wall building block, is catalysed in an ATP-

dependent manner (192). DDl consists of four domains, and the binding sites for D-Ala 

and ATP are created by their interfaces. The formation of the dipeptide proceeds via a 

two-step mechanism. First, an intermediate is generated by phosphorylation of (N-

terminal) D-Ala by ATP, which subsequently reacts with the second (C-terminal) D-Ala 

moiety to form D-alanyl-D-alanine. In this nucleophilic reaction, inorganic phosphate is 

lost (193). DDl is the second enzyme of the D-Ala branch after alanine racemase in the 

assembly of peptidoglycan precursors in cytoplasm. Its product D-alanyl-D-alanine is 

then incorporated into the next cell wall precursor by the action of UDP-N-

acetylmuramyl-pentapeptide synthetase (MurF) (194). DDl, which is common to Gram-

negative and Gram-positive organisms and does not occur in eukaryotes, has emerged 

as an attractive target to develop novel antibiotics. The enzyme was discovered to be 

inhibited by D-cycloserine, a structural analog of D-alanine (193), by phosphonate and 

phosphinate dipeptides, which are transition states analogs that bind to the active site 

(195) and by several protein kinase inhibitors (196). 

7.1.2 The ATP-grasp fold enzyme superfamily 

D-Alanine-D-alanine ligase belongs to superfamily of enzymes with an unusual 

nucleotide-binding fold, the ATP-grasp fold. All the enzymes that belong to this family 

catalyse a reaction that involves an ATP-dependent ligation of a carboxyl group carbon 

of one substrate with the nitrogen of an amino or imino group of the other substrate. In 

each case, it includes the formation of acylphosphate intermediates (195;197;198) 

(Scheme 13).  

ATP ADP R1-NH-R2 HOPO3
2-

 

Scheme 13: Summary of the reaction catalysed by carboxylate-amine ligases 
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Enzymes which contain an ATP-grasp domain are glutathione synthetase, with γ-

glutamyl-cysteine and glycine as substrates, and the biotin carboxylase subunit of 

acetyl-CoA carboxylase (involved in fatty acid biosynthesis), where the nitrogen of the 

enzyme bound biotin molecule is the amino group containing substrate. Biotin-enzyme 

is also the amine substrate in propionyl-CoA carboxylase (involved in amino acid 

catabolism), pyruvate carboxylase (involved in gluconeogenesis), and urea amidolyase 

(involved in urea hydrolysis). Further examples of enzymes of this superfamily are 

ATP-citrate lyase (involved in lipid biosynthesis) and succinyl CoA synthetase 

(involved in the citric acid cycle), where succinate or citrate serves as carboxylate 

substrate and Coenzyme A as thiol substrate (102). 

 

7.2 Materials and Methods 

7.2.1 Reagents 

All chemicals were of highest grade commercially available and purchased from 

Sigma−Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or Merck 

(Darmstadt, Germany). Nickel−nitrilotriacetic acid agarose (Ni−NTA) was from Qiagen 

(Hilden, Germany), Sephadex resin from Pharmacia Biotech AB (Uppsala, Sweden). 

7.2.2 Cloning and expression in Escherichia coli 

Streptomyces tendae Tü901/8c was grown in 250 mL LB-Medium at 30 °C for six days. 

Genomic DNA was isolated using the Illustra™ bacteria genomic Prep Mini Spin Kit 

from GE Healthcare (Buckinghamshire, UK) and served as a template for PCR using 

Phusion™ High Fidelity DNA Polymerase from Finnzymes (Espoo, Finland).  The PCR 

product contained an NdeI restriction site at the 5’-end and a XhoI restriction site at the 

3’-end, and were cloned into the NdeI/XhoI restriction sites of the pET21a vector 

(Novagen), generating the expression plasmid pET21a(nikS). The nikS gene was 

designed without a stop codon, which allows expression of the protein with a C-

terminal hexahistidine tag. The sequence on the expression plasmid was verified by 

DNA-sequencing (Eurofins DNA, Ebersbach, Germany). Chemically competent E. coli 

BL21(DE3) cells were transformed with the expression plasmid pET21a(nikS). 

Expression of NikS was achieved by growing a 10 mL preculture in Luria-Bertani (LB) 

medium containing 100 µg/mL ampicillin over night at 37 °C. The preculture was used 

to inoculate 750 mL LB medium, containing 100 µg/mL ampicillin for plasmid 
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selection. The culture was incubated at 37 °C until an OD600 of 0.5 and IPTG was 

added to a final concentration of 0.1 mM. The culture was incubated for 3 h at 37 °C 

and cells were harvested by centrifugation. The pellet was washed with 0.9 % NaCl 

solution and stored at -20 °C.  

7.2.3 Cell disruption and purification 

The pellet was thawed and resuspended in lysis buffer (100 mM Tris-HCl buffer at pH 

8.0, containing 300 mM NaCl and 10 mM imidazole), using 2 mL buffer per gram of 

wet cells. Cells were disrupted by 30 min incubation with lysozyme and 0.5 s sonication 

pulses for 10 min while cooling on ice. The cell debris was removed by centrifugation 

at 18 000 g for 30 min at 4 °C. 

The hexahistidine-tagged NikS was purified by Ni-NTA affinity chromatography, 

loading the supernatant onto a Ni-NTA column (Qiagen), previously equilibrated with 

lysis buffer. After loading of the filtered lysate, the column was washed with 10 column 

volumes of wash buffer (100 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0) 

and bound protein was recovered with elution buffer (100 mM Tris-HCl, 300 mM NaCl, 

150 mM imidazole, pH 8.0). The purity of the eluted 3 mL fractions was determined 

using SDS-polyacrylamide gel electrophoresis. Fractions containing NikS were pooled 

and concentrated using Amicon
®
 Ultra Centrifugal Filter Units (Millipore, Billerica, 

MA, USA). The buffer was exchanged to 100 mM Tris buffer (pH 7.5) using a PD-10 

column (GE Healthcare) and the solution of NikS protein was stored at 4 °C. For 

crystallization trials, the protein was further purified by gel filtration chromatography, 

using a Hi Load™ 16/70 Superdex 75 prep grade column (Pharmacia Biotech AB, 

Uppsala, Sweden) which was mounted on a fast protein liquid chromatography (FPLC) 

system (ÄKTA Explorer, Pharmacia Biotech AB, Uppsala, Sweden). The column was 

equilibrated with 20 mM Tris-HCl buffer at pH 7.5. 

7.2.4 Testing NikS for enzymatic activity 

To find out, if NikS was able to catalyse peptide-bond formation between HPHT 

(nikkomycin D) and aminohexuronic acid (nikkomycin Cx and Cz), an activity assay 

developed for D-alanine-D-alanine ligases (196) was adapted to the putative NikS 

reaction. The reaction mix contained the substrates nikkomycin D and Cx, which were 

obtained from Bertold Gust and Hans-P. Fiedler (Tübingen), in a concentration of about 

1 mM, 10 mM KCl, 10 mM MgCl2, 1 mM ATP, GTP, CTP, or UTP, and 20 µM NikS 

enzyme in 100 mM Tris-HCl (pH 7.5). Control reactions that did not contain nucleotide 
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triphosphate, salts, or NikS were also prepared. After two hours of incubation at 37 °C, 

the samples were diluted with 0.05% trifluoroacetic acid and analysed by HPLC, using 

an Atlantis dC18 column (Waters, Dublin, Ireland), mounted on an UltiMate 3000 

HPLC system (Dionex, Germering, Germany). The elution was carried out by applying 

a linear gradient of 0.05% trifluoroacetic acid to acetonitrile in 20 min, using a flow rate 

of 1 mL/min. Eluted substances were observed by the absorbance at 260 and 280 nm. 

NikS was also tested for its effect on HPHT and aminohexuronic acid, which were 

expected to be present in the lyophilized fractions obtained after ion exchange 

chromatography of S. tendae Tü901/8c fermentation broth (see 8.2.5). A milligram of 

each lyophilized fraction was dissolved in a solution of 10 mM KCl, 10 mM MgCl2, 1 

mM ATP, GTP, CTP, or UTP, and 20 µM NikS enzyme in 100 mM Tris-HCl (pH 7.5). 

These reactions and controls were treated as described above. 

