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tance to conventional antibiotics has driven re-

searchers to explore alternatives. Secondary me-
tabolites produced by large, multimodular non-
ribosomal peptide synthetases (NRPSs) of bacteria and
filamentous fungi had proven to be a reasonable source
(1, 2). Promising candidates for new antibiotics within
this large group of NRPS products are the acidic lipopep-
tides (3). In 2003, a member of this class, daptomycin
(4), produced by Streptomyces roseosporus, was ap-
proved for clinical treatment of a wide array of infec-
tions caused by Gram-positive bacteria, including
methicillin-resistant Staphylococcus aureus and
vancomycin-resistant enterococci (5). Another highly re-
lated acidic lipopeptide, similar to daptomycin, is the
calcium-dependent antibiotic (CDA), which is non-
ribosomally produced by Streptomyces coelicolor A3(2)
(6). CDA (Figure 1) is an undecapeptide lactone that, in
addition to an N-terminal 2,3-epoxyhexanoyl side chain,
contains several p-configured and non-proteinogenic
amino acids, including p-4-hydroxyphenylglycine (Hpg),
L-3-methylglutamic acid (mGlu), (2)-2,3-dehydrotrypto-
phan, p-3-hydroxyasparagine (p-hAsn), or in some de-
rivatives, p-3-phosphohydroxyasparagine (7).

In general, the incorporation of unnatural amino acid
building blocks is a key structural feature of NRPS prod-
ucts. This diverse set of monomers is produced either
in cis on the NRPS assembly line by internal domains,
which are part of the multienzyme complex, or in trans
by so-called NRPS-associated tailoring enzymes (8). In
the case of CDA, the gene SC03236 was found by anno-
tation of the CDA biosynthesis gene cluster (9) to en-

I n the past decades, the increase of microbial resis-
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ABSTRACT Non-ribosomally synthesized lipopeptide antibiotics of the dapto-
mycin type are known to contain unnatural 3-modified amino acids, which are
essential for bioactivity. Here we present the biochemical and structural basis for
the incorporation of 3-hydroxyasparagine at position 9 in the 11-residue acidic
lipopeptide lactone calcium-dependent antibiotic (CDA). Direct hydroxylation of
L-asparagine by AsnO, a non-heme Fe? " /a-ketoglutarate-dependent oxygenase
encoded by the CDA biosynthesis gene cluster, was validated by Fmoc deriva-
tization of the reaction product and LC/MS analysis. The 1.45, 1.92, and 1.66 A
crystal structures of AsnO as apoprotein, Fe>* complex, and product complex, re-
spectively, with (25,35)-3-hydroxyasparagine and succinate revealed the stereo-
selectivity and substrate specificity of AsnO. The comparison of native and product-
complex structures of AsnO showed a lid-like region (residues F208 -E223) that
seals the active site upon substrate binding and shields it from sterically demand-
ing peptide substrates. Accordingly, B-hydroxylated asparagine is synthesized
prior to its incorporation into the growing CDA peptide. The AsnO structure could
serve as a template for engineering novel enzymes for the synthesis of 3-hydrox-
ylated amino acids.
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Figure 1. Structure of the CDA family of acidic lipopeptides. Seven CDA derivatives were isolated that showed alterations at the amino acid posi-
tions 9, 10, and 11 (as stated in the table on the right). Position 9 (marked in red) is hydroxylated in four derivatives, CDA3a, 3b, 4a, and 4b.
CDAPSI/II/IIl = CDA peptide synthetase I/11/Ill.

TABLE 1. Masses of the possible substrates nhCDA and Asn-S-PCP of

code for the putative hydroxylase AsnO and was shown
to be involved in the biosynthesis of CDA (10). AsnO
shares high sequence identity (~33%) to the trifunc-
tional clavaminate synthase (CAS, encoded by cas1 or
cas2) from Streptomyces clavuligerus that catalyzes
specific hydroxylations of a B-lactam precursor (17).
Both are members of the CAS-like (CSL) superfamily of
Fe?" /a-ketoglutarate (xKG)-dependent oxygenases (12).
The hydroxylation catalyzed by AsnO was believed to oc-
cur either post-synthetically on the asparaginyl residue
of the CDA peptide (9) or on a precursor tethered to a
single module. The latter mode of modification is exem-
plified by the structurally related Fe?" /aKG-dependent
halogenase SyrB2, which catalyzes the chlorination of a
peptidyl carrier protein (PCP)-bound threonine (13). Alter-
natively, one may postulate that modification occurs

on the level of the free amino acid to provide synthetic
precursors, as found in the biosynthesis of etamycin
(14), actinomycin (15), or tuberactinomycin (16, 17)
building blocks.

