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Summary
The non-heme iron oxygenase VioC from Streptomyces vinaceus catalyzes Fe(II)- and α-
ketoglutarate-dependent Cβ-hydroxylation of L-arginine during the biosynthesis of the
tuberactinomycin antibiotic viomycin. Crystal structures of VioC were determined in complexes
with the cofactor Fe(II), the substrate L-arginine, the product (2S,3S)-hydroxyarginine (hArg), and
the coproduct succinate at 1.1–1.3 Å resolution. The overall structure reveals a β-helix core fold
with two additional helical subdomains common to nonheme iron oxygenases of the CAS-like
(CSL) superfamily. In contrast to other CAS-like oxygenases, which catalyze the formation of
threo diastereomers, VioC produces the erythro diastereomer of Cβ-hydroxylated L-arginine. This
unexpected stereospecificity is caused by conformational control of the bound substrate, which
enforces a gauche(−) conformer for χ1 instead of the trans conformers observed for the asparagine
oxygenase AsnO and other members of the CSL superfamily. Additionally, the substrate
specificity of VioC was investigated. The sidechain of the L-arginine substrate projects outward
from the active site by making mainly interactions with the C-terminal helical subdomain.
Accordingly, VioC exerts broadened substrate specificity by accepting the analogues L-
homoarginine and L-canavanine for Cβ-hydroxylation.
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Introduction
The tuberactinomycin family of non-ribosomal peptide antibiotics includes viomycin
(tuberactinomycin B) and the capreomycins. These highly basic, cyclic pentapeptides are
characterized by the incorporation of nonproteinogenic amino acids such as the L-arginine-
derived (2S,3R)-capreomycidine residue or its 5-hydroxy derivative L-tuberactidine (Fig. 1A)
[1,2]. The cyclic portion of this residue is essential for antimicrobial activity against
Mycobacterium tuberculosis, but the nephrotoxic and ototoxic side effects limit the clinical
use of these antibiotics [3]. In addition, the tuberactinomycin antibiotics are applicable for
the treatment of bacterial infections caused by vancomycin-resistant enterococci and

*Authors to whom correspondence should be addressed Lars-Oliver Essen: Fax: +49-(0)6421-28 22012, Tel.: +49-(0)6421-28 22032
essen@chemie.uni-marburg.de Mohamed A. Marahiel: Fax: +49-(0)6421-28 22191, Tel.: +49-(0)6421-28 25722
marahiel@chemie.uni-marburg.de.

NIH Public Access
Author Manuscript
FEBS J. Author manuscript; available in PMC 2010 July 1.

Published in final edited form as:
FEBS J. 2009 July ; 276(13): 3669–3682. doi:10.1111/j.1742-4658.2009.07085.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



methicillin-resistant Staphylococcus aureus strains [4]. Since they act by inhibiting bacterial
protein biosynthesis, their mode of action concerning the interactions with a variety of
ribosomal functions has been studied extensively using the example of viomycin produced
by Streptomyces vinaceus [5–8].

The biosynthesis of the tuberactinomycin antibiotics proceeds via a non-ribosomal peptide
synthetase (NRPS) mechanism combined with the action of so-called tailoring enzymes that
act in trans to modify the assembled peptide or to synthesize the building blocks for the
NRP synthesis [9,10]. In the case of viomycin, the annotation of the biosynthesis gene
cluster revealed six genes encoding for distinct non-ribosomal peptide synthetases of which
four synthetases are proposed to be involved in the assembly of the pentapeptide core (Fig.
1A) [4,11]. Recent studies concerning the adenylation domain (A-domain) specificity of
VioF revealed a β-ureidoalanine (β-Uda) activation leading to the proposition of a new
model for the order of the NRPS's during viomycin biosynthesis [11]. Although module 3
lacks the A-domain, it is postulated that each of the five modules incorporate one residue
into the growing peptide chain, whereas the adenylation domain of module 2 activates two
molecules of L-serine (Fig. 1A). Another striking feature of these NRPSs is related to the C-
terminus of the synthetase VioG. Although there is no need for a further condensation
reaction, this NRPS contains a truncated condensation domain with unknown function.
Interestingly, no standard thioesterase that catalyzes the cyclization or hydrolysis of the
assembled peptide chain is found in the viomycin gene cluster [12].

A large number of NRPS-associated tailoring enzymes encoded by the biosynthesis gene
cluster in Streptomyces vinaceus are thought to be involved in the precursor biosynthesis
required for viomycin assembly [3,4,11]. Concerning the production of the nonproteinogenic
amino acid (2S,3R)-capreomycidine, which is incorporated into the growing peptide chain
by the synthetase VioG [13], precursor labeling studies determined that this residue is
derived from L-arginine [14]. It was previously shown that two enzymes, VioC and VioD,
from the biosynthetic pathway of viomycin catalyze the conversion of free L-arginine to (2S,
3R)-capreomycidine via the intermediate (2S,3S)-hydroxyarginine (Fig. 1B) [15–17]. This
residue is likely hydroxylated by the non-heme iron oxygenase VioQ as a post-assembly
modification yielding the L-tuberactidine residue found in viomycin [4,11,13].

