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ABSTRACT 

Abstract 

The 22nd proteinogenic amino acid pyrrolysine is incorporated into methylamine methyltransferases 

of methane-producing Methanosarcinaceae and some bacteria via read-through of an amber stop 

codon (UAG). This requires the presence of a specific aminoacyl-tRNA synthetase (PylS) that links 

pyrrolysine to its cognate tRNA (tRNAPyl), which comprises a CUA anticodon. The novel amino acid acts 

as the catalytic residue within these methylamine methyltransferases and initiates the breakdown of 

methylamines to methane in the methanogenic pathway. Recent studies revealed L-lysine as the sole 

precursor for pyrrolysine. The enzymes PylB, PylC, and PylD were shown to catalyze the conversion 

from L-lysine to pyrrolysine, but their exact function remained unclear. 

This thesis presents the crystal structures of PylB, PylC, and PylD in complex with their substrates, 

intermediates or products. The molecular architecture of the enzymes as well as the location and 

orientation of cofactors and ligands within their active sites allowed the assessment of detailed 

reaction trajectories for all three enzymes studied.  

PylB, a member of the radical S-adenosyl-L-methionine (SAM) family with a classical (β/α)8 TIM-barrel 

fold, uses a [4Fe-4S] cluster and SAM to initiate the fragmentation-recombination sequence affording 

3R-methyl-D-ornithine from L-lysine. 

PylC is a member of the ATP-grasp superfamily and catalyzes the condensation of L-lysine and  

3R-methyl-D-ornithine generating L-lysine-Nε-3R-methyl-D-ornithine. As deduced from the 

crystallographic results, catalysis requires ordered substrate entry to the active site cavity, i. e. 

methylornithine has to bind prior to L-lysine. Moreover, and different from other ATP-grasp enzymes, 

PylC shows a second ATP-binding site. The additional nucleotide is not required for phosphorylation 

of the substrate, but, as revealed by mutagenic studies, is necessary for coordination and orientation 

of L-lysine and the correct folding of the protein. 

PylD, the final enzyme of the pyrrolysine biosynthesis, exhibits an induced-fit mechanism upon 

substrate binding. Crystal structures of the dehydrogenase displayed a tolerance for different 

pyrrolysine analogs that can be oxidized and cyclized using NAD+ as coenzyme. Unlike PylB and PylC, 

the enzyme PylD showed in vitro activity with the natural substrate and three derivatives, although 

with moderate turnover rates and low substrate affinity. Whereas other dehydrogenases possess a 
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base within the active site cavity that facilitates proton abstraction from the substrate, there is no 

amino acid residue at the PylD active site that could support proton exchange reactions. However, a 

well-defined water cluster in close proximity to the ornithine moiety of L-lysine-Nε-3R-methyl-D-

ornithine may well be able to serve this function. 

The reported structural and functional characterization of the pyrrolysine biosynthesis provides a path 

for using PylB, PylC, and PylD to generate pyrrolysine analogs in vivo, as prerequisite for direct 

incorporation into target proteins by the PylS/tRNAPyl system. 

 

 



ZUSAMMENFASSUNG 

Zusammenfassung 

Die 22. proteinogene Aminosäure Pyrrolysin wird durch die Translation eines Stopcodons (UAG) in 

Methylamin-Methyltransferasen von methanproduzierenden Archaeen der Familie 

Methanosarcinaceae und einigen Bakterien eingebaut. Ermöglicht wird dies durch die Aminoacyl-

tRNA-Synthethase PylS, welche eine spezielle tRNA (tRNAPyl) mit der ungewöhnlichen Aminosäure 

belädt. Pyrrolysin fungiert innerhalb der Methylamin-Methyltransferasen als katalytisch aktive 

Verbindung und initiiert im Methanstoffwechsel den Abbau von Methylaminen zu Methan. Kürzlich 

veröffentlichte Studien zeigten, dass die Atome von Pyrrolysin ausschließlich von L-Lysin stammen, 

wobei die Enzyme PylB, PylC und PylD die Umsetzung von L-Lysin zu Pyrrolysin katalysieren. Die 

genaue Funktion dieser Enzyme war jedoch weitgehend unklar. 

Die vorliegende Arbeit beschreibt erstmalig Kristallstrukturen von PylB, PylC und PylD im Komplex mit 

ihren Substraten, Intermediaten oder Produkten. Der molekulare Aufbau der Enzyme sowie die Lage 

und Orientierung von Kofaktoren und Liganden innerhalb ihres aktiven Zentrums ermöglichte die 

Formulierung von detaillierten Reaktionssequenzen für alle drei Enzyme.  

PylB, ein Vertreter der radikalischen S-Adenosyl-L-Methionin (SAM) Familie mit einer typischen (β/α)8 

Faltung, initiiert die Reaktion von L-Lysin zu 3R-Methyl-D-Ornithin über einen Fragmentierungs-

Rekombinationsmechanismus mit Hilfe eines [4Fe-4S] Clusters und SAM. 

Als ein Vertreter der ATP-Grasp Familie katalysiert PylC die Umsetzung von L-Lysin und 3R-Methyl-D-

Ornithin zu L-Lysin-Nε-3R-Methyl-D-Ornithin. Die kristallographischen Ergebnisse zeigen, dass die 

Substrate von PylC in einer bestimmten Reihenfolge in das aktive Zentrum binden müssen, um die 

Bildung des Isopeptids zu ermöglichen. Im Gegensatz zu anderen ATP-Grasp Enzymen weist PylC eine 

zweite ATP-Bindestelle auf. Das zusätzliche Nukleotid ist nicht an der Phosphorylierung des Substrats 

beteiligt, sondern sorgt für die Koordinierung und Orientierung von L-Lysin und gewährleistet die 

korrekte Faltung des Proteins, wie mit Mutagenese-Experimenten bestätigt werden konnte. 

PylD ist das letzte Enzym des Pyrrolysin-Biosynthesewegs und zeigt bei Bindung des Substrats  

L-Lysin-Nε-3R-Methyl-D-Ornithin einen Induced-Fit-Mechanismus. Die Dehydrogenase bindet neben 

Pyrrolysin eine Reihe weiterer Analoga, von denen einige vom Koenzym NAD+ zu Pyrrolin- und 

Tetrahydropyridinringen umgesetzt werden. Im Gegensatz zu PylB und PylC besitzt PylD in vitro 

Aktivität für das natürliche Substrat und drei weitere Derivate, wenn auch mit moderaten 
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Umsatzraten und geringer Substrataffinität. Während andere Dehydrogenasen eine basische 

Aminosäure im aktiven Zentrum aufweisen, welche eine Protonenabstrahierung vom Substrat 

ermöglicht, fehlt diese im aktiven Zentrum von PylD. Stattdessen könnte ein dichtes Netzwerk aus 

Wassermolekülen in räumlicher Nähe zum Ornithinmotiv des Substrats diese Aufgabe übernehmen. 

Die hier präsentierte strukturelle und funktionelle Charakterisierung der Biosynthese von Pyrrolysin 

gibt Einblicke, wie die Enzyme PylB, PylC und PylD für die in vivo Generierung von Pyrrolysin-Analoga 

verwendet werden könnten, um sie anschließend mittels PylS und tRNAPyl direkt in Zielproteine 

einzubauen. 
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1. Introduction 

1.1 Proteinogenic amino acids 

Amino acids are the building blocks of all proteins and are therefore essential for all forms of life. Until 

the 1950s, it was assumed that proteins were made of a set of 20 standard amino acids, denoted as 

proteinogenic amino acids. As members of the so-called α-amino acids, they are comprised of an  

α-amino and carboxy group. The pK-values of the α-carboxylic acid groups are in a narrow range 

around 2.2, whereas the pK-values of the α-amino groups adopt values close to 9.4, meaning that at 

a physiological pH-value, amino acids are zwitterions. Proteinogenic amino acids are in general 

classified as non-essential (alanine, asparagine, aspartate, cysteine, glutamate, glutamine, glycine, 

proline, serine, and tyrosine) and essential (arginine, histidine, isoleucine, leucine, lysine, methionine, 

phenylalanine, threonine, tryptophan, and valine) for animals. Non-essential amino acids can be 

produced de novo, while essential amino acids are synthesized only by plants and certain 

microorganisms, leaving animals to depend on dietary sources. This categorization is not 

unambiguous, as some amino acids classified as non-essential can become conditionally essential, 

depending on the developmental stage of the organisms and external environmental influences.1 

Although the biosynthetic pathways for amino acids vary in different species, they all derive from a 

set of parent amino acids and were grouped by their origin into six classes. The glutamate family 

includes glutamate itself and all amino acids whose carbon atoms mainly derive from glutamate, 

namely glutamine, proline, arginine, as well as fungal lysine. Lysine from all other organisms belongs 

to the aspartate family, together with aspartate, asparagine, methionine, threonine, and isoleucine. 

The serine family is composed of serine itself as well as cysteine and glycine. Alanine, valine, and 

leucine, representing the pyruvate family, are derived from a pyruvate precursor. The aromatic amino 

acids phenylalanine, tyrosine, and tryptophan are synthesized from chorismate and are designated as 

the aromatic family. Histidine cannot be classified in one of the above families and is the only 

representative of the histidine family.2 

Apart from the 20 standard amino acids, more than 600 non-canonical residues have so far been 

identified as structural components of proteins.3 Whereas most of these unusual amino acids arise by 

posttranslational modifications, two prominent exceptions were found to be incorporated into 

proteins via read-through of in-frame stop codons. Selenocysteine (Sec), denoted as the 21st 
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genetically encoded amino acid,4 is a component of a variety of selenoproteins found in all domains 

of life.5 In contrast, the 22nd proteinogenic amino acid pyrrolysine (Pyl)6 was discovered as a 

component of methyltransferases of some methanogenic archaea (Figure 1).7,8 

 

 

Figure 1 Selenocysteine and pyrrolysine, the 21st and 22nd genetically encoded amino acids. 

 

1.2 Selenocysteine, the 21st amino acid 

Selenocysteine was found as a constituent of bacterial, archaeal, and eukaryotic proteins, except for 

fungi and higher plants, but not all species within the three domains harbor genes for selenocysteine 

containing proteins.9,10 Due to the lower pKa and higher reduction potential of selenocysteine 

compared to cysteine, selenoproteins are mainly involved in redox reactions.11 Among the most 

widely found selenoproteins in animals are thioredoxin reductases and glutathione peroxidases, 

which are involved in antioxidant reactions.12 Notably, in all these proteins, selenocysteine is the 

active site nucleophile. 

Selenocysteine is incorporated into proteins via read-through of an UGA opal stop codon by the 

respective selenocysteinyl-tRNA (tRNA[Ser]Sec).13-15 A stem-loop structure in the 3’-untranslated region 

of mRNASec, designated as selenocysteine insertion sequence (SECIS), is important for the recognition 

of UGA as a sense codon.16 In archaea and eukaryotes, a SECIS binding protein (SBP2) attaches17 and 

forms a complex with the specific elongation factor for tRNA[Ser]Sec, named EFSec.18 Since some 

selenoproteins are terminated by an UGA stop codon, the system must distinguish between UGA 

termination and UGA sense coding.15 It was observed that the distance between UGA and the SECIS 

region is crucial for the recognition as sense codon.19 Different to archaea and eukaryotes, SECIS in 

bacteria is located immediately downstream of the sensing UGA codon.20 Here, SelB functions as a 

tRNA[Ser]Sec-specific elongation factor, analogous to EF-Tu, and binds to SECIS, therefore initiating the 

binding of tRNA[Ser]Sec to the ribosomal A site.21,22 
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Figure 2 Biosynthesis and incorporation of selenocysteine in archaea and eukaryotes. Ser, serine; ATP, 
adenosine triphosphate; AMP, adenosine monophosphate; PPi, diphosphate; Pi, inorganic phosphate; SerS, 
seryl-tRNA[Ser]Sec synthetase; PSTK, phosphoseryl-tRNA[Ser]Sec kinase; Ser-P, selenophosphate; SPS2, 
selenophosphate synthetase; SecS, selenocysteine synthase; EFSec, Sec-specific elongation factor; SBP2, SECIS 
binding protein; 3’ UTR, 3’-untranslated region; SECIS, selenocysteine insertion sequence. Modified after 
Turanov et al., 2011.15 

 
 

As a rule, the biosynthesis of selenocysteine takes place directly on tRNA[Ser]Sec and is initiated after 

aminoacylation of tRNA[Ser]Sec with serine by the seryl-tRNA[Ser]Sec synthetase (SerS).23,24 In archaea and 

eukaryotes, but not bacteria, O-phosphoseryl-tRNA[Ser]Sec is then formed by the action of seryl-

tRNA[Ser]Sec kinase (PSTK).25 In the subsequent step, selenocysteine is synthesized by a selenocysteine 

synthase (SelA in bacteria and SecS in archaea and eukaryotes), thereby forming selenocysteinyl-

tRNA[Ser]Sec.26 The selenium donor for this reaction is provided by a selenophosphate synthetase (SelD 

in bacteria and SPS2 in archaea and eukaryotes) that generates selenomonophosphate from selenide 

and ATP (Figure 2).27,28 

 

1.3 Pyrrolysine, the 22nd amino acid 

1.3.1 Discovery of pyrrolysine 

Methanogens were the first discovered members of archaea29 and showed many unusual cofactors 

that are involved in methanogenesis.30 Most of the cofactors play a role in the conversion of carbon 

dioxide to methane. Apart from that, representatives of the order Methanosarcinales can additionally 

use carbon monoxide, acetate, methanol, methylthiols, and methylamines for the generation of 

energy and major anabolic precursors.31-33 Methylamine methyltransferases, highly abundant 

proteins in cells of the Methanosarcinaceae family, initiate the breakdown of mono-, di-, and 

trimethylamines (MMA, DMA, and TMA) to methane (Figure 3).34 Remarkably, although their 

substrates only differ by one or two methyl groups, the overall sequence identity between these 

enzymes is considerably low. 
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Figure 3 Methylotrophic methanogenesis of Methanosarcinaceae. Methyl group transfer occurs via the 
breakdown of mono-, di, and trimethylamines (MMA, DMA, and TMA) by the cognate methylamine 
methyltransferase (MtmB, MtbB, and MttB, red ellipses). The corrinoid proteins MtmC, MtbC, and MttC (green 
ellipses) bind to the appropriate methyltransferases and the corrinoid cofactor gets methylated. Co(I) is oxidized 
to Co(III). The methylated corrinoid proteins act as substrates for the enzyme methylcobamide:CoM 
methyltransferase (MtbA, blue ellipses), which forms methyl-CoM by demethylation of the corrinoid cofactor. 
As a consequence, the corrinoid proteins are regenerated. Since Co(I) is inactivated by oxidation to the Co(II) 
state, the enzyme RamA is required for the reactivation (not shown). Methyl-CoM can also be formed by the 
demethylation of methanol, including similar enzymes as shown for methylamines (black ellipses). Methyl-CoM 
is further processed, resulting in the oxidation of methyl-CoM to CO2 and the generation of reducing agents in 
the form of H2, F420H2, or Fdred. These equivalents reduce methanophenanzine (MP), followed by a reduction 
from CoM-S-S-CoB to CoB-SH and CoM-SH. During this process, ATP is generated via electron transport 
phosphorylation. The regeneration of CoM-S-S-CoB is achieved by the reduction of methyl-CoM to methane. 
Fdox/Fdred, oxidized/reduced ferredoxin; F420, 8-hydroxy-5-deazariboflavin derivative; F420H2, reduced F420; 
H4MPT, tetrahydromethanopterin; CoB-SH, coenzyme B (N-7-mercaptoheptanoyl-O-phospho-L-threonine); 
CoM-SH, coenzyme M (2-mercaptoethanesulfonic acid); MF, methanofuran. Modified after Rother and Krzycki, 
2010.34 

 

Sequencing the gene mtmb1 of the monomethylamine methyltransferase MtmB from 

Methanosarcina barkeri revealed an amber stop codon (TAG = UAG) within the reading frame, which 

did not terminate the translation.35 This in-frame amber codon was afterwards also identified in the 

genes of the related di- and trimethylamine methyltransferases MtbB and MttB.36 Initially, Edman 

degradation and mass spectrometry revealed lysine as the encoded residue for UAG, meaning that 
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either UAG is reassigned as a codon for lysine or for an instable lysine derivative that was degraded 

to lysine by the experimental conditions.37 Subsequent studies then suggested that ligation of lysine 

to tRNAPyl was an artefact and might have only occurred due to misfolding of an unstable form of the 

aminoacyl-tRNA synthetase PylS.7,38 Protein crystallography of MtmB and mass spectrometry of 

MtmB, MtbB, and MttB finally revealed that pyrrolysine was the encoded residue built up by a  

4-methylpyrroline-5-carboxylate that is linked to the Nε group of L-lysine by an isopeptide bond.8,39,40 

 

 

Figure 4 a) Crystal structure of MtmB from M. barkeri (PDB code 1NTH),8 presented as ribbon plot. b) The 
potential surface of MtmB (red, electronegative; white, electroneutral; blue, electropositive; -68 kT/e to 
+68 kT/e) illustrates the negatively charged active site cavity with pyrrolysine (green) in its center. c) Crystal 
structure of MtmC from M. barkeri (PDB code 3EZX, unpublished data) and its corrinoid cofactor (green). 

 

The crystal structure of MtmB (Figure 4a) elucidated the molecular architecture of the protein as a 

modified β/α TIM-barrel fold. The carboxy-terminal pole of the β-sheets forms a negatively charged, 

solvent-exposed cavity with pyrrolysine located at its center (Figure 4b). As the monomethylamine 

corrinoid protein MtmC (Figure 4c) acts as a substrate for MtmB, it is likely that the corrinoid cofactor 

binds into the polarized cavity, in close proximity to the pyrrolysine pyrroline moiety. A crystal 

structure of MtmB, precipitated with (NH4)2SO4, displayed two conformations of the pyrrolysine side 

chain. One depicts the unreacted form as seen with the crystallization without (NH4)2SO4, the other 

shows the pyrroline ring rotated by approximately 90°. In the latter case, an amine adduct has bound 

to C-2 of the pyrroline part.8 The crystallographic results, supported by further crystal structures of 

MtmB treated with hydroxylamine, N-methylhydroxylamine, or dithionite prior to crystallization, led 

to a proposed mechanism for pyrrolysine catalysis (Figure 5).39 Binding of MMA to the pyrroline 

moiety of pyrrolysine incorporated in MtmB is accomplished by Gln333 and Tyr335, which are 

responsible for the coordination and orientation of MMA. As a consequence, the MMA nitrogen is 

directed towards C-2, in an appropriate orientation for an electrophilic attack. The subsequent 

a)                                                  b)                                                           c) 
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reorientation of the pyrroline moiety is accompanied by a movement of H-bonding protein residues. 