7.3 Results 

Conversion of HPHT and nikkomycin Cx by NikS could neither be observed with ATP 

nor with CTP, UTP or GTP present. The peaks of those substances in the HPLC elution 

profiles did not decrease significantly when NikS was added to the reaction mix, and no 

new peak was observed.  

7.4 Discussion 

NikS is expected to catalyze the formation of the peptide bond between the nucleoside 

and peptide moiety of nikkomycins, as it shows similarities to carboxylate-amine 

ligases. The enzyme, which was predicted to belong to the ATP-grasp family, is 97% 

identical to SanS of Streptomyces ansochromogenes. The ATPase activity of SanS was 

demonstrated by Li et al (104). We assume that NikS catalyzes an ATP-dependent 

ligation of the carboxyl group carbon of HPHT with the amino group nitrogen of 

aminohexuronic acid, but we have not been able to demonstrate that. The substrates we 

used were nikkomycins Cx and D, obtained from the University of Tübingen, where 

they had been isolated from S. tendae culture broth. Previously to the described 

experiments, they had been stored for a long time period, so it cannot be excluded that 

they had already undergone a degradation process. However, freshly prepared extracts 

of S. tendae were also tested for conversion of the nikkomycins Cx, Cz, and D that they 

contained. Possibly, the conditions we used for the experiments did not favour the 

reaction. It might also be possible that NikT-bound HPHT is the substrate for the 
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condensation step, as was suggested by Lauer et al (100) and NikS is unable to ligate 

free HPHT and aminohexuronic acid. 
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8 Preservation and growth of Streptomyces and isolation of 

nikkomycins and nikkomycin intermediates  
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8.1 Introduction 

HPLC represents an excellent method to characterize and quantify secondary 

metabolites in biological fluids, such as culture filtrates of organic extracts. The 

classification of derivatives of known substances is facilitated by the photodiode array 

technique, which allows comparing UV spectra of all known and unknown components. 

The method is much less time consuming than isolation and characterization of all 

detected peaks, and was used to screen culture filtrates resulting from chemical 

derivatization, genetic or mutasynthetic programs and to discover new nikkomycins 

(11;19,20;22;23;199). The methods to extract and characterize nikkomycins developed 

at the University of Tübingen are expected to be applicable for the identification of 

intermediates of the nikkomycin biosynthetic pathway produced by Streptomyces 

variants with nik gene deletions. 

 

8.2 Materials and Methods 

8.2.1 Reagents 

All chemicals and resins were of highest grade commercially available and purchased 

from Sigma−Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzerland), or Merck 

(Darmstadt, Germany). Soybean flour (Hensel Voll-Soja, Magstadt, Germany) was 

purchased at the local health food store. Spores of Streptomyces tendae Tü901/8c, S. 

tendae Tü901/S 2566, and kanamycin resistant S. coelicolor M512nikKS02 with the 

whole nikkomycin biosynthetic gene cluster as well as ΔnikI, ΔnikJ, ΔnikK, ΔnikL, and 

ΔnikM deletion mutants thereof (the respective gene is replaced by the sequence Start-

TTT-AAA-Stop), the S. coelicolor M512 strain, where the nikkomycin gene cassette 

has not been introduced, and nikkomycins X, Z, I, J, D, and Cx to be used at HPLC 

standards, were obtained from Dr. Bertolt Gust (Pharmaceutical Institute 

Eberhard-Karls-Universität Tübingen, Germany). 
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8.2.2 Composition of fermentation media 

Production medium according to Fiedler: 30 g/L mannitol, 10 g/L soluble starch, 20 g/L 

soybean flour, 10 g/L yeast extract 

YEME medium: 3 g Difco yeast extract, 5 g Difco bacto peptone, 3 g malt extract, 10 g 

glucose, 340 g sucrose, 1 L H2O. After autoclaving, MgCl2 is added to an end 

concentration of 5 mM. 

SFM agar plates: 20 g/L soybean flour, 20 g/L mannitol, 15 g/L agar 

GYM medium: 4 g glucose, 4 g yeast extract, 10 g malt extract, 1 L H2O;   pH 7.2;  

8.2.3 Preservation of sporulating Streptomyces strains 

5 µL of a spore suspension of the respective strain were diluted in 200 µL of sterile 

H2O, and streaked onto two plates of SFM medium. In case of S. coelicolor 

M512nikKS02 and its deletion mutants, the plates were supplemented with 20 µg/mL 

kanamycin. The plates were incubated for 5 days at 30 °C. 5 mL of water were added to 

each plate, the spores were gently rubbed off the surface with a sterile cotton bud and 

the suspension was centrifuged in a sterile falcon tube at 5000g for 5 min. The 

supernatant was discarded and the re-suspended spores were stored in 100 µL of 20% 

glycerol, at -20 °C. 

8.2.4 Fermentation of Streptomyces cultures 

Baffled flasks were used for cultivation in the respective medium (150  mL medium in 

each 500 mL flask). In fermentation of S. coelicolor M512nikKS02 cultures, the 

medium contained 20 µg kanamycin per mL. The medium was inoculated with 50 µL of 

a spore suspension and incubated at 30 °C and shaking at 170 rpm for 6-7 days. The 

production medium according to Fiedler was used for S. tendae strains, S. coelicolor 

M512nikKS02 was grown in the same medium, as well as in GYM and YEME media. 

In order to produce and identify the bicyclic nikkomycins Sx and Sz, S. tendae Tü901/S 

2566 was grown in production medium according to Fiedler supplemented with 0-7 mg 

FeSO4*7H2O  per liter. 

8.2.5 Extraction of secondary metabolites from the culture broth 

The fermentation broth was centrifuged at 4600 rpm for 30 min and the pH of the 

supernatant was adjusted to 8.0, before it was purified by ion exchange 

chromatography. A column was packed with 20 g Dowex 1x2 resin (50-100 mesh, Cl
-
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form) and mounted on a fast protein liquid chromatography (FPLC) system (ÄKTA 

Explorer, Pharmacia Biotech AB, Uppsala, Sweden). The column was activated with 60 

mL 5 N acetic acid, and washed with 100 mL H2O before 400 mL of the previously 

filtered raw extract were loaded onto the column at a flow rate of 5 mL/min (3 mL/min 

when YEME was the culture medium). Nikkomycins were eluted with 50 mM formic 

acid and collected in 10 mL fractions. The fractions were frozen in liquid nitrogen and 

dried in a Virtis Sentry™ lyophilisation device. 

8.2.6 HPLC analysis of the ion exchange chromatography fractions  

A few milligrams of  each fraction from ion exchange chromatography were dissolved 

in 0.05% trifluoroacetic acid and analysed by HPLC, using an Atlantis dC18 column 

(Waters, Dublin, Ireland), mounted on an UltiMate 3000 HPLC system (Dionex, 

Germering, Germany). The elution was carried out by applying several linear gradients 

of 0.05% trifluoroacetic acid to acetonitrile, using a flow rate of 1 mL/min. Eluted 

substances were observed by the absorbance at 260 and 280 nm. The elution profiles 

were compared to those of nikkomycin standards. 

8.2.7 Production and identification of bicyclic nikkomycins Sx and Sz and their 

exposition to the NikJ enzyme 

After centrifugation of the fermentation broth of S. tendae Tü901/S 2566 in Fiedler´s 

medium supplemented with FeSO4*7H2O at concentrations of 0, 1, 2, 4 and 7 mg/L, the 

supernatant was directly analysed by HPLC (see 8.2.6).  

Samples of the fermentation broth were incubated with NikJ (in concentrations between 

10 and 20 μM, freshly purified with addition of S-adenosylhomocysteine), 50 mM KCl, 

1 mM SAM, 3 mM sodium dithionite and 5 mM DTT. Controls were prepared without 

addition of NikJ, SAM, or DTT. The reactions were incubated at 25 ºC and after 1 h or 

15 h they were analysed by HPLC (see 8.2.6). 

8.2.8 Attempts to identify nikkomycin intermediates from S. coelicolor 

M512nikKS01 deletion mutants  

Several ion exchange fractions of each S. coelicolor M512nikKS01 deletion mutant 

which was grown in YEME medium were incubated with the respective heterologously 

expressed protein to check for changes in the HPLC elution profile. The compositions 

of the reaction mixes were chosen in consideration of the potential cofactors or 

cosubstrates each enzyme might require. Controls were prepared without the addition of 
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enzyme. Incubation times varied from 1 h to overnight. HPLC runs were performed as 

described above. 