The enzyme VioC, which catalyzes the C3-hydroxylation of L-arginine, shares significant
sequence identity to the non-heme iron oxygenase AsnO (~36%) from Streptomyces
coelicolor A3(2) involved in the biosynthesis of CDA [18] and to the trifunctional
clavaminate synthase (CAS) from Streptomyces clavuligerus (~33%) that catalyzes the
hydroxylation of a β-lactam precursor [19]. All these enzymes are members of the CAS-like
(CSL) superfamily of oxygenases that are Fe(II)- and α-ketoglutarate (αKG)-dependent [20].

These non-heme iron oxygenases share a common β-helix core fold, the so called jelly roll
fold, and are characterized by a 2-His-1-carboxylate facial triad involved in iron
coordination [21,22]. Typically, these enzymes catalyze the hydroxylation of unactivated
methylene groups where the stereochemistry is retained [23]. The catalytic mechanism of
Fe(II)-/αKG-dependent oxygenases has been extensively studied by X-ray crystallography
and spectroscopy [20,21]. These studies revealed that iron is activated for dioxygen binding
by substrate coordination next to the preformed Fe(II)•αKG•enzyme complex (Fig. 2). The
Fe(II)•dioxygen adduct reacts to a Fe(IV)-peroxo or a Fe(III)-superoxo species, which in
turn attacks the 2-ketogroup of αKG. The following oxidative decomposition of α-
ketoglutarate forms succinate and CO2 and leads to the formation of a Fe(IV)-oxo species
that abstracts a hydrogen radical from the unactivated methylene group of the substrate
[24,25]. The hydroxyl-group is then transferred to the substrate by radical recombination
(Fig. 2) [20,21]. Interestingly, a large number of Cβ-hydroxylations catalyzed by CAS-like
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enzymes result in the threo diastereomers such as (2S,3S)-hydroxyasparagine produced by
AsnO [18], (2S,3S)-hydroxyaspartate generated by SyrP from Pseudomonas syringae [26],
or the hydroxylated β-lactam moiety during clavulanic acid biosynthesis [27]. In contrast, it
was found that the hydroxylation reaction catalyzed by VioC yields (2S,3S)-hydroxyarginine
that corresponds to the erythro diastereomer [15,16]. Furthermore, the two oxygenases
MppO from Streptomyces hygroscopicus and AspH from Pseudomonas syringae also
catalyze Cβ-hydroxylations which lead to erythro diastereomeric products [26,28].

In this study, we investigated the substrate specificity of the non-heme iron oxygenase VioC
and the kinetic parameters for the hydroxylation reaction of the accepted substrates.
Furthermore, high-resolution crystal structures of VioC were obtained as complexes with L-
arginine, tartrate, and Fe(II) at 1.3 Å resolution, with hArg at 1.10 Å resolution, and with
hArg, succinate, and Fe(II) at 1.16 Å resolution. The structural data give first insight into the
arrangement of the active site of a CSL oxygenase producing erythro diastereomers of Cβ-
hydroxylated compounds. The elucidation of the (2S,3R)-capreomycidine biosynthesis
pathway is of great interest as this precursor is incorporated into a large number of
antibiotics such as the tuberactinomycin family or streptothricin broad-spectrum antibiotics
[29].

Results and Discussion
Overproduction and purification of VioC

The gene from Streptomyces vinaceus coding for VioC (TrEMBL entry Q6WZB0; 358 aa)
was expressed as a fusion with an N-terminal hexahistidine tag in E. coli BL21(DE3) cells
with a mass of 41.6 kDa. Recombinant VioC was purified by Ni-NTA affinity
chromatography and gel filtration as soluble protein with > 95% purity as displayed by
SDS-PAGE analysis with yields of 1.3 mg per liter of bacterial culture. The protein mass
was verified by mass spectrometric (MS) analysis.