Thereupon, the MMA methyl group is directed towards the second MtmB substrate, MtmC, resulting 

in an in-line nucleophilic attack by tetracoordinated Co(I) and the release of ammonia from the 

pyrroline C-2. The activated cofactor methyl-Co(III) 5-hydroxybenzimidazolylcobamide serves as a 

substrate for MtbA, which initiates the demethylation of hexacoordinated Co(III), resulting in the 

regeneration of Co(I) corrinoid (cf. Figure 3).41-44 Spontaneous oxidation of Co(I) to Co(II) causes an 

inactivation of the methylamine corrinoid enzymes. The active Co(I) state is recovered by the iron-

sulfur protein RamA, which carries out the ATP-dependent reduction of the cobalt ion.45 

 

 

 

Figure 5 Hypothetical reaction mechanism for MtmB, modified after Krzycki, 2004.33 
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1.3.2 Genetic encoding of pyrrolysine 

In proximity to the mtmB1 gene in the Methanosarcina spp.,7 the operon pylTSBCD was identified to 

be necessary for the incorporation of pyrrolysine into the methylamine methyltransferases MtmB, 

MtbB, and MttB.46 Read-through of the amber codon UAG does not require specific signals in the 

gene. However, deletion of a downstream region termed pyrrolysine insertion sequence (PYLIS) in 

analogy to SECIS (see chapter 1.2) increased UAG-termination and therefore reduced the efficiency 

of pyrrolysine insertion.47 The gene pylS codes for the aminoacyl-tRNA synthetase PylS, which charges 

the pylT-derived tRNAPyl with the 22nd amino acid. PylS forms a homodimer whose subunits consist of 

a carboxy- and an amino-terminal domain. The C-terminal part, which shows similarities with class II 

aminoacyl-tRNA synthetases, was identified as the catalytic site. In contrast, the  

N-terminal part displays no distinct similarity to known aminoacyl-tRNA synthetases.7,48,49 Crystal 

structure analysis of the catalytic domain ascertained the binding location of ATP and pyrrolysine. As 

a part of the active center, a hydrophobic cavity with a flexible loop encloses the pyrroline ring of 

pyrrolysine.48-52 In bacteria, the pylS gene is split into the genes pylSc for the C-terminal domain and 

pylSn for the N-terminal domain of the protein.7,53 The cognate tRNAPyl binds to the catalytic domain 

of PylS by its D-stem and acceptor stem (Figure 6),50 although with weak affinity. Therefore, the  

N-terminal domain is requested to further support the binding.54 In line with this observation, PylSc 

and the C-terminal part of archaeal PylS show in vitro activity but are inactive when expressed in 

Escherichia coli cells.53 Crystallographic and kinetic analysis performed for PylS of M. barkeri with 

pyrrolysine and various analogs revealed that the pyrrolysyl-tRNA synthetase is able to accept 

isopeptide and carbamate derivatives of pyrrolysine.48,52,55 However, imine and enamine isomers of 

pyrrolysine showed inhibitory effects on PylS.56,57 

Pyrrolysyl-tRNAPyl with its CUA anticodon acts as a suppressor for the amber codon UAG by decoding 

it as a sense codon.46 Whereas tRNAPyl is highly conserved within all members of the 

Methanosarcinaceae, it shows larger divergence in bacteria. Compared with other tRNA structures, 

tRNAPyl exhibits some unique features, including a three-base variable loop, a small D-loop, a long 

anticodon stem, as well as a single base between D-stem and acceptor stem (Figure 6b).7,50,58 In 

contrast to selenocysteinyl-tRNA[Ser]Sec, pyrrolysyl-tRNAPyl is not recognized by a specialized elongation 

factor but by EF-Tu,38 which initiates the circumvention of UAG as a stop codon during translation.59 

Unlike with bacteria such as Desulfitobacterium hafniense, there is no evidence for the function of 
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UAG as a stop codon in Methanosarcinaceae, meaning that this family has reassigned all amber 

codons as sense codons.60 

 

 
 

Figure 6 a) Crystal structure of PylSc from D. hafniense (PDB code 2ZNI)50 in complex with the cognate tRNAPyl. 
Pyrrolysyl-adenylate (Pyl-AMP, green) is shown for PylS from Methanosarcina mazei (PDB code 2ZIM)48 as a 
structural superposition. b) Secondary structure of tRNAPyl from D. hafniense. Color coding for conserved 
nucleotides: red, identical in archaea and bacteria; yellow, identical in bacteria; green, similar in bacteria (> 70 % 
identity). Notably, archaeal tRNAPyl bases are much more conserved (87 % identity in all homologs of the 
Methanosarcinaceae) in comparison to bacterial tRNAPyl. Bases interacting with PylSc residues are highlighted 
with an asterik.  

 

1.3.3 Biosynthesis of pyrrolysine 

In vivo studies in E. coli demonstrated that the gene cluster pylBCD is sufficient for pyrrolysine 

biosynthesis. Coexpression of pylTSBCD and mtmB1 resulted in the incorporation of pyrrolysine into 

MtmB.46 These experiments indicated that pyrrolysine can be produced from precursors that are 

available in E. coli. Different pathways for pyrrolysine were suggested where an up-to-now unknown 

D-amino acid, deriving either from ornithine, glutamate, isoleucine or proline, is linked to the Nε group 

of L-lysine by an isopeptide bond.33,47,61 Finally, in vivo stable isotope labeling experiments revealed 

that lysine is the exclusive precursor for pyrrolysine formation.62  

PylB catalyzes the first reaction step of the pyrrolysine biosynthesis (Figure 7). As deduced from 

distinct sequence characteristics such as a C-X3-C-X2-C cysteine motif, PylB is a member of the radical 

a)                                                                            b) 
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S-adenosyl-L-methionine (SAM) family. It uses a [4Fe-4S] cluster and SAM to initiate the reaction from 

L-Lysine to 3R-methyl-D-ornithine. PylC, the second enzyme of the pathway, was assumed to be a 

member of the large ATP-grasp superfamily, based on the comparison of its primary sequence in a 

BLAST analysis.63 It links methylornithine to the Nε group of lysine by an ATP-dependent reaction, 

resulting in L-lysine-Nε-3R-methyl-D-ornithine. The final enzyme PylD contains a characteristic binding 

motif for NAD, NADP, or FAD (Rossmann fold), which is well known from other dehydrogenases. Thus, 

it should catalyze the oxidation of L-lysine-Ne-3R-methyl-D-ornithine, followed in turn by a ring closure 

to accomplish pyrrolysine. As a second product, desmethylpyrrolysine (or pyrroline-carboxyl-lysine) 

can be synthesized from D-ornithine and L-lysine by the action of the enzymes PylC and PylD, specified 

by pylCD.62,64 

 

 

Figure 7 Schematic representation of pyrrolysine biosynthesis by PylB, PylC, and PylD and its incorporation into 
MtmB. In addition, the biosynthesis of desmethylpyrrolysine by PylC and PylD is shown. 

 

1.3.4 Applications of the pyrrolysine translational machinery 

PylS and tRNAPyl as an orthogonal pair for the introduction of unnatural amino acids into proteins has 

been demonstrated in bacterial,65,66 yeast,67,68 and mammalian cells.69,70 Based on reported 

pyrrolysine analogs, general structural features of amino acids are necessary for the recognition by 

PylS. An α-amino acid possesses either an isopeptide or a carbamate bond at its Cε position. An 

additional heteroatom in proximity to the isopeptide or carbamate carbonyl oxygen increases the 

binding affinity for PylS. Since size and arrangement of the pyrroline ring substituents are limited by 
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the active site cavity of the enzyme, random library screening of PylS clones mutated in the active site 

was performed to obtain aminoacyl-tRNA synthetases with an enhanced substrate  

acceptance.52,69,71-76 One of the first amino acids that were incorporated via the pylTS system are 

acetyl-Nε-L-lysine and methyl-Nε-L-lysine (Figure 8a and Figure 8b). These lysine derivatives occur as 

posttranslationally modified residues in proteins that regulate the binding of histones to DNA in 

nucleosomes and are therefore important for controlling the gene expression. The incorporation of 

these derivatives into defined positions of selected proteins can help to further study their role in 

epigenetics.66,77 Another PylS substrate, o-azidobenzyloxycarbonyl-Nε-L-lysine, can be used to insert 

fluorescent labels, since the azido group can be modified after translation with a fluorescent 

phosphine derivative by Staudinger ligation (Figure 8c).52 A similar result was achieved by using 

taggable tetrahydrofuran derivatives of pyrrolysine, e. g. compounds that bear a terminal alkyne 

functionality, which can be modified by copper(I)-catalyzed click reactions (Figure 8d).78 Proteins 

comprising D-cysteinyl-Nε-L-lysine can be site-specifically modified (e. g. ubiquitinated) by native 

chemical ligation (Figure 8e).79 Photocaged lysine was used as a light-induced switch to activate 

protein kinases in mammalian cells (Figure 8f).70 Furthermore, the pyrrolysine analog 

desmethylpyrrolysine can be modified posttranslationally by utilizing 2-amino-benzaldehyde or  

2-amino-acetophenone derivatives (Figure 8g). As a result, desmethylpyrrolysine containing proteins 

can be conjugated with polyethylene glycols, peptides, oligosaccharides, oligonucleotides, 

fluorescence- or biotin-labels, and other small molecules.80 The here mentioned applications 

demonstrate that the pyrrolysine translational machinery has become a sophisticated tool in 

biological chemistry for the expansion of protein functionality through the selective incorporation of 

unnatural amino acids. 
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Figure 8 Pyrrolysine derivatives that act as substrates for PylS. a) Acetyl-Nε-L-lysine,66 b) methyl-Nε-L-lysine,77  
c) o-azidobenzyloxycarbonyl-Nε-L-lysine,52 d) tetrahydrofuran derivative,78 e) D-cysteinyl-Nε-L-lysine,79  
f) photocaged lysine,70 g) desmethylpyrrolysine (4a).80 
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2. Objectives 

Stable isotope labeling experiments using [U-13C6,U-15N2]lysine as the pyrrolysine precursor and 

recombinant E. coli strains engineered for expression of mtmB1 and pylTSBCD genes from M. barkeri 

allowed the proposal of a biosynthetic pathway for the 22nd amino acid.62 However, the function of 

the enzymes involved in the conversion of lysine to pyrrolysine has up to now only been hypothesized 

using bioinformatics predictions.  

The aim of this thesis was the structural and functional characterization of PylB, PylC, and PylD from 

M. barkeri by X-ray crystallography and kinetic studies. As a starting point, the first enzyme PylB would 

need to be purified and crystallized under anaerobic conditions since it was believed to be a member 

of the radical SAM family and therefore would harbor an oxygen-sensitive iron-sulfur cluster and a 

SAM coenzyme in its active site.62 However, from the primary structure alone, no profound 

mechanistic predictions were deducible. Thus, crystallographic complex structures with substrate or 

product were envisaged to provide deeper insights into the function of the enzyme. 

Different studies revealed that PylC, the second enzyme of the pyrrolysine biosynthetic pathway, 

could convert either the PylB product 3R-methyl-D-ornithine or the surrogate D-ornithine together 

with L-lysine,62,64 though the enzyme was shown to be inactive in vivo.64 Here, crystal structures of 

PylC in complex with its substrates, intermediates or the product should determine the binding 

modality of the ligands and their mode of action. 

PylD was the only representative that has shown activity in an NMR-based assay by converting the 

alternate substrate L-lysine-Nε-D-ornithine to desmethylpyrrolysine.64 Thus, kinetic characterization 

of the enzyme using its natural substrate L-lysine-Nε-3R-methyl-D-ornithine and the substrate 

surrogate L-lysine-Nε-D-ornithine were expected to complement the results from the protein 

crystallography of PylD complex structures. 

Based on the experimental data, this thesis should also give an impression how the enzymes PylB, 

PylC, and PylD can be implemented in the research field of chemical biology for the in vivo biosynthesis 

of unnatural pyrrolysine analogs and their possible incorporation into target proteins.
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3. Materials and Methods 

3.1 Materials 

3.1.1 Chemicals 

Unless stated otherwise, all chemicals were obtained from the following companies:  

AppliChem (Darmstadt, GER), Biomol (Hamburg, GER), Fluka (Neu-Ulm, GER), Merck (Darmstadt, 

GER), Sigma-Aldrich (Steinheim, GER), Serva (Heidelberg, GER), Roth (Karlsruhe, GER), and VWR 

(Darmstadt, GER). 

 

3.1.2 Media 

LB medium Peptone 1 % (w/v) 

 Yeast extract 0.5 % (w/v) 

 NaCl 0.5 % (w/v) 

 (Agar) (2 % (w/v)) 

   

SOC medium Peptone 2 % (w/v) 

 Yeast extract 0.5 % (w/v) 

 Glucose 20 mM 

 MgSO4 10 mM 

 NaCl 10 mM 

 MgCl2 10 mM 

 KCl 2.5 mM 

   

Minimal medium M9 Na2HPO4 • 7 H2O 48 mM 

 KH2PO4 22 mM 

 NaCl 9 mM 

 NH4Cl 19 mM 

 MgSO4 2 mM 

 CaCl2 0.1 mM 

 Glucose 0.4 % (w/v) 
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3.1.3 Enzymes 

DNAse I Sigma-Aldrich (Steinheim, GER) 
   
Phusion DNA Polymerase (2 U/µL) Finnzymes (Vantaa, FIN) 
   
Restriction endonuclease BamHI-HF (20 U/µL) New England Biolabs (Ipswich, USA) 
 
Restriction endonuclease BglII (20 U/µL) New England Biolabs (Ipswich, USA) 
 
Restriction endonuclease PstI-HF (20 U/µL) New England Biolabs (Ipswich, USA) 
 
Restriction endonuclease SalI-HF (20 U/µL) New England Biolabs (Ipswich, USA) 
 
T4 DNA Ligase (1 U/µL) Invitrogen (Carlsbad, USA) 
 
DNAse I Sigma-Aldrich (Steinheim, GER) 
 

3.1.4 Primers 

All oligonucleotides were either HPSF or HPLC purified and dissolved in ddH2O to a final concentration 

of 100 pmol/µL. The working concentration of the primers was 10 pmol/µL. All primers were 

synthesized by Eurofins MWG Operon (Ebersberg, GER). 

Primer Sequence 5’ → 3’ Restriction site 

PylBMa_for ACACACGGATCCGCAACCGAGGACCTTGAC BamHI 

PylBMa_rev ACACACCTGCAGCTACAGGACAGTTTCGAATTCTG PstI 

PylBMb_for ACACACGGATCCGCACTTGATGAATTTGACAG BamHI 

PylBMb_rev ACACACGTCGACCTACAGGACTGCCTCAAAGTC SalI 

PylBMm_for ACACACAGATCTGCAACCGAAGAACTTGAC BglII 

PylBMm_rev ACACACCTGCAGCTACAGGACTCTCTCAAACTC PstI 

PylCMb_for TGTGTGGGATCCATGAAAACGATCTGTCTTGTG BamHI 

PylCMb_rev ACACACCTGCAGTCATAAAACCGCTCCAAAAC PstI 

PylCMb_D31N_for GTTCTGGTAAATAAAAATCCGC - 

PylCMb_D31N_rev GCGGATTTTTATTTACCAGAAC - 

PylCMb_D31L_for GTTCTGGTACTTAAAAATCCGC - 

PylCMb_D31L_rev GCGGATTTTTAAGTACCAGAAC - 

PylDMb_for ACACACGGATCCATGGCACTCTTAACTCCC BamHI 

PylDMb_rev ACACACCTGCAGTTATAGCACAGAGTACAAC PstI 

PylDMb_L4A_for ACACACGGATCCATGGCACTCGCAACTCCCG  BamHI 
 

Restriction sites are underlined, bold letters indicate mutations.  



MATERIALS AND METHODS 

15 

3.1.5 E. coli strains 

Strain Genotype Supplier 

BL21(DE3) F- ompT hsdSB (rB
- mB

-) gal dcm (DE3) New England Biolabs  

(Ipswich, USA) 

BL21(DE3)pLysS F- ompT hsdSB (rB
- mB

-) gal dcm (DE3) [pLysS Camr] Promega 

(Madison, USA) 

M15[pREP4] NaIS strS rifS thi- lac- ara+ gal+ mtl- f- recA+ uvr+ lon+ Qiagen  

(Hilden, GER) 

SoluBL21 F- ompT hsdSB (rB
- mB

-) gal dcm (DE3)† 

† The SoluBL21 strain contains uncharacterized 
mutations obtained through special selection criteria. 
These mutations make the strain able to express 
insoluble proteins in soluble form. 

Genlantis  

(San Diego, USA) 

 

XL1-Blue RecA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, 

lac, [F´, proAB, lacIqZ∆M15, Tn10 (Tetr)] 

Stratagene 

(La Jolla, USA) 

 

3.1.6 Plasmids 

Vector name Description Supplier/Reference 

pQE30 High-copy vector, ampr Qiagen  

(Hilden, GER) 

pET28bSUMO Modified pET-28b(+) vector comprising 

a SUMO coding region (Smt3p from 

Saccharomyces cerevisiae), kanr 

Invitrogen  

(Darmstadt, GER) 

pACYC184iscSfdx Modified pACYC184 vector comprising 

an isc operon for in vivo iron-sulfur 

cluster assembly, cmr 

Gräwert et al., 200481 

 

pQE30pylBMa Expression of pylB from M. acetivorans 

as N-terminal His6 fusion protein 

This work 

 

pQE30pylBMb Expression of pylB from M. barkeri 

strain Fusaro as N-terminal His6 fusion 

protein 

This work 

 

 

pQE30pylBMm Expression of pylB from M. mazei as     

N-terminal His6 fusion protein 

This work 
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Vector name Description Supplier/Reference 

pQE30pylBMb Expression of pylB from M. barkeri 

strain Fusaro as N-terminal His6 fusion 

protein 

 This work 

 

 

pQE30pylBMm Expression of pylB from M. mazei as   

N-terminal His6 fusion protein 

 This work 

 

pET28bSUMOpylBMa Expression of pylB from M. acetivorans 

as N-terminal His6-SUMO fusion 

protein 

 This work 

 

 

pET28bSUMOpylBMb Expression of pylB from M. barkeri 

strain Fusaro as N-terminal His6-SUMO 

fusion protein 

 This work 

 

 

pET28bSUMOpylBMm Expression of pylB from M. mazei as  

N-terminal His6-SUMO fusion protein 

 This work 

 

pET28bSUMOpylCMb Expression of pylC from M. barkeri 

strain Fusaro as N-terminal His6-SUMO 

fusion protein 

 This work 

 

 

pET28bSUMOpylCMbD31N Expression of a pylB D31N mutant of 

M. barkeri strain Fusaro as N-terminal 

His6-SUMO fusion protein 

 This work 

 

 

pET28bSUMOpylCMbD31L Expression of a pylB D31L mutant from 

M. barkeri strain Fusaro as N-terminal 

His6-SUMO fusion protein 

 This work 

 

 

pET28bSUMOpylDMb Expression of pylB from M. barkeri 

strain Fusaro as N-terminal His6-SUMO 

fusion protein 

 This work 

 

 

pET28bSUMOpylDMbL4A Expression of a pylC L4A mutant from 

M. barkeri strain Fusaro as N-terminal 

His6-SUMO fusion protein 

 This work 

 

 

 

3.1.7 DNA and protein standards 

peqGOLD DNA Ladder Mix (100-10,000 bp) Peqlab (Erlangen, GER) 

Roti-Mark STANDARD (14-200 kDa) Carl Roth (Karlsruhe, GER) 
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3.1.8 Crystallization screens 

The following buffer kits from Qiagen (Hilden, GER) were used for initial crystallization screens: 

Kit 1 pHClear Suite 

Kit 2 pHClear II Suite 

Kit 3 Classics Suite 

Kit 4 Classics II Suite 

Kit 5 JCSG+ Suite 

Kit 6 ComPAS Suite  

Kit 7 Protein Complex Suite 

Kit 8 PEGs Suite 

Kit 9 PEGs II Suite 

Kit 10 PACT Suite 

 

3.1.9 Instruments 

Anaerobic chamber 

Two person vinyl glove box Coy Lab Products (Grass Lake, USA) 

 

Balances 

Analytical Balance TE124S Sartorius (Göttingen, GER) 

Precision Balance BP3100 P Sartorius (Göttingen, GER) 

 

Centrifuges 

Biofuge Pico Heraeus Instruments (Hanau, GER) 

SIGMA 4K15 rotor 11150/13350 SIGMA Laborzentrifugen (Osterode am Harz, GER) 

SIGMA 6-16K rotor 12500 SIGMA Laborzentrifugen (Osterode am Harz, GER) 

SIGMA 8K rotor 11805 SIGMA Laborzentrifugen (Osterode am Harz, GER) 

SIGMA 3-30K rotor 12150 SIGMA Laborzentrifugen (Osterode am Harz, GER) 

Speedvac, centrifuge RVC 2-25 CO plus Christ (Osterode am Harz, GER) 
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Electrophoresis 

Chamber and tray for agarose gels Appligene (Heidelberg, GER) 

Electrophoresis Power Supply EPS 600 Pharmacia Biotech (Uppsala, SWE) 

Gel documentation system G:BOX Syngene (Cambridge, USA) 

Mini PROTEAN Cell BioRad (Hercules, USA) 

PowerPac Basic Power Supply BioRad (Hercules, USA) 

 

Electroporation 

2 mm electroporation cuvette  PeqLab (Erlangen, GER) 

Gene Pulser with Pulse Controller BioRad (Hercules, USA) 

 

Liquid chromatography 

ÄKTAprime plus GE Healthcare (Chalfont St. Giles, GBR) 

Chelating Sepharose Fast Flow GE Healthcare (Chalfont St. Giles, GBR) 

Resource Q, 6 mL GE Healthcare (Chalfont St. Giles, GBR) 