Each reaction mix contained a few milligrams of lyophilisate from the fractions 

expected to contain the intermediate of the biosynthetic pathway and substrate for the 

respective enzyme and 10-40 µM of the respective enzyme. For the NikK reaction,      

1-10 mM L-glutamate was added, the buffer was 50 mM potassium phosphate, pH 8.0 

and pH 9.0. The reaction mix for NikI and NikM contained 100 mM Tris-HCl (pH 8.0), 

10 mM α-ketoglutarate, 10 mM Fe
2+

, and 10 mM ascorbic acid. The NikL reaction 

contained the MBP-NikL fusion protein or the fusion protein previously incubated with 

0.2 ng enterokinase for 1 h. The buffer was 100 mM Tris-HCl, at a pH of 7.0, 8.0, and 

9.0. 

 

8.3 Results  

Nikkomycins could be detected in S. tendae culture filtrate processed using the 

described methods. The HPLC elution profiles of several fractions resulting from their 

extraction via ion exchange chromatography can be well compared to those of 

nikkomycin standards obtained from Tübingen (see Figure 18).  

In the similarly processed fermentation broth of S. coelicolor M512nikKS02, no 

nikkomycins could be detected, regardless of the used medium. The pattern of peaks in 

the HPLC elution profiles obtained after fermentation of S. coelicolor M512nikKS02 

and the deletion mutants is similar to that of the fermentation broth of S. coelicolor 

M512, which does not contain the nik gene cluster.  

Addition of heterologously expressed nikkomycin biosynthetic proteins to the 

lyophilized preparations did not alter their HPLC elution profiles, except in the case of 

NikK. The intensities of several peaks are altered by NikK. This is the case with 

fermentation broth of S. coelicolor M512nikKS02, the ΔnikK deletion mutant and S. 

coelicolor M512. 
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Figure 18: HPLC elution profiles of the nikkomycin standard mix obtained from 

Tübingen (upper panel) and of a lyophilized fraction of ion exchange eluate of S. 

tendae fermentation medium (lower panel). The peaks at 4.07 min, 5.19 min and 

8.86 min correspond to nikkomycin Cx, D, and X or Z, respectively. 
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8.4 Discussion 

Nikkomycins could be extracted from Streptomyces tendae fermentation medium and 

detected by HPLC. The elution profiles of several fractions obtained after ion exchange 

chromatography and lyophilization were very similar to the elution profile of the 

nikkomycin standard mix obtained from Tübingen. The methods we used should also be 

appropriate for identification and isolation of intermediates of the nikkomycin 

biosynthetic pathway, provided that those intermediates are stable and secreted into the 

fermentation medium in significant amounts. In addition to the expression and 

characterization of enzymes which are involved in the biosynthesis of nikkomycins, the 

identification of intermediates produced by deletion mutants would provide another 

approach to elucidate the biosynthetic reaction pathway. 

Our collaborator at the University of Tübingen, Dr. Bertolt Gust, provided us with 

spores of S. coelicolor M512nikKS02. This strain contains a cassette with the whole 

nikkomycin biosynthetic gene cluster. Furthermore, we obtained ΔnikI, ΔnikJ, ΔnikK, 

ΔnikL, and ΔnikM deletion mutants of S. coelicolor M512nikKS02. We intended to 

analyse the culture filtrates of these deletion strains for the occurrence of nikkomycin 

intermediates, isolate accumulating compounds by HPLC, and determine their structure 

by MS and NMR spectroscopy. Unfortunately, S. coelicolor M512nikKS02 turned out 

to be a very poor producer of nikkomycins and we were not able to detect them with the 

methods we used. This was not a very promising precondition for the intended isolation 

of intermediates, as we did not expect them to be produced by the deletion mutants in 

higher amounts than the completed nikkomycins by the mutant containing the whole 

gene cluster. Regardless of this situation we tried it with several production media and 

conditions but we were not able to identify any peaks in the HPLC profile that could be 

ascribed to nikkomycin intermediates. The detected peaks apparently derive from media 

components or other metabolites and were not affected by treatment with the enzymes 

NikI, NikM, or NikL. NikK, however, seems to convert several substances in the 

lyophilisate. Most likely, it deaminates amino acids from the culture broth, as the 

elution profiles obtained from the experiments with the ΔnikK deletion mutants are 

identical to the elution profiles obtained from S. coelicolor M512, which does not 

contain any nikkomycin biosynthetic genes. Due to the incapacity of S. coelicolor 

M512nikKS02 and its deletion mutants to produce nikkomycins and biosynthetic 

intermediates, it was not possible to elucidate the biosynthetic pathway by this 
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approach. The generation of nik gene deletion mutants directly in the native producer of 

nikkomycins, Streptomyces tendae, could potentially lead to strains that produce these 

intermediates in amounts sufficient for analysis. To continue the efforts to throw light 

on the biosynthesis of nikkomycins, the generation of such disruption mutants by the 

use of a PCR targeting system is planned for the future. 

Regarding the production of bicyclic nikkomycins Sx and Sz by S. tendae Tü901/S2566, 

we could not detect the conversion of any peak in the respective HPLC profile. One 

peak was assumed to derive from nikkomycins Sx and Sz, as its size decreased with an 

increasing iron concentration in the fermentation medium, but it could not be confirmed 

that the bicyclic substances were really present and gave rise to that peak. 
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Nikkomycins have a great potential as fungicidal antibiotics, due to their inhibition of 

chitin synthase. Especially for treatment of fungal diseases in immunocompromised 

patients these peptide nucleosides can be considered as very promising compounds. 

However, their use is limited by cellular uptake, which is rather poor in most fungal 

pathogens. Furthermore, the production costs are very high and biologically active 

nikkomycins have to be purified from other contaminants in a complex process. These 

difficulties might be overcome, for example by genetic engineering of the producing 

strains, by combining enzymatic steps with chemical synthesis, or by supplying novel 

substrates and intermediates. An extensive knowledge of the biosynthetic pathway that 

leads to the generation of nikkomycins, and of the properties of the enzymes involved 

would certainly be a benefit for further approaches to establish nikkomycins or 

nikkomycin derivatives as antifungal drugs. 

Initially, enzymes involved in nikkomycin biosynthesis were identified in expression 

studies, comparing producing and non-producing mutants of Streptomyces tendae, and 

nikkomycin biosynthetic genes were isolated (80). Biosynthetic functions were assigned 

to the gene products by the detection of sequence similarities to proteins in databases, 

by the characterization of disruption mutants and by the heterologous expression of the 

genes and the determination of enzymatic activities. While biosynthesis of the peptidyl 

moiety of nikkomycins is quite well investigated, the biosynthetic steps leading to the 

generation of the nucleoside or aminohexuronic acid moiety are still unclear. The 

enzymes NikO, NikI, NikJ, NikK, NikL, and NikM are predicted to be involved in that 

biosynthetic pathway (82). Sequence similarities to known proteins (listed in Table 1) 

could give an idea on the reactions they might catalyze.  

Based on such sequence similarities a reaction pathway could be proposed (see Scheme 

14), but it has to be kept in mind that this pathway is highly hypothetical and was only 

intended to serve for rough orientation during attempts to experimentally determine the 

biosynthetic steps leading to the aminohexuronic acid moiety of nikkomycins.  
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Table 1: Overview on the enzymes involved in biosynthesis of the aminohexuronic 

acid moiety and assembly of nikkomycins 

Enzyme MW (kDa) Calculated pI Sequence Similarity 

NikO 50.4  5.61 enolpyruvyl transferases 

NikI 24.5  4.87 prolyl 4-hydroxylases 

NikJ 50.5  5.38 Fe-S oxidoreductase/radical SAM protein 

NikK 39.5  6.61 histidinol phosphate aminotransferases 

NikL 25.9  10.15 tyrosine phosphatases 

NikM 24.1  5.16 prolyl 4-hydroxylases 

NikS 46.9 5.88 carboxylate-amine ligases/ATP grasp 

 

Biosynthesis of aminohexuronic acid begins with formation of 3’-enolpruvyl-UMP. The 

reaction, which is catalyzed by NikO, was well investigated in vitro (98). To find out 

how 3´-EPUMP is further converted into the aminohexuronic acid moiety, is the aim of 

this work. The bicyclic structures nikkomycins Sx and Sz form one of the central 

intermediates in our hypothetic pathway. They were found by Schüz et al in the culture 

filtrate of the Streptomyces tendae Tü901/S 2566 strain. Upon addition of iron to the 

medium, they were produced in smaller amounts, with a subsequent increase in 

production of nikkomycins X and Z (99). Nikkomycins Sx and Sz possibly represent 

intermediates of the biosynthetic pathway that are converted to aminohexuronic acid in 

an iron-dependent manner. The iron-sulfur protein NikJ could be a candidate for such a 

conversion. It is puzzling, though, that nikkomycins Sx and Sz were not reported to be 

found in the culture filtrate of the main producer of nikkomycins, Streptomyces tendae 

Tü901/8c, but only in the culture filtrate of nikK, nikL and nikM deletion mutants (82). 

