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Pyrrolysine (Pyl, 4), the recently discovered 22nd genetically
encoded amino acid, has almost instantaneously become
a hotspot of protein biochemistry,[1] although its natural
occurrence appears to be limited to just three proteins that
are involved in the breakdown of methylamines in a small
subgroup of archaea and bacteria.[2] The novel amino acid is
incorporated by a cognate pair of a tRNA and its synthetase
(specified as pylT and pylS, respectively) through recognition
of an amber stop codon (UAG).[2a,3]

Biosynthesis of 4 is accomplished from two molecules of
lysine (1) by sequential action of PylB, PylC, and PylD
(Scheme 1).[4] Specifically, the iron–sulfur S-adenosylmethio-
nine protein PylB catalyzes the conversion of 1 to (3R)-3-
methyl-d-ornithine (3MO, 2),[5] which is subsequently hooked
up ATP-dependently to the e amino group of a second lysine
molecule by PylC resulting in 3.[6] Dehydrogenation at the C5
position of the methylornithine moiety of the isopeptide and
subsequent ring closure catalyzed by PylD completes the

biosynthesis of the unusual amino acid pyrrolysine. The
present report on PylD describes the structural investigation
and implementation on the reaction mechanism of the
enzymes required for the biosynthesis of pyrrolysine and
may open novel opportunities for the harnessing of the system
for biotechnology purposes.[7]

We expressed the pylD gene of Methanosarcina barkeri
Fusaro in an Escherichia coli strain. The recombinant protein
was purified by metal-affinity chromatography and showed in
vitro catalytic activity with Km = 3.6 mm� 0.5 mm (Figure S1
in the Supporting Information) and kcat = 0.76 s�1� 0.04 s�1

using the surrogate l-lysine-Ne-d-ornithine (LysNe-d-Orn,
3a) as substrate. PylD was crystallized together with 3a and/
or a pyridine nucleotide cofactor (NADH or NAD+). Crystals
diffracted to a maximum resolution of 1.8 � and starting
phases were obtained by a combination of single-wavelength
anomalous diffraction (SAD) methods using a selenomethio-
nine derivative and twofold noncrystallographic symmetry
(NCS) averaging. Real-space electron density map averaging
was performed with MAIN[8] in combination with CCP4
routines.[9] Model building was carried out with MAIN and
refinement was completed with REFMAC5[10] (see Table S1).
After structural elucidation of the selenomethionine-labeled
PylD holoenzyme (PylD:holo (peak), PDB ID: 4JK3), we
crystallized and determined the structure of native PylD in
the presence of NAD+ (PylD:holo, PDB ID: 4J43) to 2.2 �
resolution (Rfree = 20.1%, Table S1). Its molecular architec-
ture is shown schematically in Figure 1a: the C-terminal
segment (residues 139–259) resembles a Rossmann motif of
five parallel b strands (S6–S10) with 21345 topology, which is
N- and C-terminally flanked by helices H5 and H10,
respectively (secondary-structure nomenclature: see Fig-
ure S3), yielding in the DALI search[11] a highest Z-score of
15.6 for the Rhodospirillum rubrum Transhydrogenase
Domain I (PDB ID: 1L7D). The N-terminal segment (resi-
dues 1–138) comprises a b sheet of five strands (S1–S5) whose
overall orientation is orthogonal to that of the Rossmann
motif of the C-terminal part. Interestingly, the C-terminal
helix (H10) of PylD is wedged between the two b sheets
supporting the correct fold and orientation of the N-terminal
half of the dehydrogenase. In contrast to the Rossmann fold,
the DALI search for proteins resembling the topology of the
N-terminal segment resulted in only some similarities with the
tRNA binding domain of certain tRNA synthetases (Z-
score< 8).

The nicotinamide adenine dinucleotide coenzyme NAD+

is bound to PylD in an extended conformation, inside
a groove at the C-terminal pole of the Rossmann b sheet;
both furanose rings have C2’-endo conformation. A typical
VXGXGXXGXXXA motif[12] (residues 146–157) is part of
the coenzyme binding site and the backbone elements are
predominantly involved in a network of hydrogen bonds with

Scheme 1. Biosynthesis of pyrrolysine. Note: PylB generates only 3MO
(2); PylC and PylD also catalyze the reactions of 2a and 3a,
respectively.
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NAD+ (Figure 2a). Both hydroxy groups of the adenosyl
moiety are hydrogen-bonded by the strictly conserved side
chain of Asp171. Notably, in the absence of substrate, the four
N-terminal amino acids and residues 56–59 of a loop con-
necting S1 and H3 are structurally disordered and thus are not
defined in the electron density map. Therefore, the coenzyme

complex of PylD reveals an open cavity at the interface
between the two b sheets that serves as the substrate binding
site (Figure 1b).