In this study, we show that AsnO-catalyzed hydroxyla-
tions occur neither post-synthetically on the NRPS-
released CDA nor on asparagine tethered to the PCP do-
main of module 9 but on the level of free L-asparagine.
Furthermore, crystal structures of AsnO were obtained
in its native apo-form and as complexes with Fe?*
alone and Fe?" plus succinate and hAsn at 1.45, 1.92,
and 1.66 A resolutions, respectively. The biochemical
and structural data show that L-asparagine is stereo-
selectively converted to (25,35)-3-hydroxyasparagine by

AsnO before and after the assay

the enzyme AsnO in the presence of aKG and Fe?*,
thus providing direct evidence of an aliphatic hydroxy-
lase activity for this non-heme Fe?*-enzyme.

RESULTS AND DISCUSSION

Expression and Purification of PCP9 and AsnQ. The
pcp9 encoding gene fragment and the asnO gene from
the CDA-producer strain S. coelicolor A(3)2 were ex-
pressed in E. coli as His.-tagged fusions and purified
as soluble proteins, with yields of 50 mg for PCP9 and
8-10 mg for AsnO per liter of bacterial culture. After
Ni-NTA affinity chromatography, SDS-PAGE indicated
>99% purity, and protein masses were verified by mass
spectroscopy (MS) analysis.

Hydroxylation Activity of AsnO. To evaluate the bio-
logical activity of AsnO, the recombinant enzyme was
incubated with several possible substrates: a chemo-
enzymatically synthesized CDA analogue (18) with non-
hydroxylated asparagine (nhCDA, Supplementary
Figure 1), - and L-asparagine bound to the PCP domain
of module 9 (Asn-S-PCP) and the free amino acid (L- or
p-asparagine). In the presence of Fe>* and aKG,
hydroxylation activity was observed exclusively with
the L-enantiomer of the free amino acid. In the case of
the peptidic substrates nhCDA and Asn-S-PCP, hydrox-
ylation could not be detected by HPLC/MS analysis
(Table 1). To facilitate identification and detection of
the modified amino acid, we derivatized L-asparagine
with 9-fluorenylmethyl chloroformate (Fmoc-Cl) to yield
highly fluorescent Fmoc derivatives (19, 20). The incuba-
tion of -asparagine with AsnO (Figure 2,
red trace) and subsequent derivatization
with Fmoc-Cl gave Fmoc-hAsn. Under as-
say conditions, the conversion was nearly

quantitative after 30 min. In the control re-

:Ossible ) Mass observed action (Figure 2, blue trace) without en-
Mass (02) p:',:;z):ty '(aDt:)’" after assay (Da) zyme added, only substrate-derived Fmoc-
Asn was detected. In addition to HPLC
CDA analoguz ocp 1267'3 1282'3 1267'3 fluorescence detection, MS was carried
L-asparagine-S- 12600.0 12616.0 12600.0 out to confirm identification. As noted
p-asparagine-S-PCP 12600.0 12616.0 12600.0

(Figure 2), peak 1 from the HPLC-separated
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enzymatic reaction workup gave the
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tives of CDA with asparagine instead of

hAsn at the canonical position are not ob-
NH NH, served under fermentation conditions in

o wild-type strains (3) but in AasnO-deletion

mutant strains with decreased CDA pro-
duction (20). Thus, one may postulate that
the A domain of module 9 preferably
accepts hAsn but is also capable of
L-asparagine activation with reduced effi-
ciency. For wild-type strains, the following

M + HJ*

9.5 10 10.5 1" 11.5 12
Time (min)

mode of hAsn incorporation is reasonable:
After activation of the amino acid as hAsn-

Figure 2. B-Carbon hydroxylation of L-asparagine by AsnO. HPLC traces  AMP, a thioester with the sulfhydryl group

and mass analyses of Fmoc-derivatized hAsn (peak 1) and L-aspar-

of the PCP-cofactor 4'phosphopan-

agine (peak 2). The blue and red traces represent the fluorescence sig-  theteine could be formed. The PCP do-

nals before and after incubation of L-asparagine with AsnO under as-

say conditions.

L-hAsn-derived fluorenylmethyl, and peak 2 had the
mass of the L-asparagine adduct. The finding that AsnO
acts exclusively on free L-asparagine to form hAsn was
somewhat unexpected, because it was postulated be-
fore that AsnO tailors CDA post-synthetically (9). Be-
cause AsnO is unable to hydroxylate Fmoc-Asn and the
Fmoc derivatization of asparagine and hAsn is com-
pleted within a few seconds (19, 20), we stopped the
enzyme assay by adding Fmoc-Cl at the appropriate time
points. The kinetic parameters of AsnO for L-asparagine
hydroxylation were determined to an apparent K, of
0.479 = 0.067 mM and k,, of 298.8 = 19.2 min~*,
leading to a catalytic efficiency of k_,./Ky = 0.62 =
0.15 min~* WM. For comparison, other small-
molecule hydroxylating non-heme oxygenases, such as
the enzyme RdpA from Sphingomonas herbicidovorans
MH, which catalyzes the oxidative decomposition of
2-(4-chloro-2-methylphenoxy)-propionic acid (K, =
380 pM, k. = 252 min~?) (21), exert similar catalytic
efficiencies.