C. Bormann proposed that they were side products of nikkomycin biosynthesis, but that 

was before the discovery was made that 3´-EPUMP was the product of the NikO 

reaction, and not 5´-EP-uridine (98). The occurrence of bicyclic structures as 

intermediate would be a step towards explanation how the carbon skeleton is 

rearranged. Possibly, analysis of the nik genes of Streptomyces tendae Tü901/S 2566 

and comparison to those of Streptomyces tendae Tü901/8c would give some hints on the 

role of nikkomycins Sx and Sz. 
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Scheme 14: Hypothetic pathway of biosynthesis of the aminohexuronic acid moiety 

of nikkomycins 
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Considering sequence similarities to tyrosine phosphatases, NikL was predicted to 

catalyze a dephosphorylation reaction. In our hypothetical pathway it catalyzes the 

dephosphorylation of 3´-EPUMP. However, as C. Bormann reported to have detected 

the bicyclic nikkomycins Sx and Sz in the culture filtrate of nikL deletion mutants (82), it 

is very doubtful that NikL represents the enzyme that follows NikO in the reaction 

cascade. In S. ansochromogenes the analogous gene to nikL and nikK is sanB, which 

encodes for a protein almost identical to a fusion protein of NikL and NikK. This gives 

rise to the speculation that NikL might have a regulating or stabilizing function on the 

NikK enzyme or that the reactions catalyzed by those enzymes are consecutive steps in 

the reaction pathway.  

NikK shows sequence similarities to histidinol phosphate aminotransferases and is 

therefore expected to introduce the amino group into aminohexuronic acid. Indeed, 

aminotransferase activity of the PLP-dependent enzyme was observed. Several amino 

acids were shown to function as amino group donors. Unfortunately, attempts to 

synthesise the putative keto acid substrate were unsuccessful. Due to the lack of this 

substrate this hypothetic step could not be proven. 

The biosynthetic pathway of the aminohexuronic acid moiety of nikkomycins was 

planned be elucidated by two different approaches. Disruption mutants of Streptomyces 

tendae were intended to produce biosynthetic intermediates, which would be isolated 

and identified. Furthermore, the structural nik genes were expressed in order to be 

characterized and tested for activity. A combination of both approaches, producing 

intermediates and using them as substrates for the heterologously expressed enzymes, 

was expected to shed light onto the biosynthetic steps leading to aminohexuronic acid. 

Unfortunately, both methods had their drawbacks. The nik gene disruption mutants 

available to us did not produce nikkomycin intermediates in detectable amounts. After 

some efforts it was possible to produce all the enzymes supposed to be involved in 

aminohexuronic acid biosynthesis. Their substrates were not known, and neither were 

potential cosubstrates, special requirements and preferred reaction conditions. These 

could only be guessed, considering sequence similarities with known and well 

investigated enzymes. That the product of the reaction catalyzed by NikO, 3´-EPUMP, 

was the only potential substrate available, proved to be a real bottleneck in our 

approaches to investigate the biosynthesis of nikkomycins. 3´-EPUMP should be the 

substrate for one of the enzymes encoded on the nikIJKLMNO gene cluster. The product 
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of this enzyme would serve as substrate for the subsequent enzyme in the reaction 

cascade, leading to the next intermediate and so on. The problem was, none of the 

enzymes was observed to convert 3´-EPUMP. This lack of substrates impaired a proper 

biochemical characterization of the enzymes. Most likely, the candidate for 3´-EPUMP 

conversion was inactive due to improper folding, inappropriate reaction conditions or 

the lack of a cosubstrate. Another explanation for the failure to convert 3´-EPUMP 

could be that the assumption that this substance is an intermediate of the nikkomycin 

biosynthetic pathway is not correct, and that the transfer of an enolpyruvyl moiety to the 

C-3´of UMP that is observed in vitro, is not the reaction that occurs in Streptomyces 

tendae during nikkomycin biosynthesis.  

To finally be able to elucidate the biosynthetic pathway leading to the aminohexuronic 

acid of nikkomycins, it would be essential to obtain disruption mutants which secrete 

biosynthetic intermediates into the fermentation medium. It is hoped, that the 

application of a PCR targeting system, which was initially developed for S. coelicolor 

by Bertolt Gust et al (200), will serve to generate disruption mutants of the excellent 

nikkomycin producer S. tendae Tü901/8c.  
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PLP-dependent enzymes as potential 

drug targets for protozoan diseases 

 

 

The following manuscript was submitted to Biochimica et Biophysica Acta (Proteins 

and Proteomics) in July 2011. I contributed by describing the enzymes in the part 

“Turning potential into practice: PLP-dependent enzymes as targets for anti-protozoan 

therapies.”  
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Abstract 

The chemical properties of the B6 vitamers are uniquely suited for wide use as cofactors 

in essential reactions, such as decarboxylations and transaminations. This review 

addresses current efforts to explore vitamin B6 dependent enzymatic reactions as drug 

targets. Several current targets are described that are found amongst these enzymes. The 

focus is set on diseases caused by protozoan parasites. Comparison across a range of 

these organisms allows insight into the distribution of potential targets, many of which 

may be of interest in the development of broad range anti-protozoan drugs. This article 

is part of a Special Issue entitled: Pyridoxal Phosphate Enzymology. 
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1.   Introduction 

 

Protozoa synthesize vitamin B6 in the form of PLP from pentose and triose phosphate 

substrates, utilising in situ generated ammonia as a nitrogen source [1]. Vitamin B6 

salvage pathways are also known, and these involve uptake of unphosphorylated 

precursors with subsequent phosphorylation inside the cells [1]. Drug development 

based on enzymatic targets in these pathways has recently been discussed for protozoan 

parasites [2,3]. In this review, we have analyzed PLP-dependent enzymes from 15 

protozoan parasites. From the subphylum Mastigophora (Flagellata) the orders 

Kinetoplastida with Leishmania major, Trypanosoma brucei and Trypanosoma cruzi as 

representatives, Diplomonadida with Giardia lamblia as a member and Trichomonadida 

with Trichomonas vaginalis as associate were selected. The subphylum Sarcodina 

(Amoebae) is represented by Entamoeba histolytica. The phylum Apicomplexa 

(Sporozoa) which harbours parasites of veterinary importance as well as human 

pathogens is represented by the following parasites: Plasmodium falciparum and vivax 

from the order Haemosporida, Babesia bigemina, Theileria annulata and Theileria 

parva from the Piroplasmida, and Eimeria tenella, Cryptosporidium parvum, 

Cryptosporidium hominis and Toxoplasma gondii from the order Eucoccidiorida. The 

genomes of these organisms were screened with the metatiger software 

(http://www.bioinformatics.leeds.ac.uk/metatiger/), using the cofactor search option 

with the query string “PLP” and by manual inspection of EuPathDB 

(http://eupathdb.org/ eupathdb/) and GeneDB (http://www.genedb.org/) for the EC 

numbers and gene product names of PLP-dependent proteins [4] (see Supplement, 

Table S1). For further information the genome databases of the individual parasites 

(http://tritrypdb.org/tritrypdb/, http://amoebadb.org/amoeba/, 

http://giardiadb.org/giardiadb/, http://trichdb.org/trichdb/, http://plasmodb.org/ plasmo/, 

http://beta.piroplasmadb.org/piro.b10/, http://cryptodb.org/cryptodb/, 

http://toxodb.org/toxo/) were screened except for E. tenella, which was accessed via 

http://www.genedb.org/Homepage/Etenella, since the genome data is not available on  

http://eupathdb.org/eupathdb/. As the EC number search for E. tenella did not yield any 

results, the respective database was solely searched for the gene product names. In total, 

44 PLP-dependent enzymes were identified (Table 1). The individual gene IDs are 

provided in Supplemental Fig. 1 and are referring to the gene IDs of the parasite-

specific databases, which are listed above. The only exception is E. tenella, where the 
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GeneDB ID has been provided. PLP-dependent enzymes have been classified into seven 

structural superfamilies named according to their prototype members [5]. Grishin et al. 