Substrate specificity and kinetic parameters of VioC
The Cβ-hydroxylation activity of VioC was previously shown by incubating the
recombinant enzyme with free L-arginine, FeSO4, and αKG [15]. In addition, the
stereochemistry of this hydroxylation reaction was determined by NMR analysis of the
product [15] and by comparison of the retention times of the product with synthetic
standards by HPLC analysis [16]. Furthermore, D-arginine and NG-methyl-L-arginine were
tested as possible substrates for VioC, but hydroxylation could not be detected by HPLC
analysis [16]. To determine the substrate specificity of VioC in more detail, the enzyme was
incubated with several L-arginine derivatives or several other L-amino acids (Table 1) in the
presence of αKG and (NH4)2Fe(SO4)2. HPLC-MS analysis of the reactions revealed the
ability of VioC to hydroxylate not only L-arginine but also its derivatives L-homoarginine and
L-canavanine (Fig. 3A,Table 1). Apparently, the enzyme tolerates a slightly modified side
chain of the substrate. In contrast to this, D-arginine, NG-methyl-L-arginine, NG-hydroxy-nor-
L-arginine and all other tested amino acids are not accepted for hydroxylation (Table 1). The
kinetic parameters of VioC for its native substrate L-arginine were determined to an apparent
KM of 3.40 ± 0.45 mM and a kcat of 2611 ± 196 min−1. This leads to a catalytic efficiency of
kcat/KM = 767 ± 183 min−1 mM−1 (Table 1). The enzyme shows a 6.5 fold lower catalytic
efficiency in hydroxylating L-homo-arginine (kcat/KM = 118 ± 47.1 min−1 mM−1) and a 12
fold lower catalytic efficiency in the presence of the other nonnative substrate L-canavanine
(kcat/KM = 63.3 ± 17 min−1 mM−1) (Table 1). These values clearly demonstrate that L-
arginine is the preferred substrate of VioC. It is converted to the hydroxylated form with the
highest catalytic efficiency and turnover number kcat. Nevertheless, L-homoarginine and L-
canavanine are converted to the hydroxylated derivatives with catalytic efficiencies that are
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in a similar range as the catalytic efficiency of L-arginine hydroxylation. Some other αKG-
and Fe(II)-dependent oxygenases exert comparable catalytic efficiencies. For example, the L-
asparagine hydroxylating oxygenase AsnO from Streptomyces coelicolor A3(2) exhibits a
kcat/KM of 620 min−1 mM−1 and the non-heme iron dioxygenase PtlH from Streptomyces
avermitilis that catalyzes the hydroxylation of 1-deoxypentalenic acid during
pentalenolactone biosynthesis shows a catalytic efficiency of 442 min−1 mM−1 [18,30].

Overall structure description
The crystal structure of VioC was solved at 1.3 Å resolution by molecular replacement using
the related structure of AsnO [18] as a search model. Crystals of VioC were assigned to
space group C2. Each asymmetric unit contains one VioC molecule that was defined for the
residues V21–G356. The structure of VioC consists of a core of nine β-strands (A–I) (Table
2), of which eight build up the jelly roll fold that is also found in structures of other
members of the CSL oxygenase family. The major sheet of this topology is formed by the
five β-strands B, G, D, I, and C and the minor sheet consists of the three β-strands F, E, and
H (Fig. 3B). This core is placed between two highly α-helical regions. The N-terminal
region (residues V21–L80) contains three helices (α1–α3) and one β-strand (A) parallel to
the first β-strand B of the jelly roll core. The linkage of the fourth (E) and fifth (F) β-strand
of the jelly roll fold is built up by an extended insert (residues V199–L296) consisting of the
helices α5–α7. In addition, two flexible loop regions are found within this insertion (residues
F213–R237 and R249–E279) and another loop region bordering the active site is placed
between the β-strands C and D (residues V146–D179).

A comparison of the crystal structures of CAS [27], AsnO [18] and VioC (Fig. 3C) shows
the high structural similarity of these enzymes with an overall root mean square deviation
(rmsd) of 1.32 Å for 169 Cα-positions between VioC and AsnO, and 1.36 Å for 236 Cα-
positions between VioC and CAS, respectively (Table 3). These values were obtained by a
secondary structure matching alignment with VioC as a reference and demonstrate the high
structural relationship in the CSL oxygenase superfamily whose general hallmark is the
presence of the two α-helical subdomains in addition to the catalytic jelly roll fold. Although
the presence of these α-helical subdomains might be an evolutionary relic at least the C-
terminal one is intimately involved in active site formation by bordering therein bound
substrate.

Active Site of VioC
Crystals of the substrate complex were obtained by crystallization of purified VioC in the
presence of K-/Na-tartrate yielding a structure at 1.3 Å resolution comprising L-arginine,
tartrate, and an iron ion. The positions of the Fe(II)-cofactor, the substrate L-arginine, and the
cosubstrate mimic tartrate were clearly indicated by difference electron density map of the
active site (Fig. 4A) indicating that iron and L-arginine were copurified during the
preparation of recombinant VioC. An iron-free, but (2S,3S)-hydroxyarginine (hArg)
containing structure was obtained at 1.1 Å resolution by crystallizing VioC in the presence
of citrate and the reaction product hArg. Finally, a structure of the product complex with
hArg, succinate, and iron bound to the active site was obtained by cocrystallization of VioC
with hArg at 1.16 Å resolution. The active site region is also clearly delineated by atomic-
resolution electron density (Fig. 4B, 4C).