We also tested other amino acids and as-
paragine derivatives, including p-asparagine

main then would transfer hAsn to the E do-
main, where it is converted from the 25,3S
to the 2R,3S configuration. After that, the latter one
would be accepted by the neighboring condensation do-
mains, which catalyze the peptide bond formations.
Subsequent chain elongation and product release
would yield naturally occurring CDAs with hydroxylated
p-asparagine moieties at position 9 of the peptide back-
bone (Figure 3).

Overall Structure Description. Trigonal crystals of
AsnO were grown within 2 d and found to comprise
one AsnO molecule per asymmetric unit. The crystal
structure of AsnO was solved at 1.45 A resolution by mo-
lecular replacement, using the related structure of CAS
(22) as a search model. Like other members of the CSL
superfamily, the refined structure of AsnO contains a
core of nine B-strands (A-), eight of which are folded
into a jelly roll topology, building a major and a minor
sheet with five (B, G, D, I, and C) and three B-strands
(F, E, and H), respectively (Figure 4, panel a). The jelly roll
fold is sandwiched between two, largely a-helical sub-

Module 9

' ®

AN\ AT\
AMP—hAsn HS S-(2S,3S)-hAsn

(Supplementary Table 1) for AsnO-mediated o NH, O

hydroxylation by MS analyses, but it became HO)W N, @ "'Oj('\‘)kNH2

apparent that only L-asparagine is accepted NH, O 7\ O OH

as a cognate substrate for AsnO. In controls, (2S)-Asparagine (;:26 Sufécglafe (25,35)-hAsn ATP PP,
2

without added aKG or Fe?™, no conversion of
L-asparagine was observed.

Interestingly, in mature CDA only p-hAsn,
which is generated by the epimerization (E) do-

@ Hydroxylation by AsnO @ hAsn adenylation by A-domain @ Loading of PCP-thioester formation
@ Epimerization of hAsn to D-hAsn by E-domain

Figure 3. Scheme showing the reaction sequence during the biosynthesis of cyclic CDA peptides

main of module 9 (Figure 3), is found. Deriva- bearing B-hydroxylated asparagines at position 9.
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@ Elongation of the CDA—peptide chain and product release
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C (p330)

Figure 4. Crystal structure of AsnO. a) Overall structure of the apo-form of AsnO with B-strands B, G, D, I, and C building the major side and
B-strands F, E, and H building the minor side of the jelly roll fold. Seven a-helices, one 3,,-helix, and one additional B-strand (A) complete the
structure. b) Comparison of the structure of the AsnO-Fe(ll) complex (green) with CAS (PDB accession code 1DRY) (gray). A dashed line indicates the
disordered region (residues G208 -A214) of CAS. (c) SIGMAA-weighted 2F . - F_,,. electron density showing the binding of an iron ion to the ac-
tive site of AsnO (contouring level 1 ¢ = 0.11 e~/A%). Anomalous difference electron density for the iron atom is shown in blue (contouring level 5
¢ =0.06 e /A% Ny, = 1.54179 A).

@ View Figure 4, panel a and Figure 4, panel b in 3D. See a fully interactive version in the ACS Chemical Biology 3D Molecular Viewer in Jmol on the
journal web site. In addition, you can explore this structure by using FirstGlance in Jmol.
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domains: an N-terminal region (residues S10-G71) con-
taining three helices (a1—a3), with an adjacent 3-strand
(A) parallel to the first B-strand B of the jelly roll fold,
and an extended insertion (residues V188 —P274) con-
taining helices a5—-a7, which links the fourth (E) and
fifth (F) B-strand of the jelly roll fold. Two flexible loop re-
gions border the active site (residues V135-P165 and
A205-T249), and near the C-terminus a 3, -helix (resi-
dues L312-M318) is found.

In the active site region of the native AsnO, the elec-
tron density reveals an ion that is octahedrally coordi-
nated to the residues H155, E157, and H287, in addi-
tion to three water molecules. As the result of a lack of
sufficient electron density and anomalous signal, this
jon was assigned as a sodium ion rather than an Fe®"
ion. Accordingly, the hydroxylation activity of recombi-
nant AsnO strictly depended on exogenously added
Fe?" ions in the enzyme assay.

In further studies, the crystal structure of AsnO with
the Fe>* cofactor bound was solved at 1.92 A resolu-
tion by soaking AsnO crystals under anaerobic condi-
tions with Fe?" and «KG. This AsnO-Fe?" complex is
almost identical to the apo-form, except that for the cen-
tral ion no additional electron density for «KG was ob-
served. Comparison of CAS (22) and AsnO (Figure 4,
panel b) shows the high structural similarity of these
two enzymes with an overall root mean square devia-
tion of 1.3 A for 257 Ca-positions.