[6] were first to establish this structural classification, which was later refined by 

Percudani and Peracchi [4].  

The prototype superfamilies have developed approximately 1.5 to 1.0 billion years ago 

[7], well before the three biological kingdoms came into existence. Today, we find a 

wide functional variety within each of the seven superfamilies. The largest of these 

families is the aspartate aminotransaminase family (fold-type I), consisting of 

aminotransferases, decarboxylases as well as of enzymes that catalyze α-, β- or γ-

eliminations. The tryptophan synthase β-family (fold-type II) primarily contains 

enzymes catalyzing β-elimination reactions. Alanine racemase and a subset of amino 

acid decarboxylases make up the alanine racemase family (fold-type III). The other 

families are the D-alanine aminotransferase family (fold-type IV), the glycogen 

phosphorylase family (fold-type V), the D-lysine 5,6-aminomutase family (fold-type 

VI) and the lysine 2,3-aminomutase family (fold-type VII) (Supplementary Tables 2A 

and B). 

The majority of the proteins identified in this study belong to fold-type I (31 or 70.5%). 

Less common are fold-types II (6 or 13.6%) and III (3 or 6.8%). Fold-type IVand fold-

type V are rare. They contain one member each which is equivalent to 2.3% (see 

Supplemental Tables 2A and B). 

Nomembers of the fold-types VI and VII were identified. The distribution amongst the 

various fold-types is comparable to that found for other organisms [4,7,8]. The highest 

numbers of PLP-dependent enzymes were found in the Kinetoplastida (25), followed by 

the Apicomplexa and Trichomonadida with 19 each and the Amoebida with 15 (Table 

2). When scrutinizing the distribution of PLP-dependent enzymes in Apicomplexa, we 

found significant variation amongst individual orders. Eucoccidiorida contain 

significantly more PLP-dependent enzymes than Haemosporida or Piroplasmida. In our 

view, the uneven distribution reflects different metabolic challenges that the individual 

parasites encounter in their host(s). For example, Plasmodium species multiply in 

hepatocytes, red blood cells or reticulocytes in their vertebrate host as well as 

extracellularly in the mosquito (http://www.cdc.gov/malaria/about/biology/; [9,10]). 

Theileria infects lymphocytes and/or red blood cells of the vertebrate host as well as 

cells of the digestive tract or the salivary gland of the vector ([10]). Babesia further 

infects cells of all organs and the eggs of the vector (http://www.cdc. 
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gov/parasites/babesiosis/biology.html; [9,11]). Species of the Eucoccidiorida infect 

multiple cell types and reside in different parts of the body. T. gondii, for example, can 

infect virtually all nucleated cells and, in its dormant phase, resides in tissue cysts, 

preferentially in muscles or brain  

(http://www.cdc.gov/parasites/toxoplasmosis/biology.html; [9,10]). Thus, it is quite 

likely that the demands associated with the adaption to a certain set of host cells may 

also influence the set of PLP-dependent enzymes present in the individual parasite. 

Several enzymes are found with high prevalence amongst protozoan species analysed 

(Table 1). These were serine hydroxymethyltransferase (13/15), aspartate transaminase 

(13/15), alanine transaminase (9/15), branched-chain amino acid transaminase (10/15), 

and cysteine desulfurase (15/15). On the other hand, a minimal set of three PLP-

dependent enzymes was found in the Piroplasmida. Interestingly, these three enzymes 

belong to the most abundant enzymes which we identified (see above), and are present 

in all three species of this order. To the best of our knowledge, this is the smallest set of 

PLP-dependent enzymes being identified in an organism so far. The three enzymes are: 

serine hydroxymethyltransferase (SHMT, also called glycine 

hydroxymethyltransferase), aspartate transaminase and cysteine desulfurase. These 

enzymes together with ornithine decarboxylase are briefly introduced in the following 

sections. 

 

 

 

 

 

 
 
 
 
 
 
 
 



 

 

 Table 1: Protozoan PLP-dependent enzymes                                 Phylum Sarcomastigophora Apicomplexa 

 Order Kinetoplastida Diplom
onadida 

Trichom
onadida 

Amoebi
da 

Haemosporida Piroplasmida Eucoccidiorida 

 Species Lm Tb Tc Gl Tv Eh Pf Pv Bb Ta/Tp Et Cp/Ch Tg 

1. glycine dehydrogenase EC1.4.4.2 + [66] + + - - - - - - - - - - 

2 √ glycine hydroxymethyltransferase ( serine HMT) EC 2.1.2.1              + - + [67] - + - +
a
[50,68,69] + + +/+ + +/+ +/+ 

3 glycine C-acetyltransferase EC2.3.1.29 - + [70] + - - - - - - - - -/- - 

4 5-aminolevulinic acid synthase EC2.3.1.37 - - - - - - +
 a
[71] + - - + - +/+ 

5 8-amino-7-oxononanoate synthase EC2.3.1.47 - - - - - - - - - - - +  

6 serine C-palmitoyltranserase (CW) EC2.3.1.50 + [72] + + + + + +
 a
 + - - + - +/+ 

7 Phosphorylase 2.4.1.1 - - - + + + - [73] - - - + +/+ +/+ 

8 cysteine synthase/(O(3)-acetyl-L-serine acetate-lyase)  EC2.5.1.47√ + [49] - + - + [46] + - - - - + - + 

9 aspartate transaminase EC2.6.1.1 + + + + + + +
 a
[14] + + +/+ + - +/+ 

10 alanine transaminase EC2.6.1.2 + + + + + [74] + - - - - + - +/+ 

11 cysteine amino transferase EC2.6.1.3 + - - - - - - - - - - - - 

12 tyrosine transaminase EC2.6.1.5 + - + [75,76] - + - - - - - - - - 

13 kynurenine—oxoglutarate transaminase EC2.6.1.7 - + - - - - - - - - - - - 

14 ornithine—oxo-acid transaminase EC2.6.1.13 - - - - - - +
 a
 [77] + - - + - +/+ 

15 branched-chain-amino-acid transamininase EC2.6.1.42 + + - + + + +
 a
 + - - + - +/+ 

16 alanine—glyoxalate transamininase EC2.6.1.44 + [78] - + - - - - - - - - - - 

17 glutaminase—scyllo-inositol transaminase EC2.6.1.50 - - - - - - - - - - + - - 

18 serine—pyruvate transaminase EC2.6.1.51 - - - + - - - - - - + - +/+ 

19 phosphoserine transaminase EC2.6.1.52 - - - - + [46] + - - - - + - +/+ 

20 aromatic amino acid transaminase EC2.6.1.57 - - - - - - - - - - - - + 

21 adenosylmethionine—8-amino-7-oxononanoatetransaminase EC2.6.1.62 - - - - + - - - - - - + - 

22 cysteine desulfurase EC2.8.1.7 + + + + + + +
 a
 + + + + + + 

23 kynureninase EC3.7.1.3 + + + [59] - - - - - - - - - - 

24 glutamate decarboxylase EC4.1.1.15 - - - - + - - - - - - - - 

25 ornithine decarboxylase EC4.1.1.17 + + [79] - + + + +
 a
 + - - - - - 

26 lysine decarboxlyase EC4.1.1.18 - - - - - + +
 a
 + - - + - +/+ 

27 diaminopimelate decarboxylase EC4.1.1.20 - - - - + - - - - - - - +/+ 

28 tyrosine decarboxylase EC4.1.1.25 + - - - - - - - - - - - - 

29 aromatic-L-amino-acid decarboxylase EC4.1.1.28 + + + - - - - - - - - - - 

30 threonine aldolase EC4.1.2.5 + - - - + - - - - - - - - 

31 sphinganine-1-phosphate aldolase EC4.1.2.27 + [72] + + - - + - - - - - - - 

32 aminodeoxychorismate lyase (p-aminobenzoic acid synthetase) 
EC4.1.3.38 

- - - - - - +
 a
 + + + + - - 

33 tryptophanase EC4.1.99.1 - - - - + + - - - - - - - 

34 tryptophan synthase EC4.2.1.20 - [49] - - - - - - - - - - +/+ - 
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35 cystathionine beta-synthase EC4.2.1.22 + + + - - - - - - - + - +/+ 