 

NMR spectroscopy  

Cryo NMR Ultrashield 500 plus Bruker (Billerica, USA) 

NMR Ultrashield 500 Bruker (Billerica, USA) 

NMR Tubes 5 mm Professional Schott (Mainz, GER) 

 

UV-Vis spectroscopy  

NanoPhotometer Pearl Implen (München, GER) 

PCB 1500 Water Peltier System DBS Instruments (Vigonza ITA) 

Ultraspec 10 Cell Density Meter Amersham Bioscience (Uppsala, SWE) 

Ultrospec 7000 GE Healthcare (Chalfont St. Giles, GBR) 

Absorption cell type 105.200-QS Hellma Analytics (Müllheim, GER) 
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Protein crystallography 

Cooled Incubator Series 3000 RUMED Rubarth Apparate (Laatzen, GER) 

CryoLoop Hampton (Aliso Viejo, USA) 

CrystalCap HT for CryoLoop Hampton (Aliso Viejo, USA) 

CrystalCap HT Vial Hampton (Aliso Viejo, USA) 

CrystalWand Magnetic Hampton (Aliso Viejo, USA) 

Crystal Clear Sealing Tape Hampton (Aliso Viejo, USA) 

Intelli-Plate 96-Well Art Robbins Instruments (Sunnyvale, USA) 

Magnetic caps, pins, and vials Molecular Dimensions (Newmarket, GBR) 

MICROLAB STARlet Hamilton (Reno, USA) 

Micro Tool Box Molecular Dimensions (Newmarket, GBR) 

MRC Sitting Drop 96-Well SWISSCI (Neuheim, SUI) 

Phoenix Liquid Handling System Art Robbins Instruments (Sunnyvale, USA) 

Quick Combi Sealer Plus HJ-Bioanalytik (Mönchengladbach, GER) 

Storage dewar HC20 Taylor-Wharton Germany (Mildestedt, GER) 

X8 PROTEUM in-house beamline Bruker (Billerica, USA) 

Zoom stereo microscope 
SZX10/KL1500LCD 

Olympus (Tokyo, JPN) 

 

Additional instruments 

Branson Digital Sonifier 250 G. Heinemann (Schwäbisch Gmünd, GER) 

Constant Cell Disruption System E1061 Constant Systems (Northants, GBR) 

Infors HT Multitron incubator Infors (Bottmingen, SUI) 

InoLab pH 720 pH-Meter WTW (Weilheim, GER) 

Laboklav 195-MV SHP Steriltechnik AG (Detzel, GER) 

Laboklav 25-MV SHP Steriltechnik AG (Detzel, GER) 

MR Hei-Standard Magentic stirrer Heidolph (Schwabach, GER) 

Techne Dri-Block DB 2A Bibby Scientific (Stone, GER) 

Thermomixer comfort Eppendorf (Hamburg, GER) 

Thermocycler MyCycler BioRad (Hercules, USA) 

Vortex Genie 2 Scientific Industries (New York, USA) 

Water purification device TKA (Niederelbert, GER) 
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3.1.10 Software 

BOBSCRIPT Esnouf, 199782 

CCP4 Program Suite 6.3.0 www.ccp4.ac.uk83 

ChemBioDraw 13 Perkin Elmer (Cambridge, USA) 

Coot 0.7 Emsley et al., 201084 

CorelDRAW X5 Corel (Ottawa, CAN) 

DNAman Lynnon Corporation (Quebec, CAN) 

Endnote X6 Adept Scientific (Frankfurt, GER) 

Graph Pad Prism 5 GraphPad Software Inc. (La Jolla, USA) 

Jalview Waterhouse et al., 200985 

MAIN Turk, 199286 

MestReNova 8 Mestre Lab Research S.L. (Santiago d. C., ESP) 

Microsoft Office 2013 Microsoft (Redmond, USA) 

MOLSCRIPT Kraulis, 199187 

PrimeView 5.31 GE Healthcare (Chalfont St. Giles, GBR) 

PROTEUM Program Package Bruker (Billerica, USA) 

PyMOL 1.5.3 DeLano, 200288 

SYBYL-X Tripos (St. Louis, USA) 

XDS Program Package Kabsch, 201089 
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3.2 Methods 

3.2.1 General methods 

3.2.1.1 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for the analytical and preparative separation of DNA fragments. 

For that purpose, DNA samples were mixed with DNA loading dye and loaded on 1 % (w/v) agarose 

gels along with a DNA ladder. Electrophoresis was carried out in Tris-acetate-EDTA (TAE) buffer for 

45 min at a constant voltage of 120 V. Gels were stained for 30 min in a solution of 1 mg/L ethidium 

bromide and the DNA bands were visualized by UV light (365 nm) using the gel documentation system 

G:BOX.  

DNA loading dye (10x) Tris/HCl, pH 8.2 10 mM 

 EDTA 1 mM 

 Glycerol 50 % (v/v) 

 Xylene cyanol 0.25 % (w/v) 

 Bromphenol blue 0.25 % (w/v) 

   

TAE buffer (50x) Tris/acetate, pH 8.2 2 M 

 EDTA  100 mM 

 

3.2.1.2 Isolation of DNA 

Genomic DNA from M. acetivorans (DSM 2834), M. barkeri strain Fusaro (DSM 804), and M. mazei 

(DSM 3647) was isolated from cell cultures, purchased from the German Collection of Microorganisms 

and Cell Cultures (DSMZ), using the peqGOLD Bacterial DNA Kit (Peqlab, Erlangen, GER) according to 

the instruction manual. For plasmid isolation from E. coli the peqGOLD Plasmid Miniprep Kits I or II 

(Peqlab, Erlangen, GER) were used. Purified plasmids were stored at 4 °C. 

 

3.2.1.3 Purification of DNA 

DNA was purified using the peqGOLD Gel Extraction Kit or the peqGOLD Cycle-Pure Kit (Peqlab, 

Erlangen, GER) according to the instruction manual. Purified plasmids were stored at 4 °C. 
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3.2.1.4 Polymerase chain reaction 

The polymerase chain reaction (PCR) after Mullis et al., 198690 was used to amplify the genes of 

interest. The reaction mixture with a total volume of 100 µL contained the following reagents: 

20 µL Phusion HF buffer (5x) 

2 µL dNTP mix (10 mM) 

0.5 µL Forward primer (10 pmol/µL) 

0.5 µL Reverse primer (10 pmol/µL) 

1 µL DNA template 

1 µL Phusion DNA polymerase (2 U/µL) 

75 µL ddH2O 

 

The reaction was carried out in a thermal cycler using the following program: 

Initial denaturing 98 °C 0:30 min 

Denaturing 98 °C 0:10 min 

Annealing 50-60 °C 0:30 min 

Elongation 72 °C 1:00 min 

Final elongation 72 °C 10:00 min 

Cooling 4 °C ∞ 

 

PCR products were analyzed by agarose gel electrophoresis. 

 

3.2.1.5 DNA restriction and ligation 

Preparative restriction digests of DNA were carried out as the following: 

̴̴ 40 µL DNA 

7 µL NEB buffer (10x) 

7 µL If required: BSA (10x) 

2 µL Restriction enzyme I (20 U/µL) 

2 µL Restriction enzyme II (20 U/µL) 

Add to 70 µL ddH2O 

 

The reaction mixture was incubated for 3 h at 37 °C and the DNA fragments were purified using the 

peqGOLD Cycle-Pure Kit (Peqlab, Erlangen, GER) according to the instruction manual. 

 

35-45 cycles 
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Concentrations of vector and insert were estimated by agarose gel electrophoresis. Ligation was 

carried out in a total volume of 7.5 µL, filled up with ddH2O. In general, the insert was used in threefold 

excess compared to the vector. The reaction mixture was heated to 55 °C for 10 min to unwind the 

DNA and subsequently cooled on ice for 5 min. 2 µL T4 DNA ligation buffer (5x) and 0.5 µL T4 DNA 

ligase (1 U/µL) were added. The mixture was incubated over night at 4 °C. 

 

3.2.1.6 Transformation 

The transformation of E. coli cells was carried out according to the method of Dower et al., 1988.91 

Electrocompetent cells were prepared by Katrin Gärtner, technician at the Chair of Biochemistry, 

Technische Universität München using established procedures. 40 µL of competent cells were mixed 

with 1 µL of plasmid DNA and transferred into a 2 mm electroporation cuvette. An electric pulse  

(5.4-5.7 ms and 2.5 kV) was applied to the cuvette by an electroporation device. Cells were 

resuspended in 1 mL of SOC medium and incubated under shaking for 1 h at 37 °C. Finally, the bacterial 

culture was streaked on agar plates containing the respective antibiotics and incubated over night  

at 37 °C. 

 

3.2.1.7 DNA sequencing 

The new DNA constructs were sequenced by GATC Biotech AG (Konstanz, GER) according to Sanger 

et al., 1977.92 Sequencing results were compared with the respective entries of the gene of interest 

in the Uniprot database (http://www.uniprot.org/). 

 

3.2.1.8 Cultivation and storage of E. coli 

Preparation of transformed E. coli cells for long-term storage was performed by inoculation of 5 mL 

LB medium with single colonies from agar plates. The liquid cultures with appropriate antibiotics were 

incubated under shaking over night at 37 °C. The cultures were centrifuged for 10 min at 5,000 x g 

and the resulting pellet was resuspended in 1 mL LB medium containing 30 % (v/v) glycerol. The cell 

suspension was transferred into a cryo tube and stored in liquid nitrogen. 
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3.2.1.9 SDS-PAGE 

Analysis of proteins according to their approximate size was conducted by SDS polyacrylamide gel 

electrophoresis (SDS-PAGE) as described by Laemmli et al., 1970.93 Protein samples were mixed with 

SDS loading buffer, heated to 95 °C for 5 min and loaded onto a 15 % SDS gel along with a molecular 

weight marker. Electrophoresis was carried out for 45 min at a current intensity of 25 mA per gel in 

running buffer and afterwards stained in Coomassie staining solution for 30 min. Destaining was 

carried out in 10 % acetic acid for at least 1 h.  

 Separating gel (15 %) Stacking gel (4 %) 

Acrylamide solution 7.5 mL 1 mL 

Separating gel buffer 5 mL - 

Stacking gel buffer - 5 mL 

ddH2O 7.5 mL 4 mL 

APS (10 % (v/v)) 100 µL 100 µL 

TEMED (1 % (v/v)) 10 µL 10 µL 

 

Acrylamide solution Acrylamide 39 % (w/v) 

 Bisacrylamide 1.2 % (w/v) 

   

Separating gel buffer Tris/HCl, pH 8.8 1.5 M 

 SDS 0.4 % (w/v) 

   

Stacking gel buffer Tris/HCl, pH 6.8 0.5 M 

 SDS 0.4 % (w/v) 

   

Loading buffer Tris/HCl, pH 6.8 60 mM 

 Glycerol 30 % (v/v) 

 Saccharose 10 % (w/v) 

 SDS 5 % (w/v) 

 Bromphenol blue 0.02 % (w/v) 

 β-Mercaptoethanol 3 % (v/v) 

 Glycine 192 mM 

 SDS 0.1 % (w/v) 

   

Staining solution Coomassie Brilliant Blue R250 0.05 % (w/v) 

 Isopropanol 25 % (v/v) 

 Acetic acid 10 % (v/v) 

   

Destaining solution Acetic acid 10 % (v/v) 
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3.2.1.10 Expression tests 

To analyze the expression efficiency of transformed E. coli strains, small-scale expression tests were 

conducted. Bacterial cells were transferred into 5 mL LB medium, supplemented with appropriate 

antibiotics and incubated over night at 37 °C (or 25 °C for SoluBL21 cells). 50 mL of the main culture 

were inoculated with 1 mL of the pre-culture and incubated at 37 °C (or 25 °C for SoluBL21 cells) to 

an optical density at 600 nm (OD600) of 0.7. After shifting the cultures to the respective expression 

temperatures (20, 25, 30, or 37 °C), gene expression was induced by addition of 

isopropylthiogalactoside (IPTG) to a final concentration of 1 mM. Cell suspensions were centrifuged 

at 5,000 x g for 10 min and the resulting pellets were resuspended in 1 mL of buffer A (100 mM 

Tris/HCl, pH 8.0, containing 500 mM NaCl, and 20 mM imidazole). Cells were lysed by ultrasonication 

(20 % amplitude, total time: 40 s, pulse on/off: 20 s). The cell lysates were centrifuged at 9,600 x g for 

10 min and the supernatants were either applied on a Ni-NTA spin column (Qiagen, Hilden, GER) 

according to the instruction manual or directly applied to a 15 % SDS gel by adding loading buffer in a 

ratio of 1:1 (v/v). To evaluate the insoluble fractions, the pellets were resuspended in 1 mL of buffer 

A and the resulting suspensions were analyzed by SDS-PAGE (15 % SDS gel, 1:1 (v/v) loading buffer). 

 

3.2.1.11 Determination of protein concentration 

The concentration of protein solutions was determined applying the Lambert-Beer law. The 

absorbance of the proteins was measured at 280 nm on a nano-photometer. The molar extinction 

coefficient ε was calculated with the ExPASy ProtParam tool (http://web.expasy.org/protparam) from 

the protein sequence. 
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3.2.2 Detailed methods for PylB 

3.2.2.1 Cloning 

The pylB genes of M. acetivorans (MA_0154), M. barkeri (Mbar_A0838), and M. mazei (MM_1444) 

were amplified by PCR using the primers PylBMa_for/PylBMa_rev for MA_0154, 

PylBMb_for/PylBMb_rev for Mbar_A0838, and PylBMm_for/PylBMm_rev for MM_1444 and genomic 

DNA as template. The amplification products were digested with the respective restriction enzymes 

and ligated into the vectors pQE30 and pET28SUMO, which had been treated with the same enzymes. 

The E. coli expression strains XL1-Blue and M15[pREP4] were cotransformed with the resulting 

plasmids pQE30pylBMa, pQE30pylBMb, or pQE30pylBMm and pACYC184iscSfdx, whereas BL21(DE3), 

BL21(DE3)pLysS, and SoluBL21 strains were cotransformed with pET28bSUMOpylBMa, 

pET28bSUMOpylBMb, or pET28bSUMOpylBMm and pACYC184iscSfdx.  

 

3.2.2.2 Gene expression 

The recombinant E. coli strain SoluBL21 harboring pET28bSUMOpylBMb and pACYC184iscSfdx was 

grown in shaking flasks containing 3 L LB medium supplemented with kanamycin (50 mg/L), 

chloramphenicol (25 mg/L), iron ammonium citrate (10 mg/L), and cysteine (44 mg/L). The culture 

was incubated at 25 °C under shaking to an OD600 of 0.4. IPTG was added to a final concentration of 

1 mM and expression was conducted over night under shaking at 20 °C. Cells were harvested by 

centrifugation (5,000 x g, 1 h, and 20 °C), washed with 0.9 % (w/v) NaCl under anaerobic conditions 

and stored anaerobically at -20 °C. 

 

3.2.2.3 Protein purification 

The bacterial cell mass (approximately 50 g) was thawed in 250 mL of 100 mM Tris/HCl, pH 8.0, 

containing 500 mM NaCl, 20 mM imidazole, and 5 mM sodium dithionite (buffer A). The cells were 

lysed under argon atmosphere using the cell disruption device. The resulting suspension was 

centrifuged at 17,000 x g for 1 h at 4 °C. Under anaerobic conditions (forming gas atmosphere: 

95 % N2, 5 % H2, pO2 < 1 ppm), the supernatant was applied to a column of nickel-chelating sepharose 

FF (Ni-column, column volume 25 mL), which had been pre-equilibrated with buffer A (flow rate 

3 mL/min). The column was then washed with buffer A (100 mL) and developed with a linear gradient 
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of 20-500 mM imidazole in buffer A (total volume 250 mL). Fractions were combined and His6-SUMO 

protease (Ulp1 from S. cerevisiae, 0.4 mg) was added. The solution was dialyzed over night at 4 °C 

against 50 mM Tris/HCl, pH 8.0, containing 150 mM NaCl and 2 mM sodium dithionite and was 

subsequently applied to a second Ni-column (column volume 30 mL) that had been pre-equilibrated 

with 150 mL of buffer A. The flow-through was dialyzed for 3 h at 4 °C against 50 mM Tris/HCl, pH 8.0, 

containing 75 mM NaCl and 1 mM sodium dithionite. The solution was applied to an anion exchange 

column (Resource Q, 6 mL; GE Healthcare, Chalfont St. Giles, GBR), which was afterwards developed 

with a linear gradient of 0-0.5 M NaCl in 50 mM Tris/HCl, pH 8.0 (total volume 400 mL; flow rate 

4 mL/min). Brown-colored fractions were combined and dialyzed over night at 4 °C against 20 mM 

Tris/HCl, pH 8.0. The protein was concentrated to 8 mg/mL using an Amicon Ultra Centrifugal Filter 

Device with a nominal molecular weight limit (NMWL) of 10 kDa (Millipore, Billerica, USA) and was 

stored under anaerobic conditions at 4 °C. The protein concentration was determined by UV/Vis 

spectroscopy at 280 nm using the theoretical extinction coefficient ε = 23,840 M-1 cm-1. 

 

3.2.2.4 
13C NMR based activity assay 

Anaerobic reaction mixtures containing 100 mM Tris/HCl, pH 8.0 and components shown in Table 1 

in a total volume of 0.5 mL were incubated for 90 min at 37 °C. The reaction was stopped by heating 

the mixture to 100 °C. Samples were centrifuged at 10,000 x g for 10 min and 60 μL D2O were added. 

13C NMR spectra were recorded using a Bruker 500 MHz spectrometer with a total number of 

1000 scans. The resulting spectra were interpreted with MestReNova 8. 

 

 

 

 

 

 

 

 



MATERIALS AND METHODS 

28 

Table 1 Components used for in vitro activity assays. Lys: L-lysine, MV: methyl viologen, Na-DT: sodium 
dithionite, FldA: flavodoxin from E. coli, Fpr: flavodoxin reductase from E. coli. 