The residues H155, E157, and H287 form the con-
served HXD/E . . . H iron binding motif (Figure 4, panel c)
that is located at the mouth of the minor B-sheet, near
and within B-strand H. The histidine and acidic residues
of this motif are located within the first flexible loop be-
tween B-strands C and D of the jelly roll fold, whereas

STRIEKER ET AL.

the distal histidine, H287, is positioned on B-strand H.
The same metal coordinating triad is conserved in al-
most all characterized non-heme iron-dependent oxyge-
nases, including those with folds different from «KG-
dependent oxygenases (12, 23).

This iron-binding motif, which projects from the rigid
B-barrel core of the Fe?" /aKG-dependent oxygenases,
fulfills a role similar to that of the porphyrin ring in cyto-
chrome P450 enzymes, which is a stable platform to li-
gate the iron and the subsequently formed reactive in-
termediates. The presence of a jelly roll topology in AsnO
like those in CAS (22), isopenicillin N synthase (24),
and deacetoxycephalosporin C synthase (25), in which
active site residues are located on analogous strands of
the core domain, implies a divergent evolutionary rela-
tionship between AsnO and other members of the ex-
tended family of aKG/Fe?*-requiring and related en-
zymes, e.g., the halogenase SyrB2 (13).

Active and Substrate Binding Site of AsnO. Crystals
soaked with the substrate L-asparagine and Fe?*-
cofactor/aKG-cosubstrate led to the structure of a prod-
uct complex comprising iron either in the Fe?* or Fe> "
state, (25,35)-3-hydroxyasparagine, and succinate, in-
stead of the expected educt complex. Most likely, after
removal of the crystals from the anaerobic chamber, the
short exposure of the crystals (~30 s) to atmospheric
oxygen for flash freezing caused rapid formation of the
product complex.

The hAsn is intimately bound within the active site,
and the C3 hydroxy group can be clearly assigned by
electron density at 1.66 A resolution to correspond to
the proS-hydrogen of the L-asparagine substrate. Its co-
ordination to the catalytic iron (Figure 5, panel a) sug-
gests that the educt asparagine is similarly bound to

www.acschemicalbiology.org
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the active site with its a
proS-hydrogen located
next to the reactive oxy-
gen of the ferryl species.
Thus, we anticipate that
this hydrogen atom is ab-
stracted during hydrox-
ylation with retention of
configuration to give
25,3S-hAsn. This is consis-
tent with the observation
that both heme- and non-
heme-dependent hydrox-
ylases typically affect hy-
droxylation of unactivated
methylene groups, with re-
tention of stereochemistry b
(26). Furthermore, hAsn
and, as anticipated, the
L-asparagine substrate is
bound by seven amino

acids of the peptide back-
bone (Figure 5, panel b).
The a-carboxy group of
hAsn forms a salt bridge

E125

E130

E117
R305 E112 O
R310 Q17T HoN
R297 ans "L |
R296 +
raza HN N"!Z 2_\55 3'111
R318 \f Py \ i

HoN<_ =% o~
287\ 3

—"'/\‘\ Succinate®--..
A

with R305 and hydrogen
bonds to N146 and the
peptide group preceding
this residue. The a-amino
group forms another salt
bridge to E125 and is also
bound by one oxygen
atom of the carboxyl group
of the iron binding E157
side chain. The carboxam-
ide group of the side chain
of hAsn participates in hy-
drogen bonds with N158,
D241, and via a water mol-
ecule the peptide group of
Q144 (Figure 5, panels a
and b). As found by a
BLAST search with the entire AsnO sequence as the
query, AsnO shares high sequence homology with sev-
eral putative as well as biochemically characterized non-
heme Fe?* /aKG oxygenases, which participate in the
biosynthesis of NRPS products. On the basis of the
AsnO crystal structure of the product-bound state, five

www.acschemicalbiology.org

H316
H300

proteins exhibiting the greatest similarity were selected
to generate 3D-homology models with mMopELLER7 (27)
(not shown). These are the putative proteins SC02693
(28) (57% identity), produced by S. coelicolor, LptL (29)
(45%) from S. roseosporus, TobO (30) (37%) from Strep-
tomyces sp. DSM 40477, and the biochemically exam-

VOL.2 NO.3
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TobO  N133
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H278  H142