36 threonine synthase EC4.2.3.1 + + + + - - - - - - - - +/+ 

37 L-serine ammonia-lyase EC4.3.1.17 - - - + - - - - - - - - - 

38 threonine ammonia-lyase (threonine dehydratase) EC4.3.1.19 + - + [81] + + + - - - - - - - 

39 cystathionine gamma-lyase EC4.4.1.1 + + + - - + - - - - - - - 

40 cystathionine beta-lyase EC4.4.1.8 + - - - - - - - - - + - +/+ 

41 methionine gamma-lyase EC4.4.1.11 - - - - +[38,82] + [39] - - - - - - - 

42 cysteine-S-conjugate beta-lyase EC4.4.1.13 + - - - - - - - - - - - - 

43 1-aminocyclopropane-1-carboxylate synthase EC4.4.1.14 - - - - + - - - - - - - - 

44 selenocysteine lyase EC4.4.1.16 + + [21] + - - - - - - - + - + 

45 alanine racemase EC5.1.1.1 + [83] + + - - - + + - - - - - 

 totals of 45  25 17 19 11 19 15 11 11 4 4 18 6 19 

 

 Cobimed results of METATIGER/EC/AMIGO and Blastsearches using Metatiger, GeneDB, trypdb, giardiadb, trichdb.org, amoebadb, plasmodb, 

beta.piroplasmadb, cryptodb, toxodb, NCBI protein blast. Lm = Leishmania major,  T.b. = Trypanosoma brucei, Tc = Trypanosoma cruzi , Eh = 

Entamoeba histolytica, Gl = Giardia lamblia, Tv = Trichinella vaginalis, Pf = Plasmodium falciparum, Pv = Plasmodium vivax, Bb = Babesia 

bovis, Ta =  Theileria annulata, Tp = Theileria parva, Et = Eimeria tenella, Cp =  Cryptosporidum parvum, Ch = Cryptosporidum hominis, Tg = 

Toxoplasma gondii. 
a
published by Müller et al., 2010 

Table 2: Number of PLP-dependent enzymes among the investigated protozoan taxa 

Taxonomic allocation Number % 

Kinetoplastida 25 56.8 

Amoebozoa 15 34.1 

Diplomonadida 11 25.0 

Trichomonadida 19 43.2 

Apicomplexa 19 43.2 

Apicomplexa (Eucoccidiorida) 19 43.2 

Apicomplexa (Haemosporida) 10 22.7 

Apicomplexa (Piroplasmida) 3 6.82 
 
   

 
.   

 



 

 

 

2. A minimal set of PLP-dependent enzymes 

 

2.1 Serine hydroxymethyltransferase (EC 2.1.2.1)  

 

SHMT is involved in folate and amino acid metabolism. It produces 5,10-

methylenetetrahydrofolate from serine [12] and is required for folate recycling [13]. In 

apicomplexan parasites, folate is a cofactor that is required to convert deoxyuridine 5′-

monophosphate (dUMP) to deoxythymidine 5′-monophosphate (dTMP), which is then 

incorporated into DNA via dTTP. In the methylation reaction, 5,10-methylene 

tetrahydrofolate is oxidised to dihydrofolate, which needs to be regenerated to 

tetrahydrofolate by dihydrofolate reductase. Hence, apicomplexan parasites such as 

Plasmodium and T. gondii are entirely dependent on an adequate dihydrofolate 

reductase activity for dihydrofolate reduction.  

In contrast to the apicomplexan species Plasmodium and Toxoplasma, C. parvum and C. 

hominis are deficient in de novo pyrimidine biosynthesis and have compensated this 

loss by the salvage pathway enzymes monofunctional uracil phosphoribosyltransferase, 

bifunctional uracil phosphoribosyltransferase and uridine as well as thymidine kinase, 

the latter two being unique to Cryptosporidium [12]. 

 

2.2 Aspartate aminotransferase (E.C. 2.6.1.1) 

 

Aspartate aminotransferases are key enzymes in the nitrogen metabolism of all 

organisms. They catalyze the reversible reaction of L-aspartate and α-ketoglutarate into 

oxaloacetate and L-glutamate [14]. Protozoal aspartate transaminases have been cloned 

and expressed from Crithidia fasciculata, T. brucei brucei, Giardia intestinalis, and P. 

falciparum [15]. Those enzymes were shown to catalyze aspartate-ketoglutarate, 

tyrosine-ketoglutarate, and amino acid-α-ketomethiobutyrate (KMTB) aminotransfer 

reactions with glutamate, phenylalanine, tyrosine, tryptophan and histidine as effective 

amino donors. Berger et al. [15] observed that the kinetic constants were broadly similar 

in all the enzymes, with the exception of the plasmodial enzyme, which catalyzed the 

transamination of ketomethiobutyrate significantly more slowly than aspartate-

ketoglutarate aminotransfer. Furthermore, total ketomethiobutyrate transamination 

activity in malarial homogenates is much lower than in other organisms like T. vaginalis 
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and G. intestinalis, where lysine-ketomethiobutyrate aminotransferase activity is also 

involved in KMTB transamination.  

The transamination of KMTB is the final step in the methionine regeneration pathway. 

This unique pathway prevents depletion of free methionine, which is required for 

polyamine biosynthesis. Thus, it is of particular importance in rapidly growing cells, 

such as most parasites [16]. As regeneration of methionine was shown to be essential 

for cellular survival of P. falciparum [17] and the KMTB transamination reaction 

catalyzed by PfAspAT is much less readily catalyzed than byAspAT of other protozoa, 

the malaria parasite may be uniquely susceptible to interference with the last step of the 

Met recycling pathway [15]. However, the role of PfAspAT in methionine regeneration 

is a matter of debate, and some authors claim that P. falciparum does not possess the 

full complement of enzymes necessary for methionine regeneration [18].  

The PfAspAT enzyme was also suggested to play a role in oxidative phosphorylation 

[14]. PfAspAT was shown to be present only in the parasite cytosol and there it is the 

only enzyme capable of generating oxaloacetate [19], which is further converted to 

malate by P. falciparum malate dehydrogenase and then imported into the mitochondria 

by the malate-oxaloacetate shuttle [20].  

The catalytic site of PfAspAT is highly conserved, which makes specific inhibition of 

plasmodial AspAT without affecting the host AspAT difficult. However, the 

conformation of the N-terminal residues of PfAspAT diverges significantly from that of 

other AspAT. Deletion of the divergent N-terminal residues leads to a loss of activity in 

recombinant PfAspAT, and addition of a peptide containing the N-terminal residues 

leads to inhibition of the parasite enzyme, while human cytosolic AspAT is unaffected 

[14]. 

 

2.3 Cysteine desulfurase (EC 2.8.1.7) 

 

Cysteine desulfurases remove elemental sulfur from cysteine to provide it for iron–

sulfur cluster assembly and thiolation of tRNAs. They also show selenocysteine lyase 

activity in vitro, by cleaving selenocysteine into alanine and elemental selenium. All 

organisms studied to date encode cysteine desulfurases. They are termed NikS, IscS, 

CsdA or SufS in bacteria and Nfs in mitochondria [21]. In eukaryotes, Nfs-like proteins 

interact with the scaffold protein IscU, upon which iron–sulfur clusters are formed [22]. 