The VioC•L-Arg•Fe(II)•tartrate complex reveals that the ferrous iron is pentacoordinated by
one carboxyl group of tartrate and the so called 2-His-1-carboxylate facial triad (Fig. 4A, 5).
This iron binding motif (HXD/E…H) is conserved in almost all known non-heme iron-
dependent oxygenases [20,21]. In the case of VioC it is made up by the residues H168,
E170, and H316. These residues are positioned within the loop linking β-strands C and D
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(H168 and E170) and on β-strand H (H316) indicating that the iron binding facial triad is
located near the minor sheet of the jelly roll fold. Instead of the natural cosubstrate α-
ketoglutarate a tartrate molecule is bound in this substrate complex of VioC. As a
cosubstrate mimic the tartrate is similarly bound as found before for αKG and succinate in
other CSL oxygenases [20,21]. The coordination of the 1-carboxylate of αKG is known to
be either trans to the proximal histidine (H168) or trans to the distal histidine (H316) [21].
Accordingly, one carboxyl group of the tartrate coordinates in a monodentate manner to the
ferrous iron thus being placed in trans to the distal histidine, whereas the other carboxyl
group is bound to VioC via a salt bridge to the guanidinium group of R330 (Fig. 2,4A,5A).
R330 that forms the salt bridge to the tartrate is conserved in almost all Fe(II)-/αKG-
dependent oxygenases and usually located 14–22 residues after the distal histidine [20]. In
VioC, this arginine is positioned 14 residues after the distal histidine of the iron binding
motif. The iron adopts a distorted octahedral conformation and shows conformational
heterogeneity by being found at two positions with approximate occupancies of 75%/25%.
As the two positions are split by only 1.1 Å, the presence of an Fe-O species can be
excluded in the VioC•L-Arg•Fe(II)•tartrate complex. Interestingly, this heterogeneity for the
iron site is also reflected by the nearby bound L-arginine that adopts two different
conformers with a ~3:1 ratio in the active site (Fig. 5A, Table 4). Both conformers of the
arginine have a strained geometry within the active site by adopting eclipsed rotamers along
the χ2 and χ3 torsion angles (Table 4).

The structure of the VioC•hArg•Fe(II)•succinate complex shows that the coproduct of the
hydroxylation reaction, succinate, is coordinated in a bidentate way to VioC's active site in
much the same way as tartrate in the substrate complex (Fig. 4, 5). In electron density maps
calculated at 1.16 Å resolution conformational heterogeneity is again observed at the iron
binding site, where the side chain of the proximal histidine is found in two alternative
conformations. Together with the 1.1 Å structure of the VioC•hArg complex the earlier,
chemically assigned (2S,3S)-stereochemistry of the hydroxylation product hArg is now
verified [15,16]. The distance between the hydroxylated Cβ methylene group and the
catalytic iron is 4.2 Å. In the VioC•L-Arg•Fe(II)•tartrate complex both observed conformers
of the substrate are suitably oriented to point with the proS-hydrogen atom of the Cβ group
towards the catalytic iron. With an iron-hydroxyl distance of 3.1 Å the structure of the
VioC•hArg•Fe(II)•succinate complex indicates a rather loose coordination of the product to
the active site iron (Fig. 4C, 5).

Concerning the recognition of L-arginine and hArg by VioC as a substrate and product,
respectively, the structures imply two conserved coordination sites for the α-amino group of
L-arginine (Fig. 4, 5). The residues Q137 and E170 form a hydrogen bond and salt bridge
with the α-amino group, although the carboxyl group of E170 also coordinates the catalytic
iron. Furthermore, the carboxyl group of L-arginine forms a salt bridge with the side chain of
R334 and a hydrogen bond to the peptide group of residue S158. In addition, the
guanidinium group of the L-arginine side chain forms salt bridges to the closely adjoined side
chains of the acidic residues D268 and D270.

Lid Region of VioC
Upon substrate binding a flexible, lid-like region (residues F217–P250) shields the active
site of VioC. The lid region is completely disordered in the apo-form (residues R220–E251)
(data not shown), but becomes ordered after iron and substrate complexation. The product
complex of VioC exhibits the same lid organization as the substrate complex, but a
comparison with the lid region of AsnO reveals a significantly longer lid region for VioC
(Fig. 6A). Here, parts of the lid are coiled up to helix α6 which packs against the extended
stretch lining the active site. In contrast to AsnO, where the active site is sealed by a
hydrophobic wedge of three consecutive proline residues, the active site of VioC is bordered
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by only one proline residue (P221) and two aspartate residues (D222 and D223). The side
chain of residue D222 apparently stabilizes the guanidinium group of the substrate via long-
range electrostatic interactions and so supports the correct orientation of L-arginine in the
active site. Another interaction between the lid region and the active site, which was also
observed in AsnO, is a hydrogen bond established by the hydroxyl group of the side chain of
S224 and the carboxamide group of the side chain of Q137. Residue Q137 is suitably
orientated to interact with the α-amino group of L-arginine. These findings indicate that,
although the lid regions of AsnO and VioC are indeed conformationally different, a nearly
conserved region is involved in active site formation after substrate binding. Interestingly,
the disorder of the lid region appears to be increased in the product rather than in the
substrate complexes. In the VioC•hArg complex the short stretch T232–Q235 that is about
19 Å distant from the bound hArg is not defined by electron density, as also found for the
VioC•hArg•succinate•iron complex where A233–G236 are missing. In addition, the
remaining residues of the lid region (R220–D248) exhibit only about 80% occupancy.
Overall, this implies that minor changes in the active site exert significant effects on lid
motility of this CAS-like oxygenase.