187-196

D241
D246
D233
N232
D268
D253

D270
D200

Q144
E149
Q136
1131
L156
Q134

Figure 5. Active site in the AsnO-Fe(ll)-succinate-hAsn complex. a) A stereo diagram shows the 2F_, - F_,,. electron
density for the active site (contouring level 1.0 o = 0.24 e~ /A%). The coordination of the reaction products (25,3S)-
3-hydroxyasparagine and succinate to the catalytic iron atom allows unambiguous assignment of the stereo-
chemistry of the hydroxylated asparagine. b) Product- enzyme interactions within the active site. The succinate
molecule forms a salt bridge to the conserved arginine R301. The reaction product (25,35)-3-hydroxyasparagine is
coordinated to the active site iron via its 3-hydroxy group and forms seven additional interactions with the protein
scaffold (see text for details). c) Schematic representation of hAsn-AsnO interactions and homologous enzymes.
The (25,35)-3-hydroxyasparagine interactions with the protein scaffold are represented (black; see text for details).
3D-Homology models (27) (not shown) based on the AsnO product complex revealed the substrate binding resi-
dues of SC02693 (28) (magenta), LptL (29) (brown), TobO (30) (blue), VioC (17) (green), and MppO (31) (red). These
are stated below the corresponding AsnO residues. Additional putative substrate binding residues of VioC and
MppO could be found on the right side.
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Figure 6. Proposed mechanism of asparagine hydroxyla-
tion by AsnO. A highly reactive ferryl species, generated
by decomposition of aKG to succinate, deprotonates the
B-CH, group of asparagine, yielding substrate and Fe(lll)-OH
radicals. Recombination restores the Fe>* oxidation state
and leads to the hydroxylated asparagine.

ined enzymes VioC (17) (33%) as well as MppO (31)
(31%) produced by Streptomyces vinaceus and Strepto-
myces hygroscopicus, respectively. Strikingly, most of
the a-carboxy and a-amino group binding residues are
conserved in the 3D-homology models for all five proteins.
In the case of SC02693 and LptL (Figure 5, panel c;
residues in magenta and brown), all residues are con-
served, except Q144, which is a glutamate in SC02693.
Because this residue is only indirectly involved in sub-
strate binding via its peptide group, one can predict that
both enzymes will also use L-asparagine as a substrate
for the generation of (25,35)-3-hydroxyasparagine. For
LptL, this finding perfectly agrees with the prediction that
it is involved in the hAsn precursor synthesis for the li-
popeptide antibiotic A54145, which bears an hAsn moi-
ety at position 3 of the peptide backbone (3, 29). TobO,
which is part of the aminoglycoside tobramycin biosyn-
thesis cluster (30), may encode for a protein involved in
the synthesis of hydroxylated precursors or inhibitors for
this antibiotic. To our knowledge, nothing is known about
a possible substrate. Compared with AsnO, TobO
(Figure 5, panel c; residues in brown) notably differs
only in the acidic D241 residue, which is changed to
N232. Thus, we predict that TobO catalyzes the oxygen-
ation of substrates with an acidic side chain, such as as-
partic acid or glutamic acid. It was shown that VioC selec-
tively catalyzes the formation of (25,35)-3-hydroxy-
arginine with t-arginine as a substrate during viomycin
biosynthesis (17, 32). The model (Figure 5, panel c; resi-
dues in green) revealed that Q137, which corresponds to
a-amino group binding E125 in AsnO, rather binds the
a-carboxy group and the side chain of D171, which is po-
sitioned analogously to the carbonyl group binding the
N158 residue of AsnO, the a-amino group. The D241 resi-
due is conserved (D268) and could establish a salt
bridge with the guanidinium group of the L-arginine sub-

STRIEKER ET AL.

strate. Furthermore, an additional acidic residue (D270)
in proximity to the substrate may stabilize the basic argi-
nine side chain. Finally, MppO (31) catalyzes the hy-
droxylation of the arginine-derived unnatural amino acid
enduracididine at the B-position to generate (25,35)-3-
hydroxyenduracididine building blocks for the bio-
synthesis of the potent glycopeptide antibiotics man-
nopeptimycins. The MppO model (Figure 5, panel c;
residues in red) showed high similarity to VioC, and the
a-carboxy and a-amino group should be bound identi-
cally. The side chains of D253 (correspondent to D241
in Asn0) and of the additional acidic residue D200
should bind the cyclic guanidinium group and thereby
stabilize enduracididine in the substrate binding pocket.

Furthermore, the second reaction product, succinate,
is bound by AsnO via a salt bridge to the guanidinium
group of the conserved residue R301 that is similarly
formed in other structures of «KG/Fe?*-dependent oxyge-
nases complexed to aKG. This arginine is usually found
14-22 residues after the conserved second histidine resi-
due of the iron binding motif (12). In all 3D-homology
models, this arginine is highly conserved, located ex-
actly 14 residues after the second iron binding histidine.