PylB  

[µM] 

13C6-Lys 

[mM] 

MV   

[mM] 

Na-DT 

[mM] 

FldA  

[µM] 

Fpr    

[µM] 

NADPH 

[mM] 

SAM 

[mM] 

Additive 

5 5 1 10 - - - - - 

5 5 1 10 - - - 0.001 - 

5 5 1 10 - - - 0.01 - 

5 5 1 10 - - - 0.1 - 

5 5 1 10 - - - 5 - 

5 5 1 10 - - - 10 - 

5 5 1 10 - - - 20 - 

5 5 - - - - - - - 

5 5 - - - - - 0.001 - 

5 5 - - - - - 0.01 - 

5 5 - - - - - 0.1 - 

5 5 - - - - - 5 - 

60 2 1 10 - - - 50 - 

5 3 - - - - - - E. coli lysate 

5 5 1 10 - - - 5 5 mM MgCl2 

5 5 - - 47 12 1 1 10 mM NaCl 

5 5 - - 47 12 1 1 10 mM MgCl2 

5 5 - - - - - - 10 mM CaCl2 

5 5 - - - - - - 10 mM KCl 

5 5 - - - - - - 10 mM NaSCN 

5 5 - - - - - - 10 mM MgCl2 

5 5 - - - - - - 10 mM NaCl 

5 5 - - - - - - 10 mM MnCl2 

5 5 - - - - - - 10 mM Na3PO4 

5 5 - - - - - - 10 mM NaNO3 

5 5 - - - - - - 10 mM Na2CO3 

5 5 - - - - - - 10 mM NH4Cl 

5 5 - - - - - - 10 mM LiCl 

5 5 - - - - - - 10 mM CoCl2 

 

3.2.2.5 Crystallization and structure determination 

Protein crystallization was carried out in a glove box under anaerobic atmosphere (forming gas 

atmosphere: 95 % N2, 5 % H2, pO2 < 1 ppm). For initial screens, standard buffer kits 1-6 from Qiagen 

were used. Crystals of PylB grew at 20 °C within five days to their final size of about 80 x 80 x 60 µm3 

by using the sitting drop vapor diffusion method. Drops comprised 1 µL of protein solution (8 mg/mL) 

and 1 µL of reservoir solution (100 mM Tris/HCl, pH 7.5, 200 mM MgCl2, and 25 % PEG 3350). Crystals 

were soaked for 30 s in a mixture of mother liquor and 50 % PEG 200 (1:1, v/v) and were subsequently 

flash frozen in liquid nitrogen. An anomalous diffraction dataset was collected using a Bruker CuKα in-

house rotating anode (resolution 2.0 Å). Data were processed using the PROTEUM program package 
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revealing that PylB crystallized in the trigonal space group P3221 with cell parameters of a = b = 77 Å 

and c = 105 Å. Crystal structure analysis was performed by the single-wavelength anomalous 

diffraction (SAD) method at λ = 1.5418 Å (Table 3 in the Appendix). SHELXD94 could locate four strong 

sites of the iron-sulfur cluster. Subsequent phasing with SHARP95 as well as solvent flattening with 

SOLOMON96 resulted in appropriate phases of about 2.5 Å resolution. The calculated electron density 

revealed well-defined secondary structure elements including defined side chains, thus allowing 

automated protein chain tracing and model building using ARP/wARP.97 Positional refinement with 

REFMAC598 further improved phases for completion of missing secondary structures and loop 

connections. The model was finalized in successive rounds using the interactive three-dimensional 

graphic program MAIN86 and isotropically refined with REFMAC5. Synchrotron datasets were 

recorded of a pre-irradiated crystal (1.5 Å resolution) as well as a new crystal (1.8 Å resolution) at the 

beamline X06SA (Pilatus 6M detector), Swiss Light Source (SLS, Villigen, SUI) at λ = 1.0 Å. Indexing, 

integration and scaling of the obtained data sets were performed with the XDS program package.89 

Both crystal structures were determined by molecular replacement using the coordinates that had 

been obtained by SAD. REFMAC5 was applied for rigid body, TLS (translation/libration/screw) and 

positional refinements. Ligands were built with SYBYL-X and the crystallographic information file was 

created with SKETCHER.99 Water molecules were attached by ARP/wARP Solvent100 and the quality of 

the stereochemistry was confirmed by the Ramachandran plot determined with the program 

PROCHECK (Table 3 in the Appendix).101 Graphical illustrations were drawn with the programs 

MOLSCRIPT,87 BOBSCRIPT,82 and PyMOL.88 Potential surfaces were calculated and rendered with 

GRASP.102 

 

3.2.3 Detailed methods for PylC 

3.2.3.1 Cloning 

The pylC gene (open reading frame Mbar_A0837) of M. barkeri was amplified by PCR using the primers 

PylCMb_for/PylCMb_rev and genomic DNA as template. The amplification product was digested with 

BamHI-HF and PstI-HF and was subsequently ligated into a pET28bSUMO vector, which had been 

treated with the same enzymes. The E. coli strain BL21(DE3) was transformed with the resulting 

plasmid pET28bSUMOpylCMb. Site-directed mutagenesis was performed by PCR using the overlap 

extension technique103 with the oligonucleotides mentioned above together with PylCMb_D31N_for/ 

PylCMb_D31N_rev for the D31N mutant and PylCMb_D31L_for/PylCMb_D31L_rev for the D31L 
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mutant. The amplificates were digested and ligated into the pET28bSUMO vector. The E. coli strain 

BL21(DE3) was transformed with the resulting plasmids pET28bSUMOpylCMbD31N and 

pET28bSUMOpylCMbD31L. 

 

3.2.3.2 Gene expression 

The recombinant E. coli strain was grown in flasks containing 0.5 L LB medium supplemented with the 

antibiotic kanamycin (50 mg/L). The culture was incubated at 37 °C under shaking to an OD600 of 0.7. 

IPTG was added to a final concentration of 0.75 mM and incubation was continued under shaking for 

4 h at 37 °C. Cells were harvested by centrifugation (5,000 x g, 1 h, and 20 °C), washed with 0.9 % 

(w/v) NaCl, and stored at -20 °C. 

 

3.2.3.3 Protein purification 

The bacterial cell mass (approximately 10 g) was thawed in 50 mL of 100 mM Tris/HCl, pH 8.0, 

containing 300 mM NaCl, 20 mM imidazole, 10 % glycerol, 5 mM MgCl2, and 50 μM ATP (buffer A). 

The cells were lysed using the cell disruption device. The resulting suspension was centrifuged at 

17,000 x g for 1 h at 4 °C. The supernatant was applied to a Ni-column (column volume 25 mL), which 

had been pre-equilibrated with buffer A (flow rate 3 mL/min). The column was washed with buffer A 

(200 mL) and developed with a linear gradient of 20-500 mM imidazole in buffer A (total volume 

220 mL). Fractions were combined and His6-SUMO protease (0.5 mg) was added. The solution was 

dialyzed over night at 4 °C against 100 mM Tris/HCl, pH 8.0, containing 300 mM NaCl, 10 % glycerol, 

5 mM MgCl2, and 50 μM ATP and was then applied to a second Ni-column (column volume 25 mL) 

that had been pre-equilibrated with 100 mL of buffer A. The flow-through was dialyzed over night at 

4 °C against 20 mM Tris/HCl, pH 8.0, containing 1 mM dithiothreitol (DTT) and 5 mM MgCl2. The 

protein was concentrated to 18 mg/mL and stored at 4 °C. The protein concentration was determined 

by UV/Vis spectroscopy at 280 nm using the theoretical extinction coefficient ε = 29,340 M-1 cm-1. 
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3.2.3.4 Selenomethionine labeling 

Selenomethionine (SeMet)-labeled protein was expressed in the same strain as described in 

chapter 3.2.3.1 using a protocol by van Duyne et al., 1993.104 A 300 mL pre-culture was used for a 

1:100 inoculation of 10 × 1 L of minimal medium M9, supplemented with 50 mg/L kanamycin, 

vitamins, and trace elements. Cells were grown to an OD600 of 0.7 at 37 °C. Subsequently, a mixture 

of 0.5 g/L SeMet (Calbiochem, San Diego, USA) including 1.0 g/L lysine, threonine, and phenylalanine 

as well as 0.5 g/L leucine, isoleucine, and valine was added. After 15 min, expression was induced with 

IPTG to a final concentration of 1 mM and incubated over night at 30 °C. Protein purification was 

performed as described in chapter 3.2.3.3. 

 

3.2.3.5 Synthesis of L-lysine-Nε-D-ornithine (3a) 

The substrate surrogate L-lysine-Nε-D-ornithine (3a) was provided by Philipp Beck, PhD student at the 

Chair of Biochemistry, Technische Universität München. For the synthesis a protocol by Cellitti et al., 

2011 was used.64 In short, Nε-benzyloxycarbonyl-L-lysine methyl ester hydrochloride (3a-1) was 

protected with tert-butyloxycarbonyl (Boc) to yield the fully orthogonal protected L-lysine derivative 

3a-2. Deprotection of the Nε amino group via hydrogenolysis of the benzyloxycarbonyl (Cbz) 

protecting group resulted in 3a-3, which could then be coupled to a di-Boc protected D-ornithine  

(3a-4) to yield 3a-5. Removal of the remaining protecting groups via successive treatment with 

trifluoroacetic acid and 1 N NH4OH gave L-lysine-Nε-D-ornithine (3a) (Figure 9). 1H NMR (500 MHz, 

D2O): δ 4.03-3.98 (t, J = 6.7 Hz, 1H), 3.78-3.73 (t, J = 5.9 Hz, 1H), 3.39-3.18 (m, 2H), 3.11-3.00 (m, 2H), 

1.98-1.92 (m, 2H), 1.91-1.84 (m, 2H), 1.81-1.68 (m, 2H), 1.64-1.55 (m, 2H), 1.50-1.28 (m, 1H). 13C NMR 

(63 MHz, D2O): δ 181.22, 176.45, 54.8, 54.3, 39.3, 38.9, 31.2, 30.5, 28.1, 23.4, 21.8. ESI-MS calculated 

for C11H24N4O3 [MH]+: 261.19; observed: 261.14. 
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Figure 9 Synthesis of L-lysine-Nε-D-ornithine (3a). 

 

3.2.3.6 Crystallization and structure determination 

For initial screens, standard buffer kits 1-10 from Qiagen were used. Crystals of PylC grew at 20 °C 

within five days to their final size of about 40 × 40 × 500 μm³ using the sitting drop vapor diffusion 

method. The protein solution (18 mg/mL) contained adenine nucleotides (10 mM ATP or 10 mM  

5′-adenylyl-β-γ-imidodiphosphate (AMP-PNP)) and L-lysine (50 mM), D-ornithine (50 mM), or 

synthesized L-lysine-Nε-D-ornithine (5 mM). Drops comprised equal volumes of protein solution and 

reservoir solution (100 mM MES, pH 6.5, containing 200 mM MgCl2 and 25 % PEG 4000). Crystals were 

soaked for 30 s in a mixture of mother liquor and 50 % glycerol (1:1, v/v) and were subsequently flash 

frozen in liquid nitrogen. Datasets were recorded using synchrotron radiation (λ = 1.0 Å) at the 

beamline X06SA, SLS and data were processed with XDS.89 The space group of PylC was P43212 

(tetragonal) with unit cell dimensions of a = b = 61 Å and c = 172 Å. Phase determination was 

performed by crystal structure analysis of a PylC:SeMet derivative using the multi-wavelength 

anomalous diffraction (MAD) method. MAD data were collected at the selenium absorption peak 

(λ = 0.97961 Å) to 2.0 Å resolution. Seven selenium sites were localized using SHELXD.94 Subsequent 

phasing with SHARP95 and solvent flattening with SOLOMON96 resulted in an interpretable electron 

density map, which was traced with ARP/wARP.97 The model was completed with MAIN86 and rigid 

body, TLS and positional refinements with REFMAC5,98 combined with non-crystallographic symmetry 
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(NCS) averaging of the electron density maps. PylC complex structures were determined by molecular 

replacement using the coordinates that had been obtained by MAD. Model building was performed 

with Coot.84 Rigid body, TLS and positional refinements with REFMAC5 as well as NCS averaging of the 

electron density maps of identical subunits resulted in the final models. Ligands were built with SYBYL-

X and the crystallographic information file was created with SKETCHER.99 Water molecules were 

attached by ARP/wARP Solvent100 and the quality of the stereochemistry was confirmed by the 

Ramachandran plot determined with the program PROCHECK (Table 4 and Table 5 in the Appendix).101 

Graphical illustrations were drawn with the programs MOLSCRIPT,87 BOBSCRIPT,82 and PyMOL.88 

 

3.2.4 Detailed methods for PylD 

3.2.4.1 Cloning 

The pylD gene (open reading frame Mbar_A0835) from M. barkeri was amplified by PCR using the 

primers PylDMb_for/PylDMb_rev and genomic DNA as template. The amplification product was 

digested with BamHI-HF and PstI-HF and subsequently ligated into the pET28bSUMO vector. The 

E. coli strain BL21(DE3) was transformed with the resulting plasmid pET28bSUMOpylDMb. Site-

directed mutagenesis was performed by PCR using the primers PylDMb_L4A_for and PylDMb_rev. 

The amplificate was digested and ligated into the pET28bSUMO vector. The E. coli strain BL21(DE3) 

was transformed with the resulting plasmid pET28bSUMOpylDMbL4A. 

 

3.2.4.2 Gene expression 

The recombinant E. coli strain was grown in flasks containing 0.5 L LB medium supplemented with the 

antibiotic kanamycin (50 mg/L). The culture was incubated at 37 °C under shaking to an OD600 of 0.7. 

IPTG was added to a final concentration of 0.75 mM and incubation was continued under shaking for 

4 h at 37 °C. Cells were harvested by centrifugation (5,000 x g, 1 h, and 20 °C), washed with 0.9 % 

(w/v) NaCl and stored at -20 °C. 
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3.2.4.3 Protein purification 

The bacterial cell mass (7.5-8.5 g) was thawed in 37.5-43 mL of 100 mM Tris/HCl, pH 8.0, containing 

300 mM NaCl, 20 mM imidazole, 10 % glycerol, 5 mM MgCl2, and 50 μM NAD+ (buffer A). The cells 

were lysed using the cell disruption device. The resulting suspension was centrifuged at 17,000 x g for 

30 min at 4 °C. The supernatant was applied to a Ni-column (column volume 25 mL), which had been 

pre-equilibrated with buffer A (flow rate 3 mL/min). The column was washed with buffer A (200 mL) 

and subsequently developed with a linear gradient of 20-500 mM imidazole in buffer A (total volume 

220 mL). Fractions were combined and His6-SUMO protease (0.5 mg) was added. The solution was 

dialyzed over night at 4 °C against 100 mM Tris/HCl, pH 8.0, containing 300 mM NaCl, 10 % glycerol, 

5 mM MgCl2, and 50 μM NAD+ and applied to a second Ni-column (column volume 25 mL) that has 

been pre-equilibrated with 100 mL of buffer A. The flow-through was dialyzed over night at 4 °C 

against 20 mM Tris/HCl, pH 8.0, containing 1 mM DTT, 5 mM MgCl2 and 50 µM NAD+ (for 

cocrystallization with NAD+) or in the absence of NAD+ (for cocrystallization with NADH). The protein 

was concentrated to approximately 20 mg/mL using a 10 kDa NMWL Amicon Ultra Centrifugal Filter 

Device and stored at -80 °C. The protein concentration was determined by UV/Vis spectroscopy at 

280 nm using the theoretical extinction coefficient ε = 14,900 M-1 cm-1. The production of SeMet-

labeled protein was performed as described in chapter 3.2.3.4. 

 

3.2.4.4 Synthesis of PylD substrates 

All substrates were synthesized by Philipp Beck with standard liquid phase chemistry under nitrogen 

atmosphere. All commercially available chemicals were used as received without further purification. 

1H- and 13C-NMR spectra were recorded in the indicated solvent at ambient temperature unless 

otherwise mentioned. Chemical shifts are reported relevant to solvent residue signals as internal 

standard. Final substrate concentrations for kinetic evaluation were determined by NMR with  

3-(trimethylsilyl)-2,2',3,3'-tetradeuteropropionic acid (TMSP-d4) as an internal standard. 

 

 

 



MATERIALS AND METHODS 

35 

Synthesis of L-lysine-Nε-3R-methyl-D-ornithine (3) and L-Lysine-Nε-3S-methyl-L-ornithine (3b) 

The syntheses of 3 and 3b were performed by combining routes described by Belokon et al., 1998,105 

Hao et al., 2004,39 and Cellitti et al., 201164 (Figure 10 for the synthesis of 3b) and proceeded in an 

analogous fashion with exception of the starting material, where D- or L-proline are employed for 3 or 

3b, respectively. For 3b, synthesis started with L-proline that is protected with benzylchloride to give 

3b-1, which is treated with SOCl2 and 2-aminobenzophenone to yield the ligand 3b-2. Complexation 

of Ni with 3b-2 and glycine in the presence of KOH provided the deep red Ni-complex 3b-3. Treatment 

with crotonaldehyde and DBU as the base gave the Michael-adduct 3b-4. Next, reductive amination 

with NaBH(OAc)3 and 2,4,6-trimethoxybenzylamine in dichloroethane yielded the Ni-complex with 

(2S,3S)-3-methyl-Orn(TMOBn) 3b-5 that was subsequently treated with benzyl chloroformate for Cbz 

protection of the secondary amine (3b-6). Addition of HCl to a MeOH solution of 3b-6 decomposed 

the Ni-complex and provided 3b-7 after purification via HPLC. Boc-protection and coupling to Boc-L-

Lys-OMe provided the isopeptide 3b-9 that was successively deprotected with H2/Pd/C, NH4OH, and 

TFA. In a final step, the 3b-TFA salt was treated with Amberlyst A21 resin to provide the free base of 

3b. 1H NMR (500 MHz, D2O) δ 4.02 (t, J = 6.4, 1H), 3.84 (d, J = 5.8, 1H), 3.36-3.19 (m, 2H), 3.19-3.09 

(m, 1H), 3.04-2.95 (m, 1H), 2.19-2.10 (m, 1H), 1.96-1.81 (m, 3H), 1.64-1.53 (m, 3H), 1.50-1.34 (m, 2H), 

1.04 (d, J = 6.9, 3H). 13C NMR (126 MHz, D2O) δ 71.99, 168.04, 57.46, 52.73, 39.02, 37.18, 32.32, 30.14, 

29.13, 27.81, 21.31, 13.88. ESI-MS calculated for C13H29N4O3 [MH]+: 289.22; observed: 289.30. 

Synthesis of 3 proceeded analogous to 3b with the exception that D-proline was used as the starting 

material. 3 is spectroscopically identical to 3a. ESI-MS calculated for C13H29N4O3 [MH]+: 289.22; 

observed: 289.29. 
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Figure 10 Synthesis of 3b starting from L-proline. The synthetic procedure for 3 was similar except for employing  
D-proline as the starting material. 
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Synthesis of L-lysine-Nε-D-lysine (3c) 

Orthogonally protected Boc-L-Lys-OMe (Bachem, Bubendorf, SUI) was coupled to (Boc)-D-Lys(Boc)-OH 

(Sigma-Aldrich, Steinheim, GER) in dry CH2Cl2 with HATU for 20 min in the presence of DIPEA at 0 °C. 

The reaction mixture was subjected to purification via flash column chromatography and the resulting 

isopeptide was subsequently deprotected by successive treatment with concentrated NH4OH and 

TFA. Stirring with Amberlyst A-21 ion exchange resin for 20 min yielded 3c as the free base. 1H NMR 

(500 MHz, D2O) δ 4.02 (t, J = 6.5 Hz, 1H), 3.92 (t, J = 4.0 Hz, 2H), 3.33-3.18 (m, 2H), 3.05-2.95 (m, 3H), 

2.02-1.81 (m, 5H), 1.80-1.65 (m, 3H), 1.58 (p, J = 7.3 Hz, 1H), 1.50-1.32 (m, 10H). ESI-MS calculated for 

C12H27N4O3 [MH]+: 275.21; observed: 275.17. 

Synthesis of L-lysine-Nε-L-lysine (3d) 

Synthesis proceeded according to 3c except for employing Boc-L-Lys(Boc)-OH for the isopeptide 

coupling reaction. 1H NMR (500 MHz, D2O) δ 3.64 (t, J = 6.6 Hz, 1H), 3.50 (t, J = 6.7 Hz, 1H), 3.24-3.12 

(m, 2H), 2.98-2.90 (m, 2H), 1.75-1.59 (m, 6H), 1.56-1.46 (m, 2H), 1.40-1.26 (m, 4H). ESI-MS calculated 

for C12H27N4O3 [MH]+: 275.21; observed: 275.19. 

Synthesis of L-ornithine-Nδ-D-ornithine (3e) 

Synthesis proceeded according to 3c except for employing Boc-L-Orn-OMe and Boc-D-Orn(Boc)-OH for 

the isopeptide coupling reaction. 1H NMR (500 MHz, D2O) δ 3.98 (t, J = 6.7 Hz, 1H), 3.86-3.74 (m, 1H), 

3.40-3.23 (m, 2H), 3.03 (dd, J = 8.5, 6.8 Hz, 2H), 2.00-1.81 (m, 4H), 1.81-1.53 (m, 4H). ESI-MS calculated 

for C10H23N4O3 [MH]+: 247.18; observed: 247.15. 

Synthesis of L-ornithine-Nδ-D-lysine (3f) 

1H NMR (360 MHz, D2O) δ 3.94 (t, J = 6.7 Hz, 1H), 3.85 (t, J = 6.0 Hz, 1H), 3.30 (t, J = 6.8 Hz, 2H), 3.00 

(t, J = 7.7 Hz, 2H), 1.96-1.82 (m, 4H), 1.78-1.52 (m, 4H), 1.49-1.35 (m, 2H). ESI-MS calculated for 

C11H24N4O3 [MH]+: 261.19; observed: 261.14. 

 

 

 

 

 



MATERIALS AND METHODS 

38 

3.2.4.5 Enzyme activity assays 

Assay mixtures contained 100 mM Tris/HCl, pH 8.5, 50 µM PylD, 10 mM NAD+ and various substrate 

concentrations from 0 to 14 mM in a total volume of 200 µL. The reaction was monitored 

photometrically at 340 nm over 20 min in a 1 cm cuvette at 37 °C. Each assay was performed in 

triplicate. The maximal observed catalytic rate for each reaction was plotted against the respective 

substrate concentration. Km and kcat values as well as standard errors of the mean (SEM) were 

determined using the software GraphPad Prism (V. 5.00). 