As observed before in several other oxygenases the active site of non-heme iron-dependent
oxygenases can be canopied by a flexible lid region upon substrate binding. In the case of
CAS, this loop region remains partly disordered although Fe(II), αKG, and the substrate are
bound in the active site (Fig. 3C) [27]. In contrast to this finding, the lid region of AsnO
becomes ordered upon complexation of iron. Here, the lid region of AsnO shields the active
site in the presence of bound product to keep bulk solvent out [18]. Tryptophan oxygenase
from chicken, also a non-heme iron enzyme, shows a similar behavior upon tryptophan
binding as a substrate. Substrate binding triggers conformational changes to a more closed
topology where two loops close around the active site [31]. Another example for canopying
the active site is found in the crystal structure of the Fe(II)-/αKG-dependent dioxygenase
PtlH from Streptomyces avermitilis. This enzyme shields its active site after substrate
binding by an α-helix that stabilizes the bound substrate during catalysis [32].

Substrate and Stereospecificity
As described above, VioC exhibits strong substrate specificity for its native substrate L-
arginine, but also tolerates L-homoarginine and L-canavanine (Fig. 3A, Table 1). These
findings can be explained by the coordination of L-arginine in the active site of VioC (Fig. 4,
5, 6B). As the stereochemistry of the Cα-atom is crucial to allow the manifold interactions
between its α-carboxy and α-amino substituents with the enzyme, only the L-enantiomer can
be accomodated in the binding pocket. Another appealing feature is the salt bridges between
the guanidinium group of L-arginine and its surrounding residues D268 and D270. With a
distance of about 3.5 Å, there is sufficient space in the active site to accommodate at least
one additional methylene group in the side chain of L-arginine as exemplified by the binding
and catalytic turnover of L-homoarginine. Concerning L-canavanine turnover by VioC, the
modified guanidinium group is likely to be analogously bound by the acidic residues D268
and D270. The oxygen atom of L-canavanine (Fig. 3A) that replaces the Cδ methylene group
is tolerated, since this position is not directly recognized by the enzyme. The results also
indicate why NG-methyl-L-arginine and NG-hydroxy-nor-L-arginine are not acceptable for
hydroxylation: Although being directed towards the surface of VioC a terminal methylation
or hydroxylation of the guanidinium group sterically interferes with the intimate salt bridge
formation to D268 and D270. Altogether, the VioC structures corroborate only partly the
predictions made before for the substrate binding residues in the active sites of CSL
oxygenases [18], as they differ in regard to the interaction sites with the substrate's side
chain.
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Most non-heme oxygenases exhibit high substrate specificities. For example the αKG- and
Fe(II)-dependent oxygenase AsnO from Streptomyces coelicolor A3(2) accepts only free L-
asparagine as a substrate [18] and the oxygenase SyrP from Pseudomonas syringae converts
only L-aspartate tethered as a pantetheinyl thioester to the corresponding peptidyl carrier
protein during syringomycin biosynthesis [26]. There also exist examples for a more
tolerant substrate recognition. The two oxygenases RdpA and SdpA from Sphingomonas
herbicidovorans MH, which are involved in the degradation of phenoxy-alkanoic acid
herbicides, recognize either [2-(4-chloro-2-methylphenoxy)propanoic acid] or [2-(2,4-
dichlorophenoxy)propanoic acid] with RdpA transforming the (R) enantiomers and SdpA
being specific for the (S) enantiomers [33,34]. In addition, the non-heme oxygenase AspH
from Pseudomonas syringae hydroxylates free L-Asp, L-Asp-SNAC, and a linear
nonapeptide containing an asparagine residue [26].

The stereospecificity with which VioC catalyzes the Cβ-hydroxylation of a nonactivated
methylene moiety was unexpected, as it differs from that of other CAS-like oxygenases.
Using the obtained atomic-resolution crystal structures the observed erythro specificity of
VioC can now be explained. The product (2S,3S)-hydroxyarginine is coordinated to the
catalytic iron in a different manner than for example hAsn in the active site of AsnO (Fig.
6B) [18]. VioC forms a channel from the active site to the surface wherein bound hArg is
located. In contrast, the side chain of bound hAsn in AsnO is facing inwards of the enzyme
complex. The different substrate binding mode is caused by conformational control of the
enzyme on the side chain rotamer of the bound substrate. For example, in AsnO a trans
conformer is selected for the χ1 torsion angle of bound L-asparagine, whereas in VioC a
gauche(−) rotamer is observed for L-arginine (Table 4). Due to the different rotamers
adopted by the substrates in the active sites of VioC and AsnO only VioC is capable to
direct the proS-hydrogen of its Cβ group toward the ferryl [Fe(IV)=O] intermediate that is
formed during catalysis, whereas in AsnO the proR-hydrogen is suitably positioned to be
transferred onto the ferryl intermediate.