The high number of specific interactions between
the protein scaffold of AsnO and L-asparagine rational-
izes why the enzyme exclusively catalyzes the hydroxyl-
ation of L-asparagine and why the product has to be
25,3S-configured. The 3D-homology models based on
the product complex of AsnO share this high quantity of
specific interactions with their substrates and explain
the observed 2S,35-stereoselectivity for the hydroxylation
product in the case of MppO (31). Furthermore, AsnO
could be used as an archetype for putative non-heme
Fe?" /aKG-dependent oxygenases that are involved in
the generation of B-hydroxylated amino acid building
blocks for NRPS products as exemplified by 3D-
homology models of SC02693 (28), LptL (3, 29), and
VioC (17).

Catalysis. Like other members of the Fe?* /aKG-
dependent oxygenases (12, 23), AsnO decarboxylates
aKG by utilizing dioxygen to generate carbon dioxide,
succinate, and a reactive oxidizing species that medi-
ates substrate oxidation (Figure 6). One of the oxygen at-
oms from O, is incorporated into succinate, and the
other into the alcohol of the product. It is proposed (12,
23) that after substrate binding Fe?™ and oxygen react
to give a Fe(lll)-superoxo species, the anion of which at-
tacks the 2-ketogroup of aKG, which is activated by the

www.acschemicalbiology.org



Lewis acidity of the iron. This reaction leads
to a persuccinate species, and after its col-
lapse, to a potent Fe(IV)=0 species, which in
turn abstracts a hydrogen radical from the sub-
strate asparagine 3-CH, group. This results in
a Fe(lI)-OH and the substrate radical in proxim-
ity to each other in the active site. Radical re-
combination involves OH" transfer to the sub-
strate radical, yielding the observed alcohol
product and regenerating the starting Fe**-
oxidation state (Figure 6). The key to the cata-
lytic strategy is the generation of the high-
valent oxoiron (Fe(IV)=0) species that
removes a hydrogen atom from even the
most unactivated carbon sites of a bound
substrate (33, 34).

Lid Closure. The biochemical characteriza-
tion of AsnO showed that AsnO hydroxylates
neither a CDA analogue with unmodified
Asn-9 nor PCP-bound asparagine. The active
site of AsnO is canopied by a flexible lid re-
gion (residues F208 —-E223) that is partly dis-
ordered in the apo-form (Figure 4, panel a;
residues L218-E223), but becomes ordered
upon complexation of iron in the AsnO-Fe**
complex (Figure 4, panel b, in green), albeit
with high overall B-factors. In the case of CAS
(22), this loop region remains partly disor-
dered (Figure 4, panel b) in the complex with
Fe?", aKG, and N-a-L-acetylarginine, the
stable analogue of the monocyclic B-lactam
hydroxylation substrate. Interestingly, the
product complex shows a product-induced
structural change for this lid region (Figure 7,

panel a) that causes almost complete shielding of the
products from bulk solvent access. The three abreast
proline residues (P212-214) build a hydrophobic
wedge (Figure 7, panel b) that seals the active site. The
interaction between the carboxyl group of the E125 side
chain and the a-amino group of bound asparagine
might be crucial to orient E125 in such a way that it
establishes a hydrogen bond with the hydroxy group of
the side chain of S215 (Figure 7, panel b). Thus, the lid
closes concomitantly with L-asparagine substrate bind-
ing. To our knowledge, such a substrate induced-fit
mechanism, explaining the high substrate specificity
of AsnO, was not observed before in the CSL superfam-

ily of Fe>* /aKG-dependent oxygenases.
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Figure 7. Lid closure of AsnO upon substrate binding. a) Structural comparison between the
product-bound AsnO-Fe(ll)-succinate-hAsn complex (green) and the AsnO-Fe(ll) complex (cyan). The
lid region (F208 -E223) is marked in red and orange. b) Sealing of the active site by the lid re-
gion. The residue E125 that binds to the a-amino group of the substrate L-asparagine is favorably
positioned by forming a hydrogen bond with the side chain of S215, projecting from the lid
region. c) Electrostatic representation of the open and closed state of AsnO as calculated by
APBS (blue, +5 kT/e; red, —5 kT/e; ion concentration 0.1 M). In the open state, the lid region
(accentuated in yellow) keeps the active site accessible for the binding of substrate and co-
substrates. Concomitant with substrate binding, the lid mostly occludes the active site (right
side) from bulk solvent. For clarity, the reaction products are shown as green sticks around
the catalytic iron cofactor (orange).

@ View Figure 7, panel a, Figure 7, panel b, and Figure 7, panel c in 3D. See a fully interactive
version in the ACS Chemical Biology 3D Molecular Viewer in Jmol on the journal web site. In ad-
dition, you can explore this structure by using FirstGlance in Jmol.