 

3.2.4.6 Crystallization and structure determination 

For initial screens, standard buffer kits 1-10 from Qiagen were used. Crystals of PylD grew at 20 °C 

within two weeks to their final size of about 500 × 80 × 20 μm³ using the sitting drop vapor diffusion 

method. For the PylD:holo structure, the protein solution contained 2 mM NAD+, whereas the PylD 

crystals in complex with 3a grew in the presence of 100 mM NADH and 2 mM 3a. All other complex 

structures were obtained by cocrystallization of PylD with 2 mM NAD+ and 4 mM 3, 3a, 3b, 3c, 3d, 3e, 

or 3f. Drops comprised equal volumes of protein and reservoir solutions (100 mM Tris/HCl, pH 8.5, 

27 % PEG 3350 and 0.2 mM NaCl for PylD:holo and 100 mM Tris/HCl, pH 8.5, 27 % PEG 3350 and 

0.2 mM (NH4)2SO4 for all other structures). Crystals were soaked for 1 min in a mixture of mother 

liquor and 50 % glycerol (1:1, v/v) and subsequently flash frozen in liquid nitrogen. An anomalous 

dataset of SeMet-labeled PylD:holo was recorded at the peak wavelength of selenium (λ = 0.9798 Å), 

whereas native datasets were recorded using synchrotron radiation at λ = 1.0 Å at the beamline 

X06SA, SLS. X-ray intensities were evaluated with XDS.89 The space group of SeMet-PylD:holo was 

C2221 (orthorhombic) with unit cell dimensions of a = 79.7 Å, b = 155.4 Å, and c = 39.6 Å. Phase 

determination was performed by the SAD method to 2.6 Å resolution. Ten selenium sites were 

localized using SHELXD.94 Subsequent phasing with SHARP95 and solvent flattening with SOLOMON96 

resulted in an interpretable electron density map, which was traced with ARP/wARP.97 The model was 

completed with MAIN86 and rigid body, TLS and positional refinements with REFMAC5,98 combined 

with NCS averaging of the electron density maps. Crystals obtained for the PylD substrate and product 

complexes possessed different space groups (C2221 and P21212, orthorhombic) and cell parameters. 

Thus, structure elucidation was carried out by Patterson search calculations using PHASER106 for each 

data set. The coordinates obtained for the PylD:SeMet structure served as the starting point. Model 

building was performed with Coot.84 Rigid body, TLS and positional refinements with REFMAC5 as well 
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as NCS averaging of the electron density maps of identical subunits resulted in the final models. 

Ligands were built with SYBYL-X and the crystallographic information file was created with 

SKETCHER.99 Water molecules were attached by ARP/wARP Solvent100 and the quality of the 

stereochemistry was confirmed by the Ramachandran plot determined with the program PROCHECK 

(Table 6 and Table 7 in the Appendix).101 Graphical illustrations were drawn with the programs 

MOLSCRIPT,87 BOBSCRIPT,82 and PyMOL.88 
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4. Results and Discussion 

4.1 The methylornithine synthase PylB 

4.1.1 Cloning and expression 

Genomic DNA from M. acetivorans, M. barkeri strain Fusaro, and M. mazei was isolated and truncated 

versions of the pylB gene for N- and C-terminally shortened transcripts (MA_0154 for M. acetivorans 

(amino acids 6-348), Mbar_A0838 for M. barkeri (amino acids 6-348), and MM_1444 for M. mazei 

(amino acids 6-347)) were amplified using PCR. The altered genes were then digested with the 

respective restriction enzymes and ligated into a modified pQE30 vector, including a nucleotide 

sequence coding for an N-terminal His6-tag, and a modified pET-28b(+) vector, including a nucleotide 

sequence for an N-terminal His6-tag, followed by a small ubiquitin-related modifier (SUMO) sequence 

(Smt3 from S. cerevisiae) and a SUMO cleavage site (pET28bSUMO). The SUMO-tag was shown to 

enhance the expression of soluble protein107 and the possibility to remove the purification-tag is 

beneficial to obtain the native, more rigid protein for crystallization. E. coli strains XL1-Blue, 

BL21(DE3), BL21(DE3)pLysS, M15[pREP4], and SoluBL21 were cotransformed with the plasmids 

mentioned above and a pACYC184 vector, containing a segment of the E. coli isc operon comprising 

the iscS, iscU, iscA, hscB, hscA, and fdx genes for the in vivo assembly of iron-sulfur clusters.81 

Expression tests of the resulting clones at various temperatures (20 °C, 25 °C, 30 °C, and 37 °C) 

revealed that only SoluBL21 strains bearing the pET28bSUMO construct with pylB from M. barkeri 

(pET28bSUMOpylBMb) resulted in soluble expression at 25 °C (Figure 11). Therefore, only SoluBL21 

strains comprising pET28bSUMOpylBMb were used for large-scale cell culturing (18 L). 
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Figure 11 Coomassie-stained 15 % SDS-PAGE gels. a) Expression tests of E. coli SoluBL21 strains, bearing 
pET28bSUMO vectors with the respective pylB gene and a pACYC184iscSfdx vector, for recombinant expression 
of PylB from M. acetivorans (Ma1-Ma3), M. mazei (Mm1-Mm3), and M. barkeri (Mb1-Mb3) as SUMO fusion 
protein. Tests were carried out for three individual clones, each and the cell culture supernatants were applied 
to the gel. The red arrow indicates soluble expression only for M. barkeri (Mb1-Mb3). b) Enriched PylB fusion 
protein by Ni-affinity chromatography (Ni-NTA spin columns), highlighted by a red arrow. M, protein standard 
(in kDa); E, eluate. 

 
 

4.1.2 Purification 

Purification of PylB was carried out under anaerobic conditions. As a first step, the recombinant fusion 

protein was separated by Ni-affinity chromatography and subsequently digested with SUMO protease 

(Ulp1 from S. cerevisiae). SUMO-tag and SUMO protease, both comprising a His6-sequence, were 

removed by applying the solution on a second Ni-column. As shown in Figure 12a, the purification 

steps provided PylB in a purity of approximately 80 %. Therefore, the solution was further applied to 

an anion exchange column (Resource Q, Figure 12b). The prominent protein band > 43 kDa could be 

removed (lane 5 in Figure 12c) and tryptic digestion combined with mass spectrometry analysis later 

identified it as GroEL from E. coli. The purified PylB protein (calculated molecular weight: 39.3 kDa) 

exhibited a brown color and had a characteristic absorption spectrum with a shoulder at 400 nm, 

resulting from the presence of an iron-sulfur cluster. The protein was concentrated to 8 mg/mL as 

determined by UV/Vis spectroscopy at 280 nm using the theoretical extinction coefficient 

ε = 23,840 M-1 cm-1. 

 

 

 

 

 
 

 

a)                                                                                                            b) 
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Figure 12 a) Coomassie-stained 15 % SDS-PAGE gel showing enriched PylB protein by Ni-affinity 
chromatography, indicated by a red arrow. The protein was treated with SUMO protease to cleave off the His6-
SUMO-tag prior to application on the second Ni-column. b) Purification of PylB by anion exchange 
chromatography. Proteins were eluted with a linear NaCl gradient to 500 mM. c) Fractions from anion exchange 
chromatography (1-5). PylB is indicated by a red arrow, GroEL with a blue arrow. Fractions used for 
crystallization experiments are highlighted with a red frame. M, protein standard (in kDa); E, eluate. 

 

4.1.3 Crystallization and structure determination 

Crystallization approaches were conducted under anaerobic conditions with freshly purified protein 

(fractions 2-4 in Figure 12). For initial screens, standard buffer kits 1-6 from Qiagen were used. 1 µL 

of the protein (in 20 mM Tris/HCl, pH 8.0) was mixed with 1 µL of buffer solution and incubated at 

20 °C by using the sitting drop vapor diffusion method. Crystals appeared within five days in a buffer 

containing 100 mM Tris/HCl, pH 7.5, 200 mM MgCl2, and 25 % PEG 3350 (Figure 13). 

 

 

Figure 13 Crystals of PylB from sitting drop crystallization trials. The brown color of the crystals indicates an 
intact iron-sulfur cluster. 

a)                     b)                                                                               c) 
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Crystals were suitable for data collection and the crystal structure of PylB was solved at a maximum 

resolution of 1.5 Å by using the SAD method for phase calculation. PylB crystallized in the trigonal 

space group P3221 with cell dimension a = b = 77 Å and c = 105 Å with one molecule in the asymmetric 

unit. 

 

4.1.4 Structure analysis 

4.1.4.1 Overall structure 

The crystal structure of PylB shows 337 well-defined amino acid residues; six amino acids at the  

N-terminus are structurally flexible and therefore afforded no interpretable electron density. The 

protein folds into a single domain with a (β/α)8-barrel fold (residues 57-335) as seen for members of 

the TIM barrel superfamily.108 In addition, the structure comprises three additional helices at the  

N-terminus, denoted as HA, HB, and HC, as well as a C-terminal helix (HE) (Figure 14).  

 

 

Figure 14 a) Ribbon plot of PylB in complex with 3R-methyl-D-ornithine (2, green) and SAM (gray). Iron and 
sulfur atoms of the [4Fe-4S] cluster are depicted as orange and yellow spheres, respectively. b) Folding topology 
of PylB. Conserved amino acid residues in contact with the reaction product are shown in green, conserved 
amino acid residues contacting SAM are shown in gray and amino acids chelating the iron-sulfur cluster are 
shown in yellow.  

 

 

a)                                                                                                  b) 
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A cavity at the C-terminal pole of PylB, which comprises a [4Fe-4S] iron-sulfur cluster, SAM, and the 

enzyme product 3R-methyl-D-ornithine (2), is enclosed by loops connecting β-sheet 1 (S1) and  

α-helix 1 (H1), S6 and H6, as well as S8 and H8 and is therefore sealed from the bulk solvent. A DALI 

search109 revealed highest similarity of PylB to the [FeFe]-hydrogenase maturase HydE from 

Thermotoga maritima (PDB code 3CIW, Z score 38.6, root-mean-square deviation (RMSD) 1.3 Å)110 

and the biotin synthase BioB from E. coli (PDB code 1R30, Z-score 31.6, RMSD 1.8 Å).111 Structural 

superposition of PylB, HydE, and BioB shows close similarity except for HE of PylB that has no 

equivalent in the other enzymes. 

 

4.1.4.2 Active site 

The loop connecting S1 and H1 contains a C71-X3-C75-X2-C78 motif that is a characteristic feature of 

radical SAM enzymes.112 The cysteines, which are strictly conserved in all PylB orthologs, coordinate 

a [4Fe-4S] cluster. The apical iron of the cluster points into the active site cavity and is coordinated by 

the carboxy and amino groups of SAM. Interestingly, the electron density map clearly displays that 

also a diastereomer of the coenzyme is bound to PylB (Figure 15a). Whereas the biosynthetic SAM 

represents the major component, the R-component regarding the chiral sulfonium moiety occurs in 

lower occupancy. This reflects observations made on the structure of the PylB paralog HemN (PDB 

code 1OLT).113 On the other hand, the structure of HydE (PDB code 3IIZ),114 which differs from the 

PylB structure by a RMSD of 1.3 Å, shows only the S-epimer of adenosylmethionine. The appearance 

of the R-epimer is not the result of radiation damage, since data sets measured with short acquisition 

times (2 min) with and without X-ray pre-irradiation of the crystals showed no differences regarding 

the coenzyme. More likely, it was formed by spontaneous epimerization as already observed in 

solution with a half-life in the range of days at ambient temperature.115,116 Remarkably, the PylB 

reaction product 2 was certainly visible in the electron density map at high occupancy. This is 

surprising, since neither L-lysine (1) or 2 nor SAM had been added to the buffers used for purification 

or crystallization. In fact, 1 and SAM must have bound to PylB in vivo, resulting in the conversion to 

2, which is not a naturally occurring metabolite of E coli. These results demonstrate that PylB was 

active in vivo, whereas no in vitro turnover of 1 could be detected by NMR spectroscopic assays 

(Figure 39 in the Appendix). 
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Figure 15 a) 2Fo-Fc electron density map for the active site of PylB, contoured at 1.0σ (blue mesh). Putative 
trajectories for electron transfer (short-dashed purple line, upper right) and H-atom transfer (long-dashed 
purple line, lower left) for the reverse reaction are indicated. b) Potential surface representation of the active 
site (red, electronegative; gray, electroneutral; blue, electropositive; -30 kT/e to +30 kT/e), viewed from the  
C-terminal pole of the β-barrel. The active site ligands 2, SAM, and the [4Fe-4S] cluster are illustrated as sticks.  

 
 

The product 2 is engaged in a complex network of H-bonds and hydrophobic interactions in close 

proximity to SAM. Specifically, the δ-amino group is H-bonded to Asp112Oε, Ser146Oγ, and Tyr169Oη. 

The carboxy group is coordinated by Ser277Oγ, Thr298γ, and the guanidino group of Arg235, which 

interacts with both oxygen atoms. The α-amino group is H-bonded to Asp279δ and Ser299Oγ. The 

methyl group of 2 binds to a hydrophobic patch formed by Val310 and Met237. The amino acid 

residues in contact with the reaction product are strictly conserved among all PylB orthologs 

(Figure 40 in the Appendix). SAM is located between 2 and the iron-sulfur cluster in a well-defined 

pocket (Figure 15b). It is coordinated by H-bonds, mainly to the backbone of the loops connecting 

S1/H1, S6/H6, and S8/H8 as well as hydrophobic interactions. Both hydroxyl groups of the ribose 

moiety are H-bonded to the carboxylate group of Glu171 and the 3’-hydroxyl group is additionally  

H-bonded to the side chain of Arg182. The carboxylic group and the amino group of the methionine 

moiety coordinate the apical iron ion of the iron sulfur cluster (Figure 16). 

 

a)                                                                               b) 
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Figure 16 Amino acid residues in contact with a) SAM (black) and b) 2 (green) inside the PylB active site. 
Distances of the interactions are given in Å. Hydrophobic interactions are indicated by orange curves. 

 
 

The rigidity of the TIM barrel structure allowed modeling of the PylB substrate 1 into the active site 

cavity (Figure 17). Free energy minimization of different conformations with simultaneous locking of 

the protein side chains resulted in an orientation of 1 as shown in Figure 17b. The ε-amino group of 

lysine is located close to the position of the δ-amino group of 2. The carboxy and α-amino group of 

the modeled 1 are rotated by comparison to the product and get stabilized by a set of enclosed water 

molecules. Importantly, the C-4 methylene group of 1 adopts a position that is similar to the methyl 

group of 2. The distance of the respective carbon atoms from the 5’-group of the adenosine moiety 
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is about 4.5 Å (1) and 4.6 Å (2), which is in line with other radical SAM enzymes.111,117,118 However, the 

conformation of modeled 1 still needs experimental confirmation. 

 

 

Figure 17 a) Connolly surface representation of PylB. The active site cavity contains 2 (green), SAM (gray), the 
[4Fe-4S] cluster (gray), and water molecules (red spheres). b) Superposition of 2 (green) with modeled 1 
(yellow). Amino acids in contact with 1 via indirect H-bonds are shown as gray sticks. 

 

4.1.4.3 Enzyme catalysis 

Based on the experimental product structure and the modeled substrate it is possible to discuss the 

reaction trajectory of PylB (Figure 18). There are numerous examples for the catalysis of reactions by 

iron-sulfur SAM enzymes. It is firmly established that these reactions are initiated by the transfer of 

an electron from or via the iron sulfur cluster to the sulfonium part of SAM. The resulting radical 

undergoes fragmentation under formation of methionine and a 5’-deoxyadenosyl radical.119 C-4 of 1 

is located in close proximity (about 4.5 Å in the modeled structure) of the 5’-position at the ribose 

moiety of SAM. This is in line with distances between the adenosyl radicals and the reactants observed 

in other members of the iron sulfur SAM protein superfamily.111,117,118 Hence, the 5’-deoxyadenosyl 

radical can abstract a hydrogen atom from this position, resulting in the formation of  

5’-deoxyadenosine and a 4-lysyl radical (1•). The skeletal rearrangement to 2 with inversion of 

configuration could proceed via a fragmentation-recombination sequence of 1• involving the 

formation of a glycyl radical and 4-aminobutene, similar to the reaction mechanism of the coenzyme 

a)                                                                                b) 
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B12-dependent glutamate mutase.120-123 Glycyl radicals are easily destructed in the presence of 

oxygen, resulting in a cleavage of the polypeptide chain in proximity to the radical.124 This implies that 

the anaerobic character of PylB is not only due to the iron-sulfur cluster, but is also required for the 

stability of the radical. However, the unpaired electron at the Cα position of the glycyl radical is well 

stabilized between the amino group (electron donor) and the carboxy group (electron acceptor) by 

the so-called captodative effect.125 The last reaction step includes the regeneration of  

5’-deoxyadenosine, which either acts as a radical starter for a new substrate molecule or recombines 

with methionine, coordinated to the iron-sulfur cluster, to regenerate SAM.126 Since the PylB crystal 

structure revealed SAM inside the active site cavity, it is likely that the cofactor was regenerated after 

catalysis implying that the PylB reaction is reversible. However, the electron density map does not 

show any indication of 1 that might have been formed through the reverse reaction. 

 

 

Figure 18 Hypothetical reaction mechanism of PylB. 
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As with other TIM barrel enzymes, product release from the enzyme could occur via the C-terminal 

pole of the β-barrel, involving a reorientation of the loops that cover the active site.127 However, the 

crystal structure showed that 2 remained tightly bound in the active site of PylB. In line with this, in 

vitro studies with a large variety of metal salts, reducing agents/systems, or E. coli lysate as 

supplement did not result in any detectable turnover. This indicates that PylB might be a single-

turnover or suicide protein at least in the absence of any activating components or the subsequent 

enzymes PylC and PylD of the pyrrolysine biosynthetic pathway. 
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4.2 The lysine-methylornithine ligase PylC 

4.2.1 Protein preparation and crystallization 

Since the PylB experiments were conducted with protein from M. barkeri, the same organism was 

used for the PCR amplification of the pylC gene (Mbar_A0837). The PCR product was digested and 

ligated into the pET28SUMO vector and the E. coli expression strain BL21(DE3) was transformed with 

the resulting plasmid. Recombinant PylC protein was purified by Ni-affinity chromatography and, after 

removal of the SUMO fusion-tag, concentrated to 18 mg/mL as determined by UV/Vis spectroscopy 

at 280 nm using the theoretical extinction coefficient ε = 29,340 M-1 cm-1. For initial crystallization 

screens, standard buffer kits 1-10 from Qiagen were used. 0.2 µL of the protein (in 20 mM Tris/HCl, 

pH 8.0, containing 1 mM DTT and 5 mM MgCl2) were mixed with 0.2 µL of buffer solution and 

incubated at 20 °C by using the sitting drop vapor diffusion method. Crystals grew within five days in 

a buffer of 100 mM MES, pH 6.5 containing 200 mM MgCl2, and 25 % PEG 4000. The size of PylC 

crystals was increased by using 1 µL of the protein and 1 µL of the buffer solution (Figure 19).  

 

 

Figure 19 Crystals of PylC from sitting drop crystallization trials. 

 

PylC crystallized in the tetragonal space group P43212 with cell dimensions of a = b = 61 Å and c = 172 Å 

with one molecule in the asymmetric unit and diffracted to a maximum resolution of 1.5 Å. Starting 

phases for structure elucidation were obtained by the MAD method using a SeMet derivative of PylC. 