Conclusions
The assigned stereospecificity of the Cβ-hydroxylation reaction of L-arginine by VioC is
now proven by high-resolution crystal structures of both substrate and product complexes. In
addition, the observed substrate tolerance of VioC reflects the unusual coordination mode of
the substrate within the active site of VioC. The C-terminal α-helical subdomain with its lid
region and the α6–α7 loop causes the substrate to adopt a unique χ1-conformer that differs
from other related CAS-like oxygenases. This implies a role of at least the C-terminal
subdomain in this subclass of αKG-dependent oxygenases in directing substrate
conformation and restricting the range of acceptable substrates.

One challenging task for synthetic chemists is still the stereoselective synthesis of β-
hydroxylated amino acids, given that these compounds are of significant interest by being
found in several antibiotics [18,20,35] and bioactive compounds. To our knowledge, this is
the first crystal structure of a CSL oxygenase catalyzing the formation of erythro
diastereomeric products. Together with earlier structures of threo diastereomer producing
oxygenases like AsnO [18] or CAS [27], there is now sufficient information to reengineer
these oxygenases for generating enzymatically new building blocks for natural product
biosynthesis. The family of CSL oxygenases demonstrates how conformational control is
exerted on bound substrates to control the stereospecificity of the catalyzed reaction.
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Experimental Procedures
Protein expression and purification of VioC

The expression plasmid pET28vioC [15] was used to transform E. coli strain BL21(DE3).
VioC was overproduced as an N-terminally hexahistidine tagged protein in LB medium
supplemented with kanamycin (50 μg mL−1). 500 mL cultures were grown at 37 °C until an
OD600 of 0.6 and protein expression was induced with IPTG (0.5 mM). After incubation for
3 h at 30 °C the cells were harvested by centrifugation (7000 rpm, 15 min, 4 °C) and
resuspended in 50 mM Hepes pH 8.0 and 300 mM NaCl. The cells were lysed by two
passages through an EmulsiFlex-C5 (Avestin) at 10000 psi and VioC was purified by Ni-
NTA affinity chromatography using an ÄKTA purifier system (Amersham Pharmacia
Biotech). The concentration of the eluent imidazole was changed linearly between 3 and 250
mM. Fractions containing the recombinant protein were identified by 12% SDS-PAGE
analysis, pooled, and further purified and dialyzed against either 25 mM Hepes pH 7.0 and
50 mM NaCl or 10 mM Tris/HCl pH 8.0 using gel filtration chromatography on a Superdex
75 column (Amersham Pharmacia Biotech). The fractions were also analyzed by 12% SDS-
PAGE and those containing VioC were concentrated and directly subjected to
crystallization. The concentration of the protein solution was measured
spectrophotometrically at 280 nm using the calculated molar extinction coefficient of VioC
(47630 M−1 cm−1).

Determination of enzyme specificity and kinetic parameters
Recombinant VioC (5 μM) was incubated with different substrates (500 μM) (see Table 1),
the cosubstrate α-ketoglutarate (1.0 mM), and the cofactor (NH4)2Fe(SO4)2 (1.0 mM) in 10
mM Tris/HCl buffer (pH 8.0) for 1.5 h at 30 °C. The reactions were stopped by adding 4%
(v/v) perfluoropentanoic acid. Control reactions were carried out without VioC. The
reactions were analyzed via reversed-phase HPLC-MS analysis on a Hypercarb column
(Thermo Electron Corporation, pore diameter of 250 Å, particle size of 5 μm, 100% carbon)
using the following mobile phases: 20 mM aqueous perfluoropentanoic acid (A), and
acetonitrile (B). The following gradient was applied: 0–50% B in 10 min and 50–80% B in
10 min with a flow rate of 0.2 mL min−1 at 20 °C. The ESI-MS analysis of the reaction
mixture was performed with an Agilent 1100 MSD (Agilent Technologies) using the
positive single-ion monitoring (SIM) mode.

Kinetic parameters were determined by incubating 0.25 μM VioC with 1.0 mM αKG, 1.0
mM (NH4)2Fe(SO4)2, and substrate concentrations between 75 μM and 8.0 mM in 10 mM
Tris/HCl buffer (pH 8.0) for 30 s at 30 °C. After stopping the reactions by addition of 4% (v/
v) perfluoropentanoic acid they were also analyzed by reversed-phase HPLC-MS using the
conditions described above. The kinetic parameters were calculated assuming Michaelis-
Menten behavior and using the programs Enzyme Kinetics and Sigma Plot 8.0.