In the apicomplexan protist Plasmodium, two Nfs-like proteins have been identified, 
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one of them being localized to the apicoplast [23]. The T. brucei genome also encodes 

two Nfs-like proteins. One is localized in the mitochondrion, the other one in the 

nucleus and cytoplasm. Down-regulation of either leads to a significant decrease in 

cysteine desulfurase and selenocysteine lyase activities [21]. Furthermore, in 

trypanosomes ablated for Nfs, tRNA thiolation is disrupted [24]. Giardia and 

Trichomonas lack the standard mitochondria but contain mitochondrial-type α-

proteobacterium-derived assembly proteins for iron–sulfur clusters, located to 

mitosomes in Giardia and to hydrogenosomes in Trichomonas [25]. The cysteine 

desulfurase (TviscS-2) of the hydrogenosomes of T. vaginalis was shown to be 

phylogenetically related to its mitochondrial homologs [26]. E. histolytica possesses a 

simplified and non-redundant NIF (nitrogen fixation)-like system for formation of iron–

sulfur clusters, which is composed only of a catalytical (NifS) and a scaffold component 

(NifU). Interestingly, ectopic expression of EhNifS and EhNifU in an Escherichia coli 

strain in which both the isc and suf operons were deleted, successfully complemented 

the growth defect under anaerobic conditions. This suggests that those enzymes are 

sufficient for the formation of iron–sulfur clusters under anaerobic conditions [27]. 

 

3. A prototype enzyme: Ornithine decarboxylase (EC 4.1.1.17) 

 

Polyamines are ubiquitous supercations characterized by a charge distribution along the 

entire length of the carbon backbone. They are essential for a variety of cellular 

processes ranging from nucleic acid packaging and stabilization, to DNA replication, 

transcription, translation, protein stabilization, cell differentiation and signalling [28]. 

The two key enzymes in polyamine biosynthesis are ornithine decarboxylase (ODC) 

and S-adenosylmethionine decarboxylase (AdoMetDC), which provide putrescine and 

decarboxylated S-adenosyl-L-methionine for the synthesis of spermidine. Both enzymes 

are regulated by feedback mechanisms on several levels [29]. ODC is commonly found 

in protozoan parasites and only absent in T. cruzi, the Piroplasmida and Eucoccidiorida. 

The eucoccidian parasite C. parvum bypasses ODC activity by employing a plant-like 

pathway that utilizes arginine decarboxylase (ADC), through the conversion of arginine 

to agmantine which is then further converted to putrescine by agmantine 

iminohydrolase [30–32]. For T. gondii and T. cruzi neither ODC nor ADC activities 

were detected in [30–33]. T. gondii possesses a highly active backconversion pathway 

for formation of spermidine from spermine and putrescine from spermidine via 
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spermidine-spermine and spermidine-N1-acetyltransferases and polyamine oxidase. To 

our knowledge, T. gondii and T. cruzi are the only eukaryotic organisms that are 

auxotrophic for polyamines. Except for plants and eucoccidians, polyamines are 

synthesized via the forward-directed biosynthetic pathway using ODC. However, ODC 

of plasmodial species displays some unique features. It is combined with AdoMetDC in 

a bifunctional enzyme forming a heterotetrameric complex consisting of 

heterotetrameric N-terminal AdoMetDC and C-terminal dimeric ODC. The Km value of 

the P. falciparum ODC for ornithine is 41 μM and its overall enzymatic characteristics 

are similar to those of its mammalian orthologs. In contrast to the short half-life of the 

mammalian monofunctional counterparts, the plasmodial bifunctional enzyme has a 

half-life of more than 2 h. Moreover, putrescine inhibits the plasmodial enzyme ten-fold 

more efficiently than the mammalian enzyme [34]. 

 

4. Turning potential into practice: PLP-dependent enzymes as targets for anti- 

            protozoan therapies 

 

These four PLP-dependent enzymes may present an attractive set of targets for general 

drug design against protozoan parasites. However, so far only two of these candidates, 

SHMT and ODC, have been targeted to develop clinically useful drugs. Future studies 

are required to explore the potential of the other enzymes as anti-protozoan drug targets. 

This section follows a rather distinct approach as it focuses on PLP-dependent enzymes 

that appear to have crucial importance for some specific parasites rather than being 

ubiquitous for the entire range of parasites.  

In this category, sulfur-containing amino acid metabolism is one of the most promising 

pathways for the development of new chemotherapeutic agents against protozoan 

parasites, particularly those causing amoebiasis and trichomoniasis. Importantly, the 

metabolic pathways of sulphur-containing amino acid metabolism diverge remarkably 

between the parasites and their hosts. The forward trans-sulfuration pathway is involved 

in the formation of methionine from cysteine. It was demonstrated in bacteria, fungi and 

plants. Cysteine is converted to cystathionine by the PLP-dependent cystathionine γ-

synthase, followed by an α,β-elimination reaction catalysed by cystathionine β-lyase 

(also PLP-dependent), generating homocysteine. The final step is catalysed by 

homocysteine methyltransferase (methionine synthase). Importantly, the metabolic 

pathways of sulphur-containing amino acid metabolism diverge remarkably between the 
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parasites and their hosts. For example, the forward trans-sulfuration pathway (cysteine 

to methionine) is lacking in mammals, which utilize only the part of the pathway, which 

is catalysed by homocysteine methyltransferase for the recycling of methionine. The 

reverse trans-sulfuration pathway, which has been demonstrated in fungi and mammals, 

generates cysteine from methionine. After methionine is activated to S-

adenosylmethionine by methionine adenosyltransferase, transmethylation to S-

adenosylhomocysteine and hydrolysis to homocysteine occur. The following two 

reactions are catalyzed by the PLP-dependent enzymes, cystathionine β-synthase and 

cystathionine γ-lyase, to finally form cysteine [35].  

Further PLP-dependent enzymes involved in sulphur-containing amino acid metabolism 

include methionine γ-lyase (MGL) and cysteine synthase (CS), which are involved in 

the degradation of cysteine and methionine and in the generation of cysteine from 

serine, respectively [35,36]. 

 

 

4.1 Methionine-γ-lyase (EC 4.4.1.11) 

 

The PLP-dependent enzyme L-methionine-γ-lyase (MGL) is involved in the 

degradation of cysteine, methionine and related compounds (Fig. 1). MGL is 

biologically significant for the production of propionic acid for energy metabolism and 

the degradation of toxic sulphur-containing amino acids [35,37]. Since mammalian cells 

lack MGL, it is a promising drug target against infections caused by the primitive 

protozoa E. histolytica and Trichomonas vaginalis [38,39].  

E. histolytica causes ameobiasis, which takes second place with respect to incidence as 

a parasitic disease after malaria. E. histolytica is unable to interconvert methionine and 

cysteine, as it is deficient of the trans-sulfuration pathway. However, in E. histolytica, 

L-methionine-γ-lyase is involved in the metabolism of sulphur-containing amino acids 

[39]. MGL catalyzes α,γ- or α,β-elimination reactions and β- or γ-replacement reactions 

of sulphur-containing amino acids, thereby producing ammonia, α-keto acids and 

volatile thiols [40]. Two isotypes of distinct substrate specificities were identified in E. 

histolytica (EhMGL1 and EhMGL2) and T. vaginalis [38,39].  

The halogenated methionine analog S-trifluoromethyl-L-homocysteine 

(trifluoromethionine, TFM) and various amide derivatives of TFM were shown to have 

severe cytotoxic effects on T. vaginalis and E. histolytica in vitro [39,41,42]. The 
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toxicity of TFM against amoeba and mammalian cells is remarkably different (IC50 for 

E. histolytica trophozoites or Chinese hamster ovary cells, 18 μM or 865 μM, 

respectively), which makes it a promising lead compound for the development of 

chemotherapeutic drugs against amoebiasis. However, the mechanism of action of the 

inhibitor remains to be elucidated [43]. 