Complex structures were obtained by cocrystallization of the protein with adenine nucleotides 

(10 mM) and its substrates 1 (50 mM) and/or D-ornithine (50 mM, 2a). Additionally, also synthesized 

L-lysine-Nε-D-ornithine (5 mM, 3a) was used as a ligand. 
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4.2.2 Structure analysis 

4.2.2.1 Overall structure and active site 

PylC (calculated molecular weight: 40.9 kDa) is composed of three domains (Figure 20), denoted as 

D1 (amino acids 1-92), D2 (93-279), and D3 (280-363) and the overall structure is most related to 

biotin carboxylase from Campylobacter jejuni (PDB code 3OUZ, DALI search109 Z-score: 30.4, RMSD 

3.6 Å, unpublished data). Except for four amino acids in a loop of the D2 domain (150-153) and four 

amino acids of the linking sequence between D2 and D3 (276-279), all residues are well defined in the 

electron density map. Each domain comprises a four- or five-stranded β-sheet that is flanked by one 

or two helices. Surprisingly, the D1 domain shows a binding pocket for ATP that has not been observed 

in any homologous structure determined up to now. The adenosine moiety is coordinated by Lys10Nζ, 

Asp31Oδ, Asp49Oδ, and Glu72NH, which are all conserved among PylC orthologs (Figure 41 in the 

Appendix), and a network of indirect H-bonds via water molecules (Figure 23b). However, the whole 

phosphate moiety of ATP is not stabilized by either protein side chains or magnesium ions. The 

increased crystallographic temperature factors and the low occupancy of the γ-phosphate in all crystal 

structures may be due to partial hydrolysis of ATP to adenosine diphosphate (ADP), thus in agreement 

with recent observations that purified PylC showed ATP-binding and conversion even in the absence 

of pathway-specific activity.64 The D1 ATP-binding domain seems unique for PylC and does not 

represent a classical motif of ATP-grasp enzymes as shown by the structural superposition of D1 with 

the corresponding N-terminal domain of biotin carboxylase from Pseudomonas aeruginosa (PDB code 

2C00),128 in which the helical turn (comprising residues 55-63) covers the possible adenine binding 

pocket (Figure 21a). 
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Figure 20 Overall structure of PylC. The active site contains 3a (carbon atoms of the lysine and ornithine moiety 
are colored in yellow and green, respectively), two ADP molecules (gray), and inorganic phosphate (Pi, magenta), 
depicted as sticks. Magnesium ions are shown as black spheres. a) Ribbon plot of PylC. The domains are depicted 
in green (D1), blue (D2), cyan (SD2), and orange (D3). The T-loop is colored in red. b) Surface representation of 
a). 

 

 

 

Figure 21 a) Structural superposition of the D1 domain of PylC (green) and the corresponding N-terminal domain 
of biotin carboxylase from P. aeruginosa (BC, gray, PDB code 2C00).128 The red arrow indicates that ATP can only 
bind in the PylC structure due to sterical reasons. b) Structural superposition of the D2 domain of PylC (blue) 
and the corresponding central domains of D-alanine-D-alanine ligase from Thermus thermophilus (Ddl, dark gray, 
PDB code 2ZDH, unpublished data) and biotin carboxylase from C. jejuni (gray, PDB code 3OUZ, unpublished 
data). In contrast to Ddl and BC, the T-loop of PylC, shown in red, is not structurally constrained (red arrow) and 
thus is able to perform simple structural rearrangements without causing major domain movements. 

a)                                                               b) 

a)                                                                                       b) 
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Parts of D1 are structurally similar to oxygenase-coupled NAD(P)H-dependent ferredoxin reductases 

(ONFRs; best hit: ferredoxin reductase from Pseudomonas sp. KKS102 (BphA4; PDB code 1F3P, Z-score 

5.0; RMSD 2.7 Å)).129 Interestingly, this enzyme class shows an NAD binding site in which the adenosine 

moiety of NADH adopts the same position as in the adenosine part of ATP bound to the D1 domain of 

PylC (Figure 22a). Together with PylC, ONFRs show two structurally conserved loops that are involved 

in the coordination of the adenosine moiety.129 The loop connecting β-sheet 1 (S1) and α-helix 1 (H1), 

designated as loop 1 (colored yellow in Figure 22), displays a conserved G-X-G-X2-G motif in ONFRs 

(Figure 22b) to be either K-X-G-X2-G or G-X-G-X2-G in PylC orthologs (Figure 22c). Although this loop is 

not directly involved in the coordination of the nucleotide in PylC, it is an important part for the 

structural integrity of the Rossmann fold. A second loop, connecting S2 and H2 (loop 2, colored red in 

Figure 22), interacts with ADP/ATP via direct and indirect H-bonds. An acidic amino acid residue 

(Asp31 in PylC, Glu174 in BphA4) anchors the coenzyme by H-bonds with both hydroxyl groups of the 

ribose moiety. The functional role of the nucleotide bound to D1 was further investigated by 

mutagenesis. Two mutants, D31L and D31N, were designed to abolish ATP-binding. Expression of the 

respective genes resulted in insoluble protein (Figure 22c), indicating that nucleotide binding to D1 is 

crucial for protein folding and stability. 

The D2 domain represents the catalytic domain of the enzyme and exhibits a further ATP-binding site 

as expected by its primary sequence similarity to members of the ATP-grasp superfamily.130 A DALI 

search109 revealed a high structural similarity between D2 of PylC and the ATP-grasp domains of  

D-alanine-D-alanine ligase from Thermus thermophilus (PDB code 2ZDG, Z-score 18.7, RMSD 2.2 Å, 

unpublished data) and biotin carboxylase from C. jejuni (PDB code 3OUZ, Z-score 16.2, RMSD 1.8 Å, 

unpublished data). D2 comprises an additional three-stranded β-sheet (amino acids 115-166, 

designated as subdomain SD2) that is, however, not a discrete domain. This is in contrast to classical 

ATP-grasp enzymes, such as biotin carboxylase,131,132 D-alanine-D-alanine ligase,133 glutathione 

synthetase,134,135 and carbamoyl phosphate synthetase,136,137 in which the ATP molecule is wedged 

between two distinct domains.138 However, the adenylate moiety at D2 occupies identical positions 

as observed among the ATP-grasp superfamily (Figure 21b), thus supporting that PylC follows the 

common mode of action of this class of enzymes. In contrast, the D3 domain of PylC, which is 

important for structural integrity, is not a common feature of ATP-grasp proteins. 
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Figure 22 a) Structural superposition of amino acids 1-73 of the D1 domain of PylC and the corresponding 
domain of BphA4 (PDB code 1F3P, amino acids 145-237).129 Structural elements of PylC are colored in green 
(protein and ATP) and yellow (1) and structural elements of BphA4 are colored in gray. Loop 1 and loop 2 are 
presented in yellow and red, respectively. b) Expression tests for PylC wild type and the mutants D31N and D31L, 
analyzed by SDS-PAGE (15 % gel). M, protein standard (in kDa); I, insoluble fraction; S, soluble fraction; E, eluate 
from Ni-NTA spin columns. The PylC SUMO fusion protein is indicated by a red arrow. c) Primary sequence 
alignment of the N-terminal region of PylC with the ONFR enzymes BphA4 from Pseudomonas sp. KKS102, 
ferredoxin reductase ArR from Novosphingobium aromaticivorans, putidaredoxin (PdR) from Pseudomonas 

putida, and palustrisredoxin reductase (PuR) from Rhodopseudomonas palustris. Secondary structure elements 
and residue numbers are presented for PylC. Conserved residues are labeled in bold letters. The G-X-G-X2-G 
motif is highlighted by red letters. The acidic residues coordinating the nucleoside ribose are colored red against 
yellow background. Loop 1 and loop 2 from a) are indicated by a yellow and red arrow, respectively. 

 

The active site of PylC is located at the interface of the D1, D2, and D3 domains. The ATP-binding sites 

are positioned at the opposite ends of the catalytic center with substrate and product ligands located 

in between. The part of the active site cavity inside D2 is channel-shaped and contains a serine-rich 

loop region, comprising amino acids 132-141, which represents the so-called T-loop (Figure 20a). The 

conformation of this loop, which usually begins with a lysine residue, is dependent on adenine 

nucleotide binding, especially regarding the γ-phosphate moiety. A serine-rich and/or glycine-rich part 

a)                                                                             b) 

 

 

 

 

 

 

 

c) 
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of the loop forms either a type I′ or a type III′ turn and interacts with the α- and β-phosphate moiety 

of the nucleotide. It adopts similar positions in all ATP-grasp enzymes and covers the active site cavity, 

but is flexible in structures lacking the γ-phosphate of the nucleotide.139  For PylC from M. barkeri, the 

conserved loop sequence K131P-X3-SSS138 starts with a lysine residue whose side chain interacts with 

the α-phosphate of the D2 adenine nucleotide, in line with other ATP-grasp enzymes. The T-loop 

harbors a characteristic type I′ turn that interacts with the γ- and β-phosphates of the D2 adenine 

nucleotide via Ser137NH and Ser138NH, respectively. The ATP molecule chelates two magnesium 

ions; one is coordinated by the β- and γ-phosphate moieties, whereas the second one is in complex 

with the α- and γ-phosphate. Both metal ions show an octahedral coordination sphere with amino 

acid residues and water molecules serving as additional ligands (Figure 23a). 

 

 

Figure 23 Amino acid residues in contact with a) the catalytic adenylate (black) and b) 3a (ornithine moiety (Orn), 
green; lysine moiety (Lys), yellow) and the additional adenylate (black). Interactions are shown for state IV 
discussed in chapter 4.2.2.2. The octahedral coordination of both magnesium ions is displayed in the upper right 
corner. Distances of the interactions are given in Å. 

a)                         

 

 

 

 

 

 

b) 
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4.2.2.2 Enzyme catalysis 

As deduced from other ATP-grasp enzymes,140 the PylC reaction starts with the phosphorylation of 

the carboxylic acid of 2, resulting in an active phosphoacyl intermediate. Subsequently, the ε-amine 

of 1, the second substrate of the enzyme, attacks the electrophilic carbonyl group under formation of 

L-lysine-Nε-3R-methyl-D-ornithine (3) and inorganic phosphate. To investigate the individual steps of 

the reaction trajectory, different crystal structures in complex with substrates, intermediates, or 

products were analyzed. Since 2a is commercially available, it was used as substrate surrogate for 

crystallization instead of 2. 

 

 

Figure 24 PylC crystal structures representing states I-V. The 2Fo-Fc electron density maps are contoured at 1.0σ 
(blue meshes). Orientation, color coding and representation of the ligands are according to Figure 20. Polar 
interactions are indicated by dashed lines. The bold arrow in state II symbolizes the nucleophilic attack and the 
dashed red arrows in state IV indicate repulsive forces upon product formation. 
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The PylC:holo structure in complex with ATP represents the first state (state I, Figure 24) of the 

enzymatic reaction. To visualize the generation of the mixed anhydride, PylC complex structures in 

the presence of 2a and the non-hydrolyzable ATP analog AMP-PNP (state II, Figure 24) as well as 2a 

and ATP (state III, Figure 24) were determined. The electron density map of state II displays 2a located 

at the interface between the domains D1, D2, and D3. Its α-amino group is threefold coordinated by 

amino acids Ser246Oγ, Gln247Oε, and Glu302Oε, while its protonated δ-amino group is coordinated 

by the residues Ser169Oγ, Glu171Oε, Asp225Oδ, and Thr248Oγ that form a negatively charged region 

in the active site cavity. The carboxy group of bound 2a is coordinated by Arg243Nη and Ser246Oγ as 

well as by two oxygen atoms of the γ-phosphate of AMP-PNP. Therefore, binding of the D-substrate 

is dependent on the presence of ATP (or AMP-PNP in state II) in the active site cavity. Since Arg243Nη 

interacts with both the carboxylate of 2a and the γ-phosphate of the D2 nucleotide, it is involved in 

the recognition and orientation of the substrate for an in-line attack on the γ-phosphate of ATP. As a 

result, in state III, the expected attack of the carboxylate on the γ-phosphate of ATP has actually 

occurred by an SN2 reaction under formation of phosphorylated D-ornithine (2a*). The phosphate 

moieties of 2a* and ADP are bridged by two magnesium ions. Besides the formation of the mixed 

amino acid anhydride, the overlay of states II and III reveals no major differences regarding the 

topologies and conformations of reactants and amino acid side chains at the active site (Figure 25a), 

except for the δ-amino group of the side chain of 2a* that moves about 0.8 Å towards the negatively 

charged region of the active site cavity. 

During the next reaction step, the Nε lone pair of 1 attacks the carbonyl carbon of 2a*, yielding a 

tetrahedral intermediate that subsequently forms the neutral isopeptide bond of the reaction product 

3a by release of inorganic phosphate. To visualize this step of the reaction, PylC was crystallized in the 

presence of 2a and 1 (state IV, Figure 24). The structure displays 3a as well as one molecule each of 

ADP and inorganic phosphate in the active site cavity, demonstrating that the product inside the 

crystal must have been formed from 2a and 1 under the crystallization conditions. The carboxamide 

group of the isopeptide is rotated by about 70° compared to the corresponding carboxylate and 

phosphoanhydride groups of the ligands in states II and III (Figure 25a). The NH group of the isopeptide 

bond is H-bonded to Glu302Oε, whereas the carbonyl oxygen interacts with Ser246NH. Although the 

inorganic phosphate is stabilized by the magnesium ions, Ser137NH of the T-loop, and the guanidino 

side chain of Arg243, it is in sterical conflict with the product ligand (distance of 2.4 Å between the 

phosphate and Cα of the ornithine moiety) and therefore destabilizes the product complex. Besides 

sustaining the overall topology in PylC, the crystal structure of state IV also illustrates that the 
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nucleotide bound at the D1 domain stabilizes and orientates the lysine part of the product. 

Specifically, its α-amino group is H-bonded to the α-phosphate moiety of the coenzyme and the 

carboxy group forms indirect H-bonds to the β-phosphate by a water molecule. 

 

 

Figure 25 Structural superposition of a) states II (white), III (gray), and IV (black) and b) states II* (white) and III 
(gray). Connolly surface representation of c) state III and d) state II*. Orientations are according to Figure 20. 

 

 

a)                                                                  b)    

 

 

 

 

 

 

c)                                                                  d) 
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Remarkably, the ornithine side chain displays an alternative conformation towards Val187 in the 

electron density map of state IV. Virtual addition of a methyl group in R-configuration to C-3 of the 3a 

ornithine moiety, as it is the case in the natural product 3, revealed that it perfectly fits into this 

density and is stabilized by appropriate van der Waals interactions (state IV*, Figure 26). Free-energy 

minimization did not cause any significant geometric changes. 

 
 

 

 

Figure 26 PylC crystal structure representing state IV*. The active site comprises the modeled natural product 3. 
The 2Fo-Fc electron density map is shown for the crystal structure of state IV and is contoured at 1.0σ (blue 
mesh). The electron density map shows an alternative conformation of the ornithine side chain. The methyl 
group of modeled 3 perfectly fits into this additional density and is stabilized by van der Waals interactions with 
the side chain of Val187 (indicated by a black arrow). 

 

The electron density map of PylC in complex with the chemically synthesized 3a (state V, Figure 24) 

displays the product and ADP bound to the active site, but lacks the inorganic phosphate, although 

crystallization was performed in the presence of ATP. ADP could be selected as the nucleotide, since 

it is available in low amounts as a result of partial hydrolysis of ATP in aqueous solutions. It seems that 

PylC in complex with 3a favors ADP over ATP because of the electrostatic repulsion of the γ-phosphate 

and the product. In comparison to state IV, the side chain of the ornithine moiety can now relax 

towards the adenine nucleotide due to the absence of inorganic phosphate. In addition, the T-loop, 

which is stabilized by the γ-phosphate, is disordered and thus displays the active site of PylC in an 

open conformation that facilitates product release. These results argue that the arrangement of the 

T-loop is strictly dependent on the presence or absence of the γ-phosphate and plays a major role in 

controlling the PylC reaction. 
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In contrast to biotin carboxylase and D-alanine-D-alanine ligase, which use either biotin and 

carbonate141 or two D-alanine molecules142 as substrates, PylC has to ligate 2 (or the surrogate 2a) to 

1 in a sequential order (Figure 27). 2 (or 2a) has to bind first to the PylC active site, which is achieved 

by the overall architecture of the substrate binding channel. Selection of C-5 amino acids versus 1 

occurs by the δ-amino side chain that perfectly fits into the negatively charged and polarized 

specificity pocket as discussed for state II. Stereospecificity towards D-amino acids is ensured by 

specific interactions with the protein. While the protonated α-amino group is H-bonded to Ser246Oγ, 

Gln247Oε, and Glu302Oε, the carboxylate is stabilized by the guanidino side chain of Arg243 and 

Ser246Oγ. Once the D-substrate is bound and the carboxylic acid gets activated, 1 adds on top. The 

selectivity for L-amino acids is accomplished by interactions with the adenine nucleotide bound at the 

D1 domain and the protein, specifically Gln12Oε and Glu72Oε as well as Lys10NH, Leu11NH, and 

Gln12NH. The side chain of 1 has to bind in an extended conformation to get in proximity to the 

activated acyl phosphate group of 2/2a, therefore providing additional selectivity for the second 

substrate in the PylC reaction. Interestingly, the product structure of state IV was only attained when 

PylC was incubated with 2a prior to the addition of 1. In contrast, when 1 was added prior to 2a, the 

crystal structure (state II*, Figure 24) revealed that only 1 was bound to the active site, thus locking 

the cavity for 2a. The electron density map of state II* also depicts a third magnesium ion and a 

carbonate in the active center besides ADP and inorganic phosphate. Although carbonate was not 

nominally part of the crystallization condition, it was present in the buffers used for protein 

purification and dialysis as omnipresent contamination. The additional ligand adopts a position similar 

to the ornithine side chain as seen in the superposition of states II* and III, which mimics the reaction 

state just before the Nε group of 1 attacks the carbonyl carbon of 2a* (Figure 25b). The density of the 

crystal structure of state II* displays a hydrolyzed ATP nucleotide at the D2 domain. In line with the 

observations from above, this indicates that activation and stabilization of the ε-amino group of 1 are 

carried out once the acyl phosphate is formed. 
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Figure 27 Reaction states of PylC based on the complex structures of states I-V. Magnesium ions are shown as 
green spheres, H-bonds are indicated by dashed lines. The reaction is halted when 1 binds prior to 2a as 
observed in state II*. 

 
 

 

 

Contrary to other ATP-grasp enzymes such as biotin carboxylase,143 D-alanine-D-alanine ligase,144 or 

glutathione synthase,145 PylC does not require conformational dynamics during substrate turnover, 

except for residues forming the T-loop. Formation of the reaction product is thus achieved by the 

topology of the active site (Figure 25).
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4.3 The pyrrolysine synthase PylD 

4.3.1 Protein preparation and crystallization 

A truncated version of the pylD gene from M. barkeri (Mbar_A0835) for an N-terminally shortened 

transcript (amino acids 5-263) was amplified and ligated into the pET28SUMO vector. Since all known 

PylD orthologs do not comprise the four N-terminal amino acids 1-4 (Figure 42 in the Appendix), the 

numbering of the created PylD construct was changed from 5-263 to 1-259. E. coli BL21(DE3) 

expression strains were transformed with the resulting plasmid for recombinant pylD expression. PylD 

protein was purified by Ni-affinity chromatography and, after removal of the fusion-tag, concentrated 

to 20 mg/mL as determined by UV/Vis spectroscopy at 280 nm using the theoretical extinction 

coefficient ε = 14,900 M-1 cm-1. For crystallization 0.2 µL of the protein (in 20 mM Tris/HCl, pH 8.0, 

containing 1 mM DTT, 5 mM MgCl2 ± 50 μM NAD+) were mixed with 0.2 µL of buffer solution from the 

Qiagen screening kits 1-10 and incubated at 20 °C by using the sitting drop vapor diffusion method. 

Crystals grew within two weeks in a buffer containing 100 mM Tris/HCl, pH 8.5, 25 % PEG 3350, and 

0.2 mM LiCl or NaCl. Crystal size and quality was improved by using 1 µL of the protein and 1 µL of 

modified buffer solutions from above with 27 % PEG 3350 (Figure 28).  

 

 

Figure 28 Crystals of PylD from sitting drop crystallization trials.  