To investigate the reaction trajectory of PylD, we synthe-
sized the substrate analogue 3a (for details see the Supporting
Information) and determined the structure of PylD cocrystal-

Figure 1. Overall structure of PylD. a) Topology with secondary structure elements shown for PylD in complex with 4a. The Rossmann motif is
highlighted against a dark gray background and the substrate-binding motif against a gray background. The N-terminal part and residues 52–61,
which participate in an induced-fit mechanism upon substrate binding, are presented in red and blue, respectively. b) Left panel: Ribbon drawing
of the PylD:holo structure (open conformation). The C-terminal Rossmann fold is shown in dark gray and the N-terminal substrate binding
segment is depicted in gray. The N-terminus (red) and a loop connecting S1 and H3 (blue) are flexible (indicated by dashed lines). Right panel:
Surface representation of the PylD:holoenzyme structure. Disordered regions are shown in accordance with the ribbon drawing. c) Left panel:
Ribbon drawing of PylD cocrystallized with 3a and NAD+ (closed conformation). The active site contains the furnished product 4a (C atoms of
the lysine moiety are shown in yellow, C atoms of the pyrroline moiety in green); further color coding is according to (b). Note: all residues of the
structure shown in (c) are well defined in the electron density map. Right panel: Surface representation of the PylD:4a structure.

Figure 2. a) Amino acid residues in contact with NADH (black) and 4a (pyrroline moiety: green, lysine moiety: yellow). The interaction distances
are shown in �. b) Connolly surface representation of the active site of PylD. The atoms of ligand 4a are presented as spheres with their
corresponding van der Waals radii. Solvent molecules are drawn as smaller spheres (water: red, ammonia: blue). Note: the ammonia is located
inside a channel leading to the protein surface. Orientation of the structure is according to Figure 1. The stereoview of Figure 2b is presented in
the Supporting Information (Figure S2).
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lized with NADH and 3a (PylD:3a, PDB ID: 4J4B) to 1.9 �
resolution (Rfree = 24.0%, Table S1). Remarkably, substrate
binding is accompanied by breaking of helix H1, resulting in
a major topological reorganization of the N-terminal segment
that is conducive to closure of the substrate cleft by the
proximal part of the broken helix (residues 1–11, colored in
red in Figure 1). As a consequence, the bound substrate is
almost entirely enclosed in a narrow, hydrophobic tunnel
formed by residues Leu3, Leu4, Ile60, Phe63, Ala103, and
Leu247 as shown in Figure 2a. The C- and N-terminal end of
the substrate and the isopeptide bond are hydrogen-bonded
to backbone elements and water molecules (Figure 2a). The
ornithine motif of the substrate analogue adopts a sickle-
shaped conformation, with the amino and amide nitrogen
atoms in close proximity (2.0 �). At a distance of 2.6 � to C4
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 in the PylD:3a
complex structure towards the substrate suggests that PylD
acts as an R-type dehydrogenase (Figure 3a).

A further approach was to confirm that PylD crystallized
in an active state and that the induced-fit mechanism is part of
the catalytic reaction. We therefore soaked a PylD/NAD+

cocrystal with 3a (PylD:soak, PDB ID: 4J49); we observed
visible changes of the crystal morphology and transient
formation of bubbles inside the crystal. The substrate-treated
crystal still diffracted to a resolution of 2.2 � (Rfree = 20.1 %,
Table S1). Elucidation of the structure revealed two mole-
cules in the asymmetric unit; whereas one molecule shows the
open conformation without bound substrate or product, the
electron density for the second molecule indicates that 3a had
been converted to the product pyrroline-carboxy-lysine (Pcl,
4a), though the ligand displays only partial occupancy as
indicated by an increased Debye–Waller factor. We thus
cocrystallized PylD in the presence of 3a and NAD+ and
determined the complex structure (PylD:4a, PDB ID: 4J4H)
to 1.8 � resolution (Rfree = 21.8%, Table S1). The overall
architecture of the structure does not differ from that of the
PylD:3 a complex (Figure 3b); however, the differences
between the substrate and the furnished product 4a are
clearly depicted in the omit electron density maps (Fig-

ure 3c).[13] Furthermore, there is
a most notable change in the appear-
ance of a fixed small molecule that is
tentatively interpreted as ammonia
produced as the second reaction
product besides 4a (Figure 3 b),
whereas all defined solvent mole-
cules embracing the ligands are
present in both the substrate and
product PylD crystal structures with
a root-mean-square deviation
(r.m.s.d.) of less than 0.2 � (Fig-
ure 3c).