Crystallization of VioC
Crystallization trials were performed at 18 °C by the sitting-drop vapor-diffusion method.
Crystals of VioC complexed with the substrate L-arginine and the cofactor Fe(II) were
obtained in several conditions using the NeXtal Anion Suite kit (Qiagen) and a protein
concentration of 8.0 mg/mL in 25 mM Hepes pH 7.0 and 50 mM NaCl. Best crystals were
obtained in 1.2 M potassium-/sodium-tartrate, 0.1 M Tris/HCl pH 8.5 without any prior
addition of L-arginine or Fe(II). The product complex was achieved by cocrystallization of
recombinant VioC with (2S,3S)-hydroxyarginine. The synthesis of this compound was
performed enzymatically as described previously [15]. In the cocrystallization experiment
11 mg/mL protein solution in 25 mM Hepes pH 7.0 and 50 mM NaCl and 3 mM (2S,3S)-
hydroxyarginine were used for a screening against the NeXtal Anion Suite kit (Qiagen).
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Again crystals were obtained in several conditions, where the best crystals were achieved in
1.0 M sodium succinate, 0.1 M Tris/HCl pH 8.5 and 0.6 M tri-sodium citrate, 0.1 M Hepes pH
7.5. Additionally, a crystal of the apo-form of VioC was obtained, but it showed strong
anisotropic scattering and was hence not finally refined.

Data collection and structure determination
Monoclinic VioC crystals were transferred to a cryoprotection solution containing the
mother liquor components and 30% (v/v) glycerol before being flash-frozen in liquid
nitrogen. Data sets for the substrate complex were collected at beamline X06SA at SLS,
Villigen, Switzerland and data sets for the product complexes were recorded at beamline
ID14-4 at ESRF, Grenoble, France. The X-ray data were integrated by XDS and scaled by
XSCALE [36]. The crystal structure of the substrate complex of VioC was solved by
molecular replacement using MOLREP [37] and a homology model based on the structure
of apo-AsnO (PDB accession code 2OG5) [18] whose lid region was truncated (initial R-
factor 0.338, correlation coefficient 0.720 for data between 2.8 and 20 Å). Further manual
and automatic refinement of this and the other complexes proceeded with COOT and
REFMAC5 (Table 5) [38,39]. Anisotropic refinement of B-factors was justified for the
product complexes due to the atomic resolution of their datasets and a drop of Rfree of more
than 2 %.

RCSB protein data bank accession numbers
Crystal structures and structure factors were deposited in the RCSB under accession
numbers 2WBO for the substrate•tartrate•iron complex, 2WBQ for the complex with hArg,
and 2WBP for the complex with hArg•succinate•iron.
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Abbreviations

A-domain adenylation domain

αKG α-ketoglutarate

β-Uda β-ureidoalanine

CAS clavaminic acid synthase

CDA calcium-dependent antibiotic

CSL CAS-like

hArg (2S,3S)-hydroxyarginine

hAsn (2S,3S)-hydroxyasparagine

HPLC-MS high-performance liquid chromatography-mass spectrometry

IPTG isopropyl β-D-1-thiogalactopyranoside

NADH nicotinamide adenine dinucleotide

Ni-NTA nickel-nitrilotriacetic acid
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NMR nuclear magnetic resonance