 

Independent from the crystallization buffers, PylD crystallized in the orthorhombic space groups 

C2221 (two molecules in the asymmetric unit) and P21212 (four molecules in the asymmetric unit) with 

various cell dimensions. Starting phases for structure elucidation were obtained by the SAD method 

using a SeMet derivative of PylD. Complex structures were obtained by cocrystallization of the protein 

with 2 mM NAD+ or 100 mM NADH and different PylD substrates (4 mM). 
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4.3.2 Structure analysis 

4.3.2.1 Overall structure 

The molecular architecture of PylD (calculated molecular weight: 27.9 kDa) was elucidated by its holo 

structure in complex with NAD+. The enzyme consists of two functional segments (Figure 29a). The  

C-terminal part (amino acids 139-259) resembles a Rossmann motif of five parallel β-strands (S6-S10) 

that is flanked by two α-helices, H5 and H10. A DALI search109 revealed the highest structural similarity 

of this segment to the Rhodospirillum rubrum transhydrogenase domain I (PDB code 1L7D, Z-score: 

14.7, RMSD 4.4 Å).146 The C-terminal helix (H10) of PylD is wedged between the two β-sheets and 

supports the correct fold and orientation of the N-terminal half of the dehydrogenase. The N-terminal 

segment (amino acids 1-138) comprises five β-strands (S1-S5) with an orthogonal orientation towards 

the β-sheet of the Rossmann fold. Four N-terminal amino acids and the residues 56-59 of a loop 

connecting S1 and H3 are structurally disordered and thus are not defined in the electron density 

map. A DALI search109 for the N-terminal segment resulted in Z-scores below 8 with best hits for the 

binding domain of certain aminoacyl-tRNA synthetases. 

The coenzyme NAD+ in the PylD:holo structure (Figure 29b) is bound in an extended conformation 

inside a groove at the C-terminal pole of the Rossmann β-sheet and both furanose rings adopt a  

C2’-endo conformation. The coenzyme binding site contains a typical V146-X-G148-X-G150-X2-G153-X3-A157 

motif whose backbone elements are involved in a network of H-bonds with NAD+. The hydroxyl groups 

of the adenosyl moiety are H-bonded to the side chain of the strictly conserved Asp171. 

 



RESULTS AND DISCUSSION 

64 

 

Figure 29 a) Folding topology of PylD. The Rossmann motif is highlighted against a dark gray background and 
the substrate binding motif against a light gray background. The N-terminal part and residues 52-61, which 
participate in an induced-fit mechanism, are colored in red and blue, respectively. b) Ribbon plot (left) and 
surface representation (right) of PylD in complex with NAD+ (PylD:holo), representing the open conformation of 
the enzyme. Color coding is according to the folding topology. c) Ribbon plot (left) and surface representation 
(right) of PylD in complex with NADH and desmethylpyrrolysine (4a), representing the closed conformation. 
Carbon atoms of the pyrroline and the lysine moiety are colored in green and yellow, respectively. Ammonia is 
shown as a blue sphere. 

 
 

To confirm that PylD was crystallized in an active state, the PylD:holo crystals were soaked with the 

substrate surrogate 3a (final concentration 2 mM), accompanied by visible changes of the crystal 

morphology and transient formation of bubbles inside the crystals. One substrate-treated crystal still 

diffracted to a resolution of 2.2 Å. Elucidation of the structure revealed two molecules in the 

asymmetric unit. Whereas one molecule was identical to PylD:holo, the electron density for the 

second molecule indicates that 3a had been converted to the product desmethylpyrrolysine (4a), 

though the ligand displays only partial occupancy. Remarkably, ligand binding is accompanied by 

breaking of H1, resulting in a major topological reorganization of the N-terminal segment (amino acids 

1-11) by an induced-fit mechanism (Figure 29c). As a consequence, the bound product is almost 

entirely enclosed in the active site cavity. Further, the loop connecting S1 and H3 now is well defined 

in the electron density map as it is stabilized by the additional ligand. To get deeper insights into the 

catalytic function of PylD, the enzyme was then cocrystallized with 3a and NADH or NAD+, resulting in 

a)                                                            b)   

 

 

 

 

                                                                c) 
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a PylD substrate and product structure, respectively, with the ligands visible at high occupancy 

(Figure 30). 

 

 

Figure 30 Active site of PylD in complex with NADH and a) 3a or b) 4a. The 2Fo-Fc electron density maps are 
contoured at 1.0σ (blue meshes). The N-terminus is colored in red and the loop connecting S1 and H3 is shown 
in blue. Water molecules and ammonia are presented as red and blue spheres, respectively. H-bonds are 
indicated by dashed lines. Orientations are according to Figure 29. 

 

4.3.2.2 Active site 

 

The α-amino and carboxy groups of 3a and 4a inside the active site cavity of PylD are coordinated by 

direct and indirect H-bonds to backbone elements, predominantly of the loop connecting S1 and H3 

(Figure 31). The hydrophobic part of the lysine side chain is enclosed in a narrow, hydrophobic tunnel 

formed by residues Leu3, Ile60, Phe63, and Ala103 (Figure 32a). The carbonyl oxygen of the isopeptide 

bond directly interacts with Leu4NH of the N-terminus, whereas the Nε group forms an indirect 

hydrogen bond with Asp104O via a water molecule. The ornithine motif of 3a adopts a bent 

conformation with the amino and amide nitrogen atoms in close proximity (2.0 Å). At a distance of 

2.6 Å to C-4 of the pyridine ring of the cofactor, the pro-R hydrogen atom of the aminomethylene 

group appears poised for abstraction as hydride. Thus, the orientation of NADH towards the substrate 

suggests that PylD acts as an R-type dehydrogenase. The ornithine moiety of 3a and the pyrroline 

moiety of 4a adopt very similar positions, but the differences are clearly depicted in the 2Fo-Fc electron 

density maps (Figure 32b). Their aliphatic side chains are stabilized inside a large hydrophobic cavity, 

formed by Leu3, Leu4, Leu9, Ile60, Phe63, Ala103, Phe108, and Leu247. The free space around the 

ornithine or pyrroline moiety inside the enclosed active site cavity is filled up by a cluster of fixed 

water molecules with a RMSD of less than 0.2 Å. Notably, one fixed small molecule only present in the 

product structure is tentatively interpreted as ammonia produced as a side product apart from 4a. 

a)                                                                                 b) 
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Figure 31 Amino acid residues in contact with NADH (black) and 4a (pyrroline moiety (Pyr), green; lysine moiety 
(Lys), yellow). Distances of the interactions are given in Å. The putative trajectory for hydride transfer is indicated 
by a pink dotted line. Hydrophobic interactions are illustrated by black curves. 

 

 

 

 

Figure 32 a) Connolly surface representation of the active site of PylD. The atoms of 4a are presented as spheres 
with their corresponding van der Waals radii. Solvent molecules are drawn as smaller spheres. Orientation is 
according to Figure 29. b) Superposition of 3a (dark green) and 4a (green) with their 2Fo-Fc electron density 
maps (blue and red meshes, respectively), contoured at 1.0σ. 
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4.3.2.3 Structural characterization of substrate analogs 

PylD exhibits a binding cavity for the ornithine moiety (approximately 450 Å³) that seems large enough 

to accommodate a variety of different substrate analogs. To investigate the substrate diversity of the 

enzyme, different potential substrates were analyzed by protein crystallography. Since no structural 

data of PylD with its natural product pyrrolysine (4) was available, the PylD substrate L-lysine-Nε-3R-

methyl-D-ornithine (3) was chemically synthesized and cocrystallized with NAD+. The resulting 

structure revealed that 4 has been formed during crystallization (Figure 33a). The binding mode of 

the ligand shows no differences to 4a for the lysine moiety including the isopeptide bond (Figure 43a 

in the Appendix). The pyrroline moiety of 4 is offset by about 0.7 Å to enable van der Waals 

interactions of the 3R-methyl group with Phe63, Phe108, and Leu247. Since the reaction chamber is 

not entirely occupied by 4, the stereospecificity of PylD was analyzed by cocrystallization of the 

enzyme with the substrate diastereomer L-lysine-Nε-3S-methyl-L-ornithine (3b) and NAD+. The omit 

electron density map of the structure displays the conversion of the analog, resulting in a tilted 

pyrroline ring in S,S-configuration (4b, Figure 33b). The 3S-methyl group points towards the side chain 

of Leu4 and the nicotinamide ring of the coenzyme (Figure 43b in the Appendix).  

In the next step, the side chain of the ornithine moiety, which is the N-terminal part of the previous 

substrates, was extended by a CH2-unit, thereby forming L-lysine-Nε-D-lysine (3c) and L-lysine-Nε-L-

lysine (3d). The complex structure resulting from the cocrystallization of PylD with 3c and NAD+ 

demonstrates that the D-lysine part was converted into a tetrahydropyridine ring (4c, Figure 33c and 

Figure 43c in the Appendix); in contrast, 3d was not transformed (Figure 33d). The distance of the free 

ε´-amino group of the ligand to C-4 of the coenzyme appears perfectly suited for a hydride transfer 

(3.3 Å, Figure 44a in the Appendix), but an analysis of the rotational degrees of freedom of the 

terminal L-lysine side chain suggests that ring closure after preceding oxidation of the side chain would 

be hampered by steric interference with the walls of the active side cavity.  
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Figure 33 Active site of PylD in complex with NAD+/NADH and a) 4, b) 4b, c) 4c, d) 3d, e) 3e, and f) 3f. The 2Fo-Fc 
electron density maps are contoured at 1.0σ (blue meshes). Water molecules are shown as red spheres.  
H-bonds are indicated by dashed lines. The N-terminus is colored in red and the loop connecting S1 and H3 is 
colored in blue. Orientations are according to Figure 29. 

 

Since the C-terminal (i.e. lysine) parts, including the isopeptide bond, of the previous ligands perfectly 

match to each other by a RMSD lower than 0.35 Å, its impact on enzyme catalysis was investigated. 

For this purpose L-ornithine was set as the C-terminal unit, resulting in L-ornithine-Nδ-D-ornithine (3e) 

and L-ornithine-Nδ-D-lysine (3f). As revealed by its complex structures, both compounds were bound 

a)                                                                                  b)     

 

 

 

 

 

 

c)                                                                                  d) 

 

 

 

 

 

 

e)                                                                                  f) 
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at the active site (Figure 33e and Figure 33f), demonstrating that the driving force for binding strongly 

depends on the coordination of the carboxy and amino group of the C-terminus. The C-terminal end 

of these analogs occupies the same position as in the previous examples (Figure 34). Therefore, the 

isopeptide motif is forced to alter its location, orientation and coordination. This is conducive to major 

changes in the conformation of the amide substituents, which result in an unfavorable distance of the 

δ’-amino group of 6.3 Å from the pyridine nucleotide coenzyme in case of 3e (Figure 44b in the 

Appendix), thus preventing catalysis. 

 

 

Figure 34 Superposition of PylD complex structures. The active site is shown for PylD in complex with 4 as surface 
representation. Hydrophobic amino acid side chains of PylD, presented as surface, are colored in light green. 
The N-terminus of the protein is depicted as transparent coil. a) Product structures 4-4c. Water molecules in 
contact with the heterocyclic nitrogen are shown as spheres. H-bonds are indicated by dashed lines (distances 
in Å). b) Substrate structures 3a and 3d-3f. NAD represents NAD+ for 3d-3f and NADH for 3a. 

 
 

All described structures of PylD in complex with a ligand were obtained in the closed conformation so 

far. Thus, it was surprising that 3f is fully defined in the electron density map, although the enzyme 

adopts its open state. Similar as in the holo structure, the N-terminal residues of PylD do not cover 

the active site, but extend the N-terminal helix and residues 55-59 are structurally distorted. Though 

the terminal ε’-amino group is orientated towards the coenzyme (4.3 Å to C-4 of NAD+, Figure 44c in 

the Appendix), 3f was not converted. These results demonstrate that the closed state, which is 

hindered in the case of 3f due to clashes with the PylD side chains of Leu3 and Leu4 (Figure 35a), is 

a)                                                                                   b) 
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crucial for catalysis. On basis of the structural results, Leu4 seems to play a major role in the 

coordination and orientation of the N-terminal substrate moiety. 

 
U 

 

Figure 35 a) PylD in complex with 3f. The active site is shown as surface representation for the PylD:4 complex 
structure. Repulsive forces between 3f and the N-terminus as they would occur in the closed conformation are 
indicated by red arrows. The putative trajectory for hydride transfer is indicated by a purple dashed line. 
Distances are given in Å. b) Superposition of PylD complex structures 3a, 3d, 3e, 3f, 4, 4a, 4b, and 4c. The active 
site is shown for 4 as surface representation. Color coding is according to Figure 34; H-bonds are visualized by 
black dashed lines. 

 

4.3.2.4 Reaction mechanism 

The crystallographic data illustrate that PylD is a member of the large FAD/NAD(P)-binding Rossmann-

fold superfamily. Nevertheless, no assignment to a specific subgroup can be made on the basis of 

structural arguments. With a length of 259 amino acids, PylD is in the 250-300 residue range of the 

short-chain dehydrogenase/reductase (SDR) family. However, the Rossmann motif of SDR members 

is typically located at the N-terminal end,147 whereas in PylD it reaches from position 143 to position 

243. Even more importantly, SDR members contain a highly conserved tyrosine residue, which serves 

as a base for the abstraction of a proton and thus facilitates the hydride transfer.148 PylD has neither 

a conserved tyrosine nor any other amino acid in its active site cavity that could act as an auxiliary 

base to support proton release from the amino nitrogen. A closer inspection of the PylD complex 

structures identified a set of organized solvent molecules in proximity to the N-terminal isopeptide 

a)                                                                                   b) 
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part (Figure 35b). Notably, this cluster is in contact with the heterocyclic nitrogen of all products via a 

defined water molecule at distances of 2.6-3.1 Å, which is absent in the electron density maps of the 

non-converted surrogates (Figure 34). Due to the lack of nucleophilic amino acids in the active site, it 

appears reasonable that the terminal steps of PylD catalysis, in particular the addition of the α-amino 

group to the imine motif followed by the release of ammonia, is facilitated by the cluster of water 

molecules. Taken together, these considerations as well as the crystallographic results allow to 

establish a hypothetical reaction mechanism of PylD (Figure 36). 

 

 

Figure 36 Schematic representation of PylD catalysis. Blue spheres represent fixed water molecules in proximity 
to the N-terminal substrate or product part. The purple sphere symbolizes a protonated water molecule. 

 

Ligand binding occurs in the open conformation of the enzyme, mainly driven by interactions with the 

C-terminal substrate part. Leu4NH acts as a substrate sensor and forms a defined hydrogen bond with 

the carbonyl oxygen of the isopeptide bond, resulting in an appropriate orientation of the N-terminal 

substrate moiety within the active site cavity. Hence, the appropriate positioning of the amide bond 

supports the enzymatic induced-fit mechanism. In addition, the Leu4 side chain restricts the active 

site cavity and forces the terminal amino group of the substrate towards NAD+ to enable the hydride 

transfer. The observed topology of the substrate analog 3a and the coenzyme suggests that the  

pro-R hydrogen at the terminal aminomethylene group of 3a is well positioned for hydride 

abstraction. The resulting, protonated and positively charged imine carbon is perfectly suited for a 

nucleophilic attack by the α-amino group of the ornithine moiety, thus enabling the formation of a  

2-aminopyrrolidinium intermediate. Due to the absence of any activating residue in the active site, 
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proton release from the positively charged amino group then could be mediated by the water cluster 

in contact with the ring nitrogen, well in line with the moderate turnover rates for 3 and 3a presented 

in the following chapter. Subsequent release of ammonia finally affords the formation of the 22nd 

amino acid pyrrolysine. 

 

4.3.3 Kinetic characterization 

The PylD crystal structures discussed in this chapter help to understand the catalytic reaction 

trajectory, but do not give any hints on enzyme kinetics. Therefore, turnover rates and substrate 

affinities (Km) were determined for 3 and the surrogate 3a by UV/Vis spectroscopy at 340 nm via the 

turnover of NAD+ to NADH (Figure 37). Km and kcat values shown in Table 2 revealed that PylD possesses 

only moderate activity and weak affinity for its substrates. Apart from the natural substrate and its 

surrogate, only 3b and 3c showed detectable turnover, in line with the crystallographic results. 

Remarkably, a L4A mutant was not active in the assay, thereby further emphasizing its significance in 

enzyme catalysis. The PylD substrate and product structures discussed in this chapter are summarized 

in Figure 38. 

 

 

Figure 37 Determination of Km for the oxidation of a) 3 and b) 3a by PylD. Data points are shown as mean values 
± SEM, performed in triplicate.  

 

 

 

a)                                                                                  b) 
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Table 2 Kinetic parameters for the conversion of PylD substrates. 

 Km 

[mM] 

kcat  

[s-1] 

kcat/Km  

[mM-1 s-1] 

vmax  

[nmol min-1] 

specific activity  

[nmol min-1 mg-1] 

v0 at 8 mM 

[nmol min-1] 

rel. activity  

at 8 mM 

3 1.6 ± 0.2 1.72 ± 0.07 1.1 17.2 61.6 14.1 100 % 

3a 3.6 ± 0.5 0.76 ± 0.04 0.2 15.2 54.5 10.2 72 % 

3b - - - - - 3.4 24 % 

3c - - - - - 0.08 0.6 % 

3d - - - - - < 0.001 < 0.01 % 

3e - - - - - < 0.001 < 0.01 % 

3f - - - - - < 0.001 < 0.01 % 

    

    

    

Figure 38 PylD substrates and their respective products. 
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5. Conclusion 

Pyrrolysine, the 22nd proteinogenic amino acid, was discovered as a genetically encoded residue inside 

the active site of certain archaeal and bacterial methylamine methyltransferases, but its biosynthesis 

was initially unclear. In vivo labeling experiments with the gene cluster pylBCD then revealed the 

respective enzymes PylB, PylC, and PylD to be responsible for the formation of pyrrolysine. Based on 

these results, combined with sequence similarity searches, a putative biosynthetic pathway for the 

unusual amino acid was proposed. However, the exact reaction mechanism and the mode of substrate 

and product binding of the participating enzymes remained unknown. This PhD thesis describes 

experiments using X-ray protein crystallography combined with kinetic studies of PylB, PylC, and PylD 

to expand the existing knowledge. 

The crystal structure of PylB revealed the enzyme as a member of the radical SAM family using a  

[4Fe-4S] cluster and S-adenosyl-L-methionine to initiate a radical reaction. Remarkably, the structure 

exhibited the presumed PylB product 3R-methyl-D-ornithine inside its active site cavity, thus providing 

first evidence for its existence. In addition, the molecular architecture of the enzyme and the 

orientation of the product and the modeled substrate L-lysine towards SAM and the iron-sulfur cluster 

gave detailed insights into a fragmentation-recombination mechanism via a glycyl radical. However, 

there are unanswered questions that need to be addressed in further studies. In particular, an 

experimental PylB structure in complex with L-lysine would be necessary to support the modeled 

substrate structure. This could be achieved through inactivation of PylB, e. g. by specific mutations of 

active site residues. Labeling experiments with selectively deuterated lysine may support the 

proposed mechanism. Finally, even though PylB seems to be active in vivo, the enzyme did not show 

any detectable turnover in vitro. Perhaps yet unknown cofactors or an interaction between the 

pyrrolysine biosynthetic enzymes may play a role in the activation or regulation process of the 

enzyme. On the other hand, PylB might catalyze only a single substrate turnover, meaning the product 

is only released by protein degradation. 

The crystal structure of PylC displays three distinct domains for the protein, with the active site located 

at their interface. Whereas the central domain resembles a classical ATP-grasp fold with ATP bound 

inside the active site cavity, the N-terminal domain shows an unexpected additional ATP-binding site. 

The second nucleotide is not involved in catalysis, but coordinates the L-lysine substrate by its 

phosphate moiety. In addition, this nucleotide is essential for the overall fold of the protein, as shown 
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by PylC mutants that are unable to bind ATP in the D1 domain and therefore were expressed in an 

insoluble form. Complex structures of PylC with its substrates (L-lysine and the surrogate D-ornithine), 

an intermediate (phosphoacyl ornithine) and the product (L-lysine-Nε-D-ornithine) allowed detailed 

insights into the PylC catalysis. Although the enzyme shows a common reaction mechanism for ATP-

grasp enzymes, the crystallographic results demonstrated that the substrates must bind in a 

sequential order to enable product formation. Like PylB, no stoichiometric substrate turnover was 

observed in vitro by Cellitti et al., 2011.64 It seems probable that both the ordered substrate entry to 

the active site as well as the additional nucleotide bound to the N-terminal domain play a role in the 

regulation of the enzyme. However, the missing activity of PylC cannot be sufficiently explained by 

the X-ray structures and needs to be further investigated. Nevertheless, the crystallographic 

snapshots of PylC with its various intermediates prove that the enzyme displays catalytic activity. 