Our crystallographic data illus-
trate that PylD is a member of the
large FAD/NAD(P)-binding Ross-
mann-fold superfamily. Neverthe-
less, no assignment to a specific sub-
group 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
family (SDR). However, the Ross-
mann motif of SDR members is
typically located at the N-terminal
end,[14] as opposed to PylD where it
extends from positions 143–243 and
is followed by helix H10 which
interacts closely with the N-terminal
part housing the substrate-binding
site. Even more importantly, SDR
members whose structures so far
have been determined contain
a highly conserved tyrosine residue
which serves as a base for the
abstraction of a proton and thus
facilitates the hydride transfer.[15]

Figure 3. Stereoview of the active site of PylD. The 2Fo�Fc omit electron density map is contoured
at 1.0 s. The N-terminus is shown in red and the loop connecting S1 and H3 is depicted in blue.
The active-site residues and ligands are presented as stick models and solvent molecules are drawn
as balls (red: water, blue: ammonia). Hydrogen bonds are indicated by dashed lines. a) PylD in
complex with 3a ; b) PylD in complex with 4a ; c) superposition of 3a (dark green, blue mesh) and
4a (green, red mesh). Orientation of the structure is according to Figure 1.
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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. We also
note that to our knowledge dehydrogenases have not been
described to undergo the type of induced-fit motility observed
with PylD. Therefore, PylD appears to be without known
precedent beyond the general assignment to the Rossmann-
fold superfamily nor can any analogy to a specific family be
based on its unique primary structure. Rather, it must be
emphasized that the allowed sequence space for PylD�s
functionality is, per se, very large. In a pairwise comparison of
the 22 hypothetical PylD sequences in the Universal Protein
Resource (UniProt) database, identities as low as 22 % are
observed (Table S2).

Based on the crystal structures of PylD:holo, PylD:3a,
and PylD:4a, we propose the reaction mechanism shown in
Scheme 2. The observed topology of the substrate analogue

3a and the pyridine nucleoside coenzyme (in its reduced, that
is, nonreactive form) suggests that the pro-R hydrogen at the
terminal aminomethylene group of 3a is well positioned for
hydride abstraction by the coenzyme in the oxidized form.
The resulting, protonated and positively charged imine
carbon is perfectly suitable for a nucleophilic attack by the
a amino group of the ornithine moiety, thus enabling the
closure of the five-membered pyrrolidine ring. Alternatively,
the abstraction of the hydride ion and the attack by the
a amino group could be achieved in a concerted process, thus
explaining the absence of a base for proton abstraction from
the N-terminal nitrogen of the substrate. Notably, the absence
of a proton acceptor in the active site sets PylD apart from
other alcohol dehydrogenases and amine dehydrogenases.
Subsequent to the formation of the 2-aminopyrrolidine
intermediate 5, the transfer of a proton from the ring nitrogen
to the amino group at C5 of 5 could be mediated by a network
of hydrogen-bonded water molecules (Figure 2b and
Figure 3). Thus, the proton transponders could set the stage
for the elimination of the amino group affording the pyrroline
ring. In conclusion, our structural data provide snapshots of
different steps of the PylD reaction trajectory and strongly
support the proposed short mechanism rather than a more

complex pathway, for example through the formation of an
aldehyde intermediate.

Overall, the PylBCD biosynthetic machinery essentially
encompasses three chemical reactions, each representing
a challenge for the synthetic chemist. Whereas PylB and
PylC catalysis is strictly dependent on their substrates 1, 2,
and 2a, active PylD literally harbors enough room for
innovation beyond nature�s scope of substrates and products.
In particular, its binding cavity for the ornithine moiety is
large enough to accommodate a variety of different substrate
analogues. The presented results provide new directions for
future investigations on pyrrolysine derivates synthesized and
incorporated into a defined primary sequence by means of the
PylDST machinery in vivo.
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