 

 
 
 
Figure 1: The role of methionine-γ-lyase (MGL) in sulphur amino acid metabolism 
 

 

4.2 Cysteine synthase (EC 2.5.1.47) 

 

In bacteria, plants and parasitic protists, the pathways of cysteine biosynthesis play an 

important role for the incorporation of sulphur into organic compounds. O-acetylserine, 

which in bacteria and plants is generated from serine and acetyl-CoA by serine O-

acetyltransferase (SAT), is the substrate for cysteine synthase (CS) [44]. The PLP-

dependent CS catalyzes the production of L-cysteine by transferring the alanyl moiety 

of O-acetylserine to sulphide [45]. Hence, E. histolytica and T. vaginalis lacking a 
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sulphate reduction pathway depend on sulphide sequestration from iron–sulfur proteins 

released by ingested bacteria. In contrast, animals are deficient of a sulphur-assimilatory 

pathway and require exogenous methionine as a source for sulphur [36]. Sulphur 

assimilatory biosynthesis of cysteine was characterized in T. vaginalis [46]. Analysis of 

the T. vaginalis genome revealed six copies of CS, but no SAT. Apparently, T. vaginalis 

cysteine synthase is able to utilize O-phosphoserine as well as O-acetylserine as an 

alanyl donor substrate (Fig. 2).  
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Figure 2: The role of Trichomonas vaginalis cysteine synthase in the biosynthesis of 

L-cysteine 

 

O-phosphoserine, which is derived from the glycolytic intermediate 3-

phosphoglycerate, is likely to be the physiological substrate for T. vaginalis CS. As T. 

vaginalis lacks glutathione and related thiols, it is thought to rely heavily on cysteine as 

a redox buffer and antioxidant [47]. Cysteine synthase is not present in humans. This 

makes the parasitic enzyme a promising target for the rational design of drugs against 

trichomoniasis, as well as amoebiasis [36]. E. histolytica CS utilizes various alanyl 

acceptors beside sulphide, including 1,2,4-triazole, isoxazolin-5-one, pyrazole, and 

cyanide. Thiol derivatives of tetrazole and triazole are highly cytotoxic for E. histolytica 

in vitro. Further investigations on CS substrates with amoebacidal activity are necessary 

[45]. Reduced forms of pyrazole, pyrazolines, and their derivatives show remarkable 

effects against amoebiasis [48]. Their mode of action and toxicity againstmammals 

remains to be elucidated. It is possible that some of these derivatives target cysteine 

synthase or methionine γ-lyase. The protozoan parasite L. major possesses two 
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pathways for cysteine synthesis. The de novo biosynthesis pathway comprises SAT and 

CS, and the reverse trans-sulfuration pathway comprises cystathionine β-synthase 

(CBS) and cystathionine γ-lyase (CGL). CBS from L. major catalyzes the synthesis of 

cystathionine from homocysteine and possesses high cysteine synthase activity, which 

distinguishes it from mammalian CBS. The differences between mammalian and L. 

major CBS and the absence of CS from mammals suggest that both parasitic enzymes 

are suitable drug targets [49]. 

In addition to sulfur metabolism, the folate cycle represents another very appealing 

metabolic process [50], in which the PLP-dependent serine hydroxymethyltransferase 

plays a major role (see also previous section). Furthermore, the kynurenine pathway of 

tryptophane degradation [51,52], Fig. 3, and polyamine biosynthesis [53], Fig. 4, 

require PLP-dependent enzymes that are discussed in more detail in the next 

paragraphs. 

 

4.3 Serine hydroxymethyltransferase (EC 2.1.2.1) 

 

Serine and tetrahydrofolate are reversibly converted to glycine and 5,10-

methylenetetrahydrofolate by serine hydroxymethyltransferase (SHMT), which was 

recently identified as a potential drug target [50]. In 2006, Mukherjee et al. postulated a 

distinct active site of the T. vaginalis serine hydroxymethyltransferase from its human 

counterpart [54]. SHMT is involved in the biosynthetic pathway of dTMP, a nucleotide 

precursor for DNA synthesis. For P. falciparum, the two other enzymes in the 

deoxythymidylate synthesis cycle, dihydrofolate reductase and thymidylate synthase, 

have been well investigated for antimalarial drug design purposes [55]. Protozoan 

parasites are characterized by the bifunctional enzyme dihydrofolate reductase- 

thymidylate synthase (DFHR-TS). Parasitic protozoa and humans show several 

differences in their biosynthetic pathway of folate. 

Apicomplexa possess an endogenous folate biosynthetic pathway, which is susceptible 

to antifolate inhibitors, whereas humans do not synthesize folates de novo. Throughout 

evolution, the sequence of the DHFR gene has significantly diverged resulting in major 

differences in amino acid sequences of the encoded DHFR, which has the potential to 

increase the feasibility for the development of species-specific DHFR inhibitors [56]. 

SHMT was postulated as an antitumor target, due to its essential role in supplying C-1 

units for the biosynthesis of dTMP [57]. However, it was not explored as a target for the 
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development of antimalarial drugs until 2009, when Maenpuen et al. postulated that, in 

addition to folate derivatives, D-amino acid analogs could be potential specific 

inhibitors for P. falciparum SHMT. Unlike the mammalian enzyme, His-tagged 

PfSHMT shows broader stereospecificity with catalytic activity toward D-serine as well 

as L-serine, a property that may be explored in drug design. 

 

4.4 T. cruzi kynureninase (EC 3.7.1.3) 

 

The protozoan parasite T. cruzi causes Chagas disease, a potentially life-threatening 

illness, which is found mainly in South America with ten million people infected 

worldwide and more than 25 million people at risk of. A transcriptomics project was 

carried out in order to identify genes that are upregulated in infective (metacyclic 

trypomastigotes) forms of T. cruzi [58]. One such gene identified is kynureninase that 

hydrolyzes L-kynurenine and 3-hydroxykynurenine to L-alanine and anthranilic or 3-

hydroxyanthranilic acid, respectively (Fig. 3).  
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Figure 3: Kynurenine pathway of tryptophan degradation in vertebrates 
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The enzyme from T. cruzi shows 35% sequence identity to human kynureninase. 

Sequence alignment shows replacements at critical amino acids required for PLP 

cofactor coordination, the significance of which need to be verified by further 

biochemical and structural analyses [59]. 

4.5 Ornithine decarboxylase (EC 4.1.1.17) 

 

Protozoan parasites have an unusually high demand of polyamines as essential 

components for cell growth, proliferation and differentiation due to their rapid 

proliferation rates during infections. Ornithine decarboxylase (ODC) catalyzes the 

decarboxylation of ornithine to putrescine in the initial step of polyamine biosynthesis 

[53] (Fig. 4).  
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Figure 4: The role of ornithine decarboxylase in polyamine biosynthesis 

As α-difluoromethylornithine (DFMO, eflornithine, Fig. 5) irreversibly inhibits ODC, 

the blockade of polyamine biosynthesis by DFMO is successfully exploited against 

trypanosomes, and eflornithine is administered as a drug against human African 

trypanosomiasis [60]. The success of DFMO encouraged further investigations into 

structurally related ODC inhibitors. So far, attempts to use DFMO in the treatment of 

other protozoan infections have failed [53,61].  

P. falciparum ODC inhibitors are 3-aminooxy-1-propane (APA) and its derivatives 

CGP 52622A and CGP 54169A with Ki values in the low nanomolar range (Fig. 5). 

These compounds possess an aminooxy group and form an oxime with the PLP cofactor 

in the active site of ODC. Due to the structural analogy to putrescine, the inhibitory 

effect is very specific, whereas the activities of other PLP-dependent enzymes are 

hardly affected. APA and some of its derivatives were shown to be far more potent 

antimalarials than the classic agents, at least in culture [62,63].  
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Figure 5: Inhibitors of ornithine decarboxylase (DFMO: α-difluoromethylornithine, 

APA: 3-aminooxy-1-aminopropane) 

E. histolytica ODC was shown to be largely insensitive towards inhibition by DFMO, 

but is inhibited by APA and 2,4-diamino-2-butanone [64]. APA was shown to inhibit 

Leishmania donovani ODC with a Ki of 1 nM. Since the three-dimensional structure of 

L. donovani ODC in complex with APA is available, we may expect more specific 

inhibitors to treat leishmaniasis [65]. 

 

 

5. Conclusions 

 

Screening and analysis of parasite genomes is a powerful tool to establish an inventory 

of protein families with common features, such as vitamin dependence. As these sets of 

enzymes are presumably required for viability or infectivity of the parasite, they 

represent an array of potential drug targets. Our analysis for PLP-dependent enzymes 

suggests two types of emergent drug targets: (1) enzymes common to most parasites and 

(2) those related to a specialized parasitic life style (particular hosts, host cells and/or 

life cycle).While the first group identifies targets that may be of interest in the 

development of broad range anti-protozoan drugs, the second group may be attractive in 

the design of species-specific therapeutics. At any rate, the current state of affairs is 

such that many potential targets await getting hit by powerful compounds to be 

designed and synthesized in the future. 
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