The final enzyme PylD was shown to be a member of the large FAD/NAD(P)-binding Rossmann-fold 

superfamily. The C-terminal segment of the enzyme shows a classical NAD binding site and the  

N-terminal part harbors the substrate binding site, with the reaction occurring at the cleft between 

both parts. Whereas the PylD:holo structure in complex with NAD+ exhibits the enzyme in an open 

conformation, PylD structures in complex with substrate (L-lysine-Nε-D-ornithine) or products 

(desmethylpyrrolysine or pyrrolysine) display the enzyme in the closed state with the isopeptide 

encapsulated in the active site cavity. Hence, the enzyme shows an induced-fit mechanism, including 

a rearrangement of the N-terminal helix that encloses the cleft between the N- and C-terminal 

segments upon substrate binding. Interestingly, the ornithine moiety of the substrate only partially 

occupies the reaction chamber. PylD complex structures received with different altered substrate 

analogs demonstrated that binding and even conversion are not limited by the natural PylD substrate 

L-lysine-Nε-3R-methyl-D-ornithine (resulting in pyrrolysine) and its surrogate L-lysine-Nε-D-ornithine 

(resulting in desmethylpyrrolysine). Remarkably, PylD is the first enzyme of the pyrrolysine 

biosynthetic pathway that facilitates in vitro turnover. A detailed analysis of the complex structures, 

supported by kinetic data, allowed the proposal of a hypothetical reaction mechanism. 

Whereas catalysis of PylB and PylC, at least in their native form, is strictly dependent on their 

substrates, PylD offers the possibility of creating pyrrolysine analogs in a semi-synthetic way. In the 

future, random mutagenesis of PylB, PylC, and PylD, as already demonstrated for PylS, might lead to 

an expanded functionality of the proteins. An in vivo system consisting of the pylBCD gene cluster in 

combination with pylTS might be a promising route to directly biosynthesize unnatural amino acids 
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and incorporate them into target proteins in order to use their specific properties for protein 

engineering.  
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7. Appendix 

7.1 Data collection and refinement statistics 

 

Table 3 Data collection and refinement statistics for PylB. 

 PylBa,b PylBb PylB 

Crystal parameters    

Space group P3221 P3221 P3221 

Cell constants (Å) a=b=77.0, 
c=105.1 

a=b=77.0, 
c=105.0 

a=b=77.0, 
c=105.0 

Heavy metal 4 Fe 4 Fe 4 Fe 

Molecules in asym. unit 1 1 1 

Disordered regions 1-6 1-6 1-6 

    

Data collection    

Pre-irradiation no yes no 

X-ray source CuKα SLS, X06SA SLS, X06SA 

Wavelength (Å) 1.5418 1.0 1.0 

Resolution range (Å)c 66-1.7 
(1.8-1.7) 

20-1.5  
(1.6-1.5) 

20-1.8  
(1.9-1.8) 

No. observations 8862213 312692 235098 

No. unique reflectionsd 40159 58074 34770 

Completeness (%)c 99.7 (98.4) 99.8 (99.9) 99.1 (96.2) 

Rmerge (%)c, e 4.6 (35.7) 7.1 (53.9) 5.8 (57.7) 

I/σ (I)c 19.8 (2.8) 12.6 (3.2) 21.0 (4.0) 

    

Refinement (REFMAC5)    

Resolution range (Å) 15-1.7 10-1.5 10-1.8 

No. reflections working set 37913 54947 31917 

No. reflections test set 2005 2892 1680 

No. non hydrogen (protein) 2703 2703 2703 

No. of heteroatoms 45 49 49 

No. of solvent water  315 315 315 

Rwork/Rfree (%)f 15.6/19.1 15.5/17.9 15.2/20.4 

RMSD bond lengths (Å)/(°)g 0.029/2.59 0.013/1.73 0.023/2.08 

Average B-factor (Å2) 19.3 24.6 30.3 

Ramachandran Plot (%)h 97.6/2.4/0.0 98.5/1.5/0.0 97.3/2.7/0.0 

PDB code  3T7V  

a Dataset of this crystal has been recorded in-house. 
b These datasets were measured using the same crystal. 
c The values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the last resolution shell. 
d Friedel pairs were treated as different reflections. 
e Rmerge(I) = ΣhklΣj |[I(hkl)j - I(hkl)]|/Σhkl Ihkl , where I(hkl)j is the jth measurement of the intensity of reflection hkl and <I(hkl)> is the average intensity. 
f R = Σhkl ||Fobs| - |Fcalc||/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly chosen 5 % of reflections, which were not used for structure 

refinement, and Rwork is calculated for the remaining reflections. 
g Deviations from ideal bond lengths/angles. 
h Number of residues in favored region/allowed region/outlier region. 
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Table 4 Data collection and refinement statistics for PylC (SeMet). 

 PylC state I 
(peak) 

PylC state I 
(remote) 

 

Crystal parameters   

Space group P43212 P43212 

Cell constants (Å) a=b=61.8, 
c=172.0 

a=b=61.8, 
c=172.0 

Anomalous scatter 7 Se 7 Se 

Molecules in asym. unit 1 1 

Disordered regions 150-153, 276-
279, 356-363 

150-153, 276-
279, 356-363 

   

Data collection   

X-ray source SLS, X06SA SLS, X06SA 

Wavelength (Å) 0.97961 1.0 

Resolution range (Å)a 30-2.0  
(2.1-2.0) 

30-1.8  
(1.9-1.8) 

No. observations 582658 224628 

No. unique reflectionsb 43020 58487 

Completeness (%)c 99.9 (99.7) 99.0 (96.0) 

Rmerge (%)a, c 9.1 (54.5) 5.8 (51.2) 

I/σ (I)a 22.6 (6.2) 15.7 (2.5) 

   

Refinement (REFMAC5)   

Resolution range (Å)  10-1.8 

No. reflections working set  30145 

No. reflections test set  1587 

No. non hydrogen (protein)  2748 

No. of heteroatoms  66 

No. of solvent water   197 

Rwork/Rfree (%)d  17.1/20.1 

RMSD bond lengths (Å)/(°)e  0.006/1.27 

Average B-factor (Å2)  26.0 

Ramachandran Plot (%)f  96.8/3.2/0.0 

PDB code  4FFR 

a The values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the last resolution shell. 
b Friedel pairs were treated as different reflections. 
c Rmerge(I) = ΣhklΣj |[I(hkl)j - I(hkl)]|/Σhkl Ihkl , where I(hkl)j is the jth measurement of the intensity of reflection hkl and <I(hkl)> is the average intensity. 
d R = Σhkl ||Fobs| - |Fcalc||/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly chosen 5 % of reflections, which were not used for structure 

refinement, and Rwork is calculated for the remaining reflections. 
e Deviations from ideal bond lengths/angles. 
f Number of residues in favored region/allowed region/outlier region. 
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Table 5 Data collection and refinement statistics for PylC (native). 

 PylC state II PylC state II* PylC state III PylC state IV PylC state V 

Crystal parameters      

Space group P43212 P43212 P43212 P43212 P43212 

Cell constants (Å) a=b=60.2, 
c=172.5 

a=b=61.2, 
c=171.8 

a=b=61.4, 
c=172.0 

a=b=61.3, 
c=172.1 

a=b=61.9, 
c=172.7 

Molecules in asym. unit 1 1 1 1 1 

Disordered regions 146-151       
276-279 

146-151       
276-279 

146-151       
276-279 

146-151       
276-279 

132-140, 146-
151, 276-279 

      

Data collection      

X-ray source SLS, X06SA SLS, X06SA SLS, X06SA SLS, X06SA SLS, X06SA 

Wavelength (Å) 1.0 1.0 1.0 1.0 1.0 

Resolution range (Å)a 30-2.4  
(2.5-2.4) 

30-1.5  
(1.6-1.5) 

30-2.0  
(2.1-2.0) 

30-2.0  
(2.1-2.0) 

30-1.9  
(2.0-1.9) 

No. observations 71409 331211 129397 126630 173729 

No. unique reflectionsb 12371 53004 23121 22860 27100 

Completeness (%)c 94.3 (96.4) 99.4 (99.8) 99.8 (99.9) 99.1 (97.0) 98.8 (92.1) 

Rmerge (%)a, c 9.5 (58.6) 6.4 (52.0) 7.0 (47.1) 6.7 (59.4) 7.0 (63.3) 

I/σ (I)a 14.2 (3.6) 14.4 (2.8) 18.4 (4.5) 16.8 (4.1) 15.4 (3.4) 

      

Refinement (REFMAC5)      

Resolution range (Å) 15-2.4 10-1.5 10-2.0 10-2.0 10-1.9 

No. reflections working set 11752 50352 21964 21716 25744 

No. reflections test set 619 2650 1156 1143 1355 

No. non hydrogen (protein) 2791 2791 2791 2791 2733 

No. of heteroatoms 73 80 73 79 78 

No. of solvent water  200 293 260 217 230 

Rwork/Rfree (%)d 18.9/24.9 13.2/18.3 16.0/20.0 15.1/18.1 16.4/20.5 

RMSD bond lengths (Å)/(°)e 0.009/1.74 0.032/2.49 0.007/1.33 0.012/2.05 0.011/1.67 

Average B-factor (Å2) 37.9 23.0 30.7 35.8 37.4 

Ramachandran Plot (%)f 96.5/3.5/0.0 97.1/2.9/0.0 97.7/2.3/0.0 97.7/2.3/0.0 96.1/3.9/0.0 

PDB code 4FFN 4FFL 4FFO 4FFP 4FFM 

a The values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the last resolution shell. 
b Friedel pairs were treated as identical reflections. 
c Rmerge(I) = ΣhklΣj |[I(hkl)j - I(hkl)]|/Σhkl Ihkl , where I(hkl)j is the jth measurement of the intensity of reflection hkl and <I(hkl)> is the average intensity. 
d R = Σhkl ||Fobs| - |Fcalc||/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly chosen 5 % of reflections, which were not used for structure 

refinement, and Rwork is calculated for the remaining reflections. 
e Deviations from ideal bond lengths/angles. 
f Number of residues in favored region/allowed region/outlier region. 
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Table 6 Data collection and refinement statistics for PylD (SeMet and native). 

 PylD:holo 
(peak) 

PylD:holo 
 

PylD:soak PylD:3a PylD:4a 
 

Crystal parameters      

Space group P21212 P21212 P21212 P21212 P21212 

Cell constants (Å) a=79.7, 
b=155.4, 
c=39.6 

a=87.5, 
b=259.9,  
c=48.7 

a=87.6, 
b=261.2,  
c=48.7 

a=87.3, 
b=259.8,  
c=48.9 

a=86.9, 
b=259.3,  
c=48.8 

Anomalous scatter 10 Se - - - - 

Molecules in asym. unit 2 2 2 2 4 

Disordered regions 1-4, 56-59 1-4, 56-59 Chain A: 13-14 
Chain B: 1-4, 
56-59 

- - 

      

Data collection      

X-ray source SLS, X06SA SLS, X06SA SLS, X06SA CuKα SLS, X06SA 

Wavelength (Å) 0.9798 1.0 1.0 1.5418 1.0 

Resolution range (Å)a 30-2.5  
(2.6-2.5) 

30-2.2  
(2.3-2.2) 

30-2.2  
(2.3-2.2) 

60-1.9  
(2.0-1.9) 

30-1.8  
(1.9-1.8) 

No. observations 224930 248971 187456 225944 364247 

No. unique reflectionsb 32883 34176 34220 46111 96540 

Completeness (%)c 100.0 (100.0) 99.4 (99.1) 99.9 (99.9) 99.9 (99.5) 92.7 (96.6) 

Rmerge (%)a, c 11.0 (69.3) 6.7 (47.0) 5.6 (40.0) 5.9 (49.6) 5.9 (48.6) 

I/σ (I)a 11.8 (3.0) 19.3 (6.00) 21.5 (6.7) 19.7 (2.4) 13.6 (2.5) 

      

Refinement (REFMAC5)      

Resolution range (Å) 15-2.5 15-2.2 15-2.2 10-1.9 10-1.8 

No. reflections working set 16865 32467 32509 43739 91179 

No. reflections test set 887 1709 1711 2330 4797 

No. non hydrogen 

(protein) 

3810 3810 3826 3904 7808 

No. of heteroatoms 92 92 109 128 252 

No. of solvent water  49 176 186 207 558 

Rwork/Rfree (%)d 21.6/25.6 16.9/20.1 17.2/20.5 20.5/24.0 17.9/21.8 

RMSD bond lengths (Å)/(°)e 0.007/1.36 0.006/1.14 0.005/1.14 0.006/1.20 0.005/1.15 

Average B-factor (Å2) 54.4 44.3 46.3 35.9 34.3 

Ramachandran Plot (%)f 97.4/2.6/0.0 97.8/2.2/0.0 97.4/2.8/0 96.9/3.1/0.0 97.0/3.0/0.0 

PDB code 4JK3 4J43 4J49 4J4B 4J4H 

a The values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the last resolution shell. 
b Friedel pairs were treated as different reflections for the anomalous dataset. 
c Rmerge(I) = ΣhklΣj |[I(hkl)j - I(hkl)]|/Σhkl Ihkl , where I(hkl)j is the jth measurement of the intensity of reflection hkl and <I(hkl)> is the average intensity. 
d R = Σhkl ||Fobs| - |Fcalc||/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly chosen 5 % of reflections, which were not used for structure 

refinement, and Rwork is calculated for the remaining reflections. 
e Deviations from ideal bond lengths/angles. 
f Number of residues in favored region/allowed region/outlier region. 
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Table 7 Data collection and refinement statistics for PylD (native). 

 PylD:4 PlyD:4b 
 

PylD:4c PylD:3d PylD:3e 
 

PylD:3f 
 

Crystal parameters       

Space group C2221 P21212 P21212 P21212 P21212 C2221 

Cell constants (Å) a=48.5, 
b=142.7, 
c=167.3 

a=87.5, 
b=259.9,  
c=48.7 

a=87.6, 
b=261.2,  
c=48.7 

a=87.3, 
b=259.8,  
c=48.9 

a=86.9, 
b=259.3,  
c=48.8 

a=79.1, 
b=210.5,  
c=77.6 

Molecules in asym. unit 2 4 4 4 4 2 

Disordered regions - - - Chain D: 1 Chain A: 1 
Chain B: 1 
Chain C: 1-11 
Chain D: 1-3 
 

Chain A: 1-2, 
56-59 
Chain B: 1-4 

       

Data collection       

X-ray source SLS, X06SA SLS, X06SA SLS, X06SA SLS, X06SA SLS, X06SA SLS, X06SA 

Wavelength (Å) 1.0 1.0 1.0 1.0 1.0 1.0 

Resolution range (Å)a 20-2.2  
(2.3-2.2) 

40-2.2  
(2.3-2.2) 

20-1.9  
(2.0-1.9) 

20-2.1  
(2.2-2.1) 

30-2.2  
(2.3-2.2) 

20-2.2  
(2.3-2.2) 

No. observations 153733 252136 374222 427311 301472 221824 

No. unique reflectionsb 29283 57408 84511 66181 56937 33310 

Completeness (%)c 97.5 (99.4) 99.5 (99.8) 94.4 (97.6) 99.8 (100.0) 99.4 (99.6) 99.9 (100.0) 

Rmerge (%)a, c 4.4 (27.8) 7.9 (55.1) 6.3 (40.1) 9.0 (58.7) 8.6 (35.2) 4.8 (44.2) 

I/σ (I)a 26.1 (6.1) 15.3 (3.1) 14.2 (3.5) 13.6 (3.1) 14.0 (4.6) 25.8 (4.7) 

       

Refinement (REFMAC5)       

Resolution range (Å) 15-2.2 15-2.2 10-1.9 15-2.1 10-2.2 15-2.2 

No. reflections working set 27817 54490 79704 62849 54089 31643 

No. reflections test set 1465 2865 4195 3260 2847 1666 

No. non hydrogen 

(protein) 

3912 7826 7848 7816 7481 3844 

No. of heteroatoms 155 423 391 295 286 151 

No. of solvent water  207 326 348 273 431 192 

Rwork/Rfree (%)d 16.2/19.8 16.9/20.4 18.3/22.2 16.9/19.8 17.7/23.7 17.8/21.5 

RMSD bond lengths (Å)/(°)e 0.009/1.42 0.007/1.27 0.009/1.43 0.010/1.51 0.005/1.78 0.006/1.22 

Average B-factor (Å2) 41.0 43.1 38.0 46.1 42.9 47.4 

Ramachandran Plot (%)f 96.5/3.5/0.0 96.8/3.2/0.0 96.8/3.2/0 95.9/4.1/0.0 96.3/3.7/0.0 96.2/3.8/0.0 

PDB code 4Q39 4Q3A 4Q3B 4Q3C 4Q3D 4Q3E 

a The values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the last resolution shell. 
b Friedel pairs were treated as identical reflections. 
c Rmerge(I) = ΣhklΣj |[I(hkl)j - I(hkl)]|/Σhkl Ihkl , where I(hkl)j is the jth measurement of the intensity of reflection hkl and <I(hkl)> is the average intensity. 
d R = Σhkl ||Fobs| - |Fcalc||/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly chosen 5 % of reflections, which were not used for structure 

refinement, and Rwork is calculated for the remaining reflections. 
e Deviations from ideal bond lengths/angles. 
f Number of residues in favored region/allowed region/outlier region. 
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7.2 NMR spectroscopy 

    

 

Figure 39 13C NMR spectrum of [U-13C6]lysine. Note, all spectra of PylB activity assays looked identical to this 
reference spectrum, indicating that no product was formed.  
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7.3 Primary sequence alignments 

    

 

Figure 40 Primary sequence alignment of PylB proteins. Secondary structure elements are shown for PylB from 
M. barkeri strain Fusaro. Conserved amino acid residues are shown in bold letters. Amino acid residues in 
contact with 3R-methyl-D-ornithine (2), SAM, and the [4Fe-4S] cluster are colored in green, blue, and orange, 
respectively. METBF, M. barkeri strain Fusaro; METBA, M. barkeri; METBU, M. burtonii; METAC, M. acetivorans; 
METMA, M. mazei; DESHY, D. hafniense strain Y51; DESHD, D. hafniense; DESAS Desulfotomaculum acetoxidans; 
DESAH, Desulfobacterium autotrophicum; ACEAZ, Acetohalobium arabaticum; METEZ, Methanohalobium 

evestigatum; METMS, Methanohalophilus mahii; THEPJ, Thermincola potens; BILWA, Bilophila wadsworthia. 
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Figure 41 Primary sequence alignment of PylC proteins. 
Secondary structure elements are shown for PylC from M. 

barkeri strain Fusaro. Strictly conserved amino acid 
residues in contact with L-lysine-Nε-D-ornithine (3a) are 
highlighted in blue, functionally conserved residues are 
highlighted in light blue. Strictly or functionally conserved 
amino acid residues not in contact with the product are 
shown in gray and light gray, respectively. Organisms are 
abbreviated according to Figure 40. 9FIRM: Desulfo-

sporosinus orientis; METZD: Methanosalsum zhilinae. 
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Figure 42 Primary sequence alignment of PylD proteins. Secondary structure elements are shown for PylD from 

M. barkeri strain Fusaro. Strictly conserved amino acid residues in contact with ligands are highlighted in dark 
yellow (lysine moiety of pyrrolysine (4)), dark green (pyrroline moiety of 4), and dark red (NADH), functionally 
conserved residues are depicted in light colors. Strictly conserved amino acid residues not in contact with ligands 
are shown in gray. Flexible regions of PylD are marked with a frame (N-terminus: red, loop connecting S1 and 
H3: blue). Organisms are abbreviated according to Figure 40. 
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7.4 Interaction schemes for PylD ligands 

    

Figure 43 Amino acid residues in contact with a) 4, b) 4b, and c) 4c. N-terminal moiety, green; C-terminal moiety, 
yellow. Distances of the interactions are given in Å. The putative trajectory for hydride transfer is indicated by a 
pink dotted line. Hydrophobic interactions are illustrated by black and orange curves.

a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

c) 
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Figure 44 Amino acid residues in contact with a) 3d, b) 3e, and c) 4f. N-terminal moiety, green; C-terminal 
moiety, yellow. Distances of the interactions are given in Å. The putative trajectory for hydride transfer is 
indicated by a pink dotted line. Hydrophobic interactions are illustrated by black curves.
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