NRPS non-ribosomal peptide synthetase

RCSB Research Collaboratory for Structural Bioinformatics

r.m.s.d. root mean square deviation

SDS-PAGE sodium dodecylsulfate polyacrylamide gelelectrophoresis

SSM secondary structure matching
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Fig. 1.
Biosynthesis of Viomycin. A) Schematic representation of the viomycin synthetase cluster.
The four distinct synthetases VioA, VioI, VioF, and VioG comprise five modules that are
subdivided into 14 domains. Each module activates and incorporates one specific precursor
into the growing peptide chain. The dashed arrow marks the position where (2S,3R)-
capreomycidine is incorporated. After release and macrolactamization the cyclic
pentapeptide is modified by the action of several tailoring enzymes present in the viomycin
biosynthetic gene cluster resulting in the fully assembled antibiotic viomycin. B)
Biosynthesis of (2S,3R)-capreomycidine by the action of VioC and VioD as precursor for
the non-ribosomal peptide synthesis.
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Fig. 2.
Proposed reaction mechanism for the VioC catalytic cycle. Hydrogen transfer from the β-
CH2 group of arginine, by a reactive ferryl-oxo intermediate, yields substrate and Fe(III)-
OH radicals that recombine under formation of (2S,3S)-hydroxyarginine.
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Fig. 3.
A) Chemical structures of the substrates accepted by VioC. B) Overall structure of the
substrate complex VioC•L-Arg•tartrate•Fe(II). The β-strands B, G, D, I, and C build the
major side of the jelly roll fold and the minor side is built by the β-strands F, E, and H. The
flexible lid region is shown in blue, the bound Fe(II) depicted in orange, and the cosubstrate
mimic and the substrate are shown in gray. C) A stereo diagram shows the comparison of
the ribbon diagram of the VioC•L-Arg•tartrate•Fe(II) complex (red, bold) with the
AsnO•hAsn•succinate•Fe(II) complex (green, PDB accession code 2OG7) and with CAS
(blue, PDB accession code 1DRY). The position of the iron atom is marked as an orange
sphere. The lid regions (VioC: residues F217–P250; AsnO: residues F208–E223; CAS:
residues M197–G207 with disordered parts indicated by dashed lines) are highlighted in
gray.
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Fig. 4.
Active site of VioC. A) Stereo diagram of the active site of the substrate complex. The
2Fobs-Fcalc electron density (contouring level 1.0 σ ≡ 0.39 e−/Å3) shows the bound iron
(orange), tartrate, and L-arginine (gray). Notably, the substrate L-arginine and the iron are
coordinated in two different conformations with 75% and 25% occupancy, respectively. B)
Stereo diagram of the coordination of hArg in the active site of VioC in the VioC•hArg
complex with an overall 80% occupancy for hArg (gray), where each coordinated conformer
exhibits 40% occupancy. Additionally, a fragment corresponding to an acetate ion was
indicated by the 2Fobs-Fcalc electron density (contouring level 0.8 σ ≡ 0.35 e−/Å3) of the
binding site of the αKG cosubstrate. C) Stereo diagram of the active site of the
VioC•hArg•succinate•Fe(II) complex with iron shown in orange and hArg and succinate
shown in gray. The 2Fobs-Fcalc electron density was calculated with a contouring level of
0.8 σ ≡ 0.35 e−/Å3. Water molecules are depicted as red spheres.
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Fig. 5.
Interactions in the active site of VioC. A) Coordination of ferrous iron in the substrate
complex VioC•L-Arg•tartrate•Fe(II) with the iron ion depicted in orange and L-arginine and
tartrate shown in gray. B) Coordination of the iron ion in the active site of the product
complex VioC•hArg•succinate•Fe(II). The product hArg and the coproduct succinate are
shown in gray. C) Schematic representation of the interactions in the active site of the
product complex of VioC. The involved residues are specified by their number in the
peptide chain and by the secondary structure element from which they are derived.
Distances are indicated in Å and by dashed lines.
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Fig. 6.
Lid-control of substrate binding. A) Comparison of the lid regions of VioC (blue) and AsnO
(green). The side chain of residue S224 forms a hydrogen bond to Q137 that coordinates the
α-amino group of hArg (distance is indicated in Å). The residues sealing the active site are
also specified. B) Superposition of hArg (gray) and hAsn (green) coordination in the active
sites of VioC and AsnO. The catalytic iron is shown in orange. Water molecules near the
entrance/exit site for substrates and products of VioC are marked in red.
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Table 5

Data collection and refinement

VioC·L-Arg·Fe(II)·tartrate VioC·hArg VioC·hArg·Fe(II)·succinate

Data processing

 Beam line XO6SA, SLS ID14-4, ESRF ID14-4, ESRF

 Wavelength (Å) 0.9794 0.9755 0.9795

 Detector PILATUS-6M ADSC315r ADSC315r

 Space group C2 C2 C2

 a,b,c(Å);β(°)
80.63, 67.34, 80.91,66.83, 62.73; 80.77, 66.93,

62.42; 108.83 109.16 62.90; 109.16

 Resolution (Å) 20.0–1.3 20.0–1.10 20.0–1.16

 Total reflections 329984 448872 293649

 Unique reflections 76258 123576 99570

 Completenessa (%) 98.3 (90.2) 97.0 (84.9) 91.3 (65.7)

 <I> / σ<I>a 10.1 (2.6) 14.1 (1.5) 10.6 (2.1)

  R merge b 0.080 (0.631) 0.040 (0.571) 0.063 (0.249)

 Wilson B-factor (Å2) 12.4 9.07 9.62

Refinement

 Rwork
a,c 0.161 (0.305) 0.143 (0.293) 0.132 (0.252)

 Rfree
a,d 0.212 (0.304) 0.178 (0.336) 0.171 (0.293)

 Used reflections 74865 121303 97778

 Mean B-factor(Å2) 17.52 14.18 13.98

 No. of atoms 2954 3232 3170

 No. water mol. 288 451 381

 No. heterogens 13 10 12

  r.m.s.d. from ideal

 Bond lengths (Å) 0.008 0.011 0.010

 Bond angles (deg.) 1.13 1.45 1.36

 Torsions (deg.) 7.54 6.79 7.20

a
values in parentheses correspond to the highest resolution shell

b
Rmerge = Σhkl Σi (Ii(hkl) - <I (hkl) >) / Σhkl Σi Ii(hkl)

c
Rwork = Σ (Fobs–Fcalc) / Σ(Fobs)

d
Rfree crystallographic R-factor based on 5.1% of the data withheld from the refinement for cross-validation
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