In the AsnO-Fe?* structure, without «KG or aspara-
gine bound, the lid-like region F208 -E223 is open and
leaves the enzyme center accessible for binding of sub-
strate and cosubstrate. With the bound products, hAsn
and succinate, the lid bends toward the product binding
site, burying it completely inside the enzyme (Figure 7,
panel c). Sterically demanding peptidyl-asparagine sub-
strates could either not bind to the active site or not trig-
ger the lid closure. Thus, it could be concluded that
these compounds are incapable of accessing the ac-
tive site, and only the free amino acid will be hydroxy-
lated. That is quite the contrary to factor inhibiting HIF-1
(FIH-1) (35), which hydroxylates a conserved asparagi-
nyl residue in the master switch of cellular hypoxia re-
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sponses, hypoxia-inducible factor 1 (HIF-1), under nor-
moxia, which suppresses the transcriptional activity of
HIF-1 (36). In FIH-1, the substrate binding site is a large
groove (15 Awide and 40 A long), providing enough space
for the binding of a large a-helical region of HIF-1 (35).
Conclusions. As shown above, the tailoring of the
ninth residue of the CDA peptide backbone does not
take place post-synthetically on the cyclic CDA, as previ-
ously postulated (9). Furthermore, the tailoring does
not occur while asparagine is tethered covalently to a
PCP as an asparaginyl-phosphopantheteinyl-thioester,
as in the structurally related non-heme aKG halogenase
SyrB2 (13). Instead, B-hydroxylation occurs on the free
amino acid level and resembles the presynthesis of

(25,35)-3-hydroxyarginine and (25,35)-3-hydroxy-
enduracididine by VioC (17) and MppO (31), which
also generate building blocks for the biosynthesis of po-
tent antimicrobial agents. 3-Hydroxylated asparagines,
aspartates, and other amino acids could be found in
several antibiotics (12, 37, 38) or pharmacologically rel-
evant agents (39), showing their medicinal importance.
The insights gained by AsnO structures, which demon-
strate how nature stereoselectively synthesizes
B-hydroxylated amino acids, a challenging task for the
synthetic chemist, will abet in the design and discovery
of novel hydroxylases, in order to generate a large pool
of these building blocks for the synthesis of various
natural products.

METHODS

Strains, Culture Media, and General Methods. The E. coli strains
were grown in Luria—Bertani medium, supplemented with
100 pg mL~* ampicillin (final concentration). Oligonucleotides
were purchased from Operon. DNA dideoxy sequencing con-
firmed the identity of all plasmids constructed.

Construction of Expression Plasmids. All recombinant gene
fragments were amplified by polymerase chain reaction from
chromosomal DNA of S. coelicolor A3(2) (DSM 40783) by
using the Phusion polymerase (Finnzymes). According to the
manufacturer’s protocols for template DNA with high GC con-
tent (S. coelicolor, 74%), the dNTP concentration was increased
to 20 mM. The asnO gene was amplified by using the primer
combination of 5’-asn0 (5'-AAA AAA GGA TCC GCT GCG AAT GCC
GCG GG-3") and 3"-asn0 (5'-AAA AAA GCG GCC GCT CAG GCG
GGC TGC GGG-3'). The gene fragment encoding the PCP of mod-
ule 9 (fragment of SCO3231, cdaPSll) was amplified by using
the oligonucleotides 5’-pcp9 (5'-AAA AAA GGA TCC GGC CGG
GCC CCG GTC ACG G-3') and 3'-pcp9 (5'AAA AAA CTG CAG CTG
CGC CTC GGC GAG TTC GA-3"). After purification and digestion
with BamHI, Notl (asn0) and BamHl, Pstl (pcp9), respectively,
the gene fragments were ligated into the corresponding restric-
tion sites of a pQE30-derived vector (Qiagen).

Production of Recombinant Enzymes. pQE30-based cloning
products were used to transform E. coli BL21(DE3) (Novagen).
The transformed cells were grown at 37 °C to an optical density
of 0.5 (600 nm), induced with 1 mM isopropyl-B-D-thiogalacto-
pyranoside, and again grown at 30 °C for 3 h. The recombinant
proteins were purified by Ni-NTA affinity chromatography (Amer-
sham Pharmacia Biotech). Fractions containing the recombi-
nant proteins were identified by 10% SDS-PAGE analysis,
pooled, and subjected to buffer exchange into 25 mM HEPES,
50 mM NacCl, pH 7.0 using HiTrap desalting columns (Amersham
Pharmacia Biotech). The concentration of the purified proteins
was determined spectrophotometrically using calculated extinc-
tion coefficients at 280 nm. After being flash-frozen in liquid ni-
trogen, the proteins were stored at —80 °C.

Enzyme Assays. General. The recombinant AsnO (0.5 M)
was incubated for 30 min at 25 °C with the different substrates
(250 M), the cofactor (NH,),Fe(SO,), (500 M), cosubstrate
aKG (500 wM), and 20 pg of catalase in 50 wlL of 50 mM HEPES
buffer (pH 7.5). The catalase was added to capture reactive oxy-
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gen species to prevent autoxidation of the enzyme. Controls
were carried out without either AsnO or Fe?* /aKG, respectively.

Assay with Chemoenzymatically Derived CDA. The CDA ana-
logue, without amino acid modifications, was chemoenzymati-
cally produced as previously described (18) and incubated with
AsnO (see above). The reaction was stopped by adding 50 L
of a 4% (v/v) TFA solution and then analyzed for possible hy-
droxylation via reversed-phase HPLC/MS analysis on a C18 Nu-
cleodur column (Macherey and Nagel, 250/3, pore diameter of
100 A, particle size of 3 um) with the following gradient: 15—
60% acetonitrile, 0.1% (v/v) TFA and water, 0.1% (v/v) TFA from
0 to 40 min at 0.3 mL min~" and 45 °C.

Assay with Asn-S-PCP. Recombinant PCP9 (54 wM) was incu-
bated with synthetic coenzyme A (CoA)-Asn-thioester (400 M)
and the 4’-phosphopantheteine transferase (Sfp; 5 wM) for
15 min at 37 °C. The syntheses of CoA-thioesters were carried
out as previously described (40). Subsequently, the PCP-bound
asparagine was incubated with AsnO following the general en-
zyme assay. Analysis was carried out by high-accuracy MS on an
API Qstar Pulsar | device (Applied Biosystems).

Amino Acid Assay. L.-Asparagine was incubated with AsnO
(see above), and the reaction was stopped by adding Fmoc-Cl
solution, as previously described (20). The Fmoc-N*-derivatized
reaction products were analyzed by HPLC separation and fluo-
rescence detection using a Synergi Fusion-RP column (Phenome-
nex, C18 polar ec, pore diameter of 80 A, particle size of 3 um)
with the following gradient: 0—20% eluent B (100% acetonitrile)
and eluent A (78% (v/v) 0.1 M aqueous NaOAc solution, 22%
(v/v) acetonitrile) in 17 min at 0.3 mL min~* and 17.5 °C. Ki-
netic parameters K\, and k., were determined by varying the
L-asparagine concentration between 50 and 500 uM and stop-
ping the reaction by addition of Fmoc-Cl solution.

Crystallization, Soaking, and Data Collection. Crystals of AsnO
from S. coelicolor were grown at 18 °C by the sitting-drop vapor-
diffusion method. Native crystals were obtained in 2.5 M so-
dium acetate, 0.1 M HEPES, pH 4.6, and in 4 M sodium formate
at a protein concentration of 8.3 mg/mL in 25 mM HEPES,

50 mM NacCl, pH 7.0. The product complex was achieved by
soaking AsnO crystals with degassed 10 mM (NH,),Fe(SO,).,
20 mM «KG, and 50 mM L-asparagine-solution for 60 min un-
der protection gas (97% nitrogen, 3% hydrogen) in an anaero-
bic chamber. Soaking of the AsnO crystals with «KG and Fe?™,
under the conditions described above, led to an AsnO-Fe?* com-
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plex. Cryoprotection was achieved by washing the crystals in
the mother liquor that contained 30% (v/v) glycerol. Intensity
data from flash-frozen crystals were collected at beamline X13
at EMBL, Hamburg, Germany at 1.45 A resolution for the apo-
form of AsnO and 1.66 A for the AsnO-Fe(ll)-succinate-hAsn com-
plex. A 1.92 A dataset for the AsnO-Fe(ll) complex was recorded
on an in-house Cu Ka rotating anode. Diffraction data were inte-
grated and scaled with the programs MOSFLM and SCALA of the
CCP4 program suite (41).

Structure Solution and Refinement. The crystal structure of
AsnO was solved by molecular replacement using the program
MOLREP (42) and chain A of the CAS (PDB accession code 1DRY)
as a search model. Structure refinement was carried out using
REFMACS5 (43) and COOT (44). The final model of AsnO contains
residues S10-P330, but misses a disordered region spanning
L218-E223. Anomalous difference electron density maps indi-
cated that no iron atom was bound in the active site. Instead,
the octahedrally coordinated ion observed at the iron binding
site was assigned as a sodium ion originating from the crystalli-
zation buffer.

Anomalous difference electron density maps indicated for
Fe?" /aKG-soaked AsnO crystals only the binding of the iron atom
to the active site. For data statistics, refer to Supplementary Table
2. PyMOL (45) was used to prepare all figures displaying struc-
tural information (Figure 4; Figure 5, panels a and b) (7).

Accession Codes: Coordinates and structure factors have
been deposited in the Protein Data Bank. PDB accession codes:
native AsnO, 20G5; AsnO-Fe?™", 20G6; AsnO-Fe?*-succinate-
hAsn, 20G7.
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