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Non-Heme Hydroxylase Engineering For Simple Enzymatic Synthesis of
l-threo-Hydroxyaspartic Acid

Matthias Strieker,[a, b] Lars-Oliver Essen,[a] Christopher T. Walsh,[b] and Mohamed A. Marahiel*[a]

l-threo-Hydroxyaspartic acid (l-THA, 1), the b-hydroxylated
form of l-aspartic acid (2), is of current medicinal interest be-
cause it inhibits l-asparagine synthetase,[1] is a key constituent

of several proteins in the blood-clotting cascade,[2] and inhibits
the function of excitatory amino acid (EAA) transporters as an
l-glutamic acid mimic.[3] The last of these functions is of great-
er importance, as l-glutamate plays a key role as a primary
neurotransmitter in the mammalian central nervous system
(CNS) and participates in diverse and complex neuronal com-
munication by activating a broad assortment of the EAA recep-
tors.[4] With its potential to overactivate these receptors, l-glu-
tamate can contribute to CNS damage in acute injuries or
chronic diseases.[5] Thus, regulation of extracellular l-glutamate
concentration, carried out by the EAA transporters, is crucial. A
readily available source of 1 could help in further investiga-
tions of these transporters and of the complexity of l-gluta-
mate-mediated signaling processes.
Various synthetic routes to complex diastereomeric mixtures

of erythro- and threo-hydroxyaspartic acid have been described
previously.[4] These preparations are circuitous and expensive,
making a more efficient synthesis of 1 desirable. Enzymatic cat-
alysis provides an alternative approach, but, to the best of our
knowledge, no hydroxylase that directly catalyzes the b-hy-
droxylation of 2 to 1 has been described. We therefore applied
a rational protein design approach to fulfill this task.
Protein engineering, based on 3D-structural information, has

become an accepted tool for the manipulation of enzymes for
biocatalysis,[7] and we used this method to alter the substrate
specificity of an asparagine oxygenase (AsnO) from l-Asn to l-

Asp. AsnO, involved in the biosynthesis of calcium-dependent
antibiotics (CDAs) in Streptomyces coelicolor,[8] is an Fe2+- and
a-ketoglutarate-dependent (aKG-dependent) hydroxylase,

which exclusively catalyzes the synthesis of l-threo-hydroxyas-
paragine (3), which is used as a CDA building block.[9] AsnO
therefore provides an amino acid with the desired stereochem-
istry, but does not accept 2 as a substrate. In previous stud-
ies,[9] the crystal structure (PDB ID: 2OG7) of AsnO in complexa-
tion with 3 and succinate was solved, and the substrate bind-
ing residues were identified (Scheme 1). The side chain of resi-

due Asp241 binds to the NH2 of the carboxamide group of the
l-Asn substrate. We hypothesized that site-directed mutagene-
sis of this residue to asparagine would yield a binding site for
an aspartate side chain. Retention of stereochemistry would
also be expected, as the a-carboxy and a-amino coordinating
residues (Glu125, Asn146, Arg305) are unaffected by the muta-
genesis of Asp241.
The site-directed mutagenesis of residue Asp241 to Asn was

conducted by use of the asnO-containing expression vector as
the template.[9] The variant—AsnO D241N—was expressed as a
His7-tagged fusion and purified as soluble protein, with yields
of 5–6 mg per liter of bacterial culture. After Ni-NTA affinity
chromatography, SDS-PAGE analysis indicated >95% purity
(see Figure S1 in the Supporting Information). To evaluate its
activity on an analytical scale, purified enzyme was incubated
with 2, (NH4)2FeACHTUNGTRENNUNG(SO4)2 (as source of the ferrous iron cofactor),
and aKG cosubstrate at different temperatures. The reaction
was monitored, and the identity of the reaction product was
verified by HPLC-MS analysis by scanning for the masses of 2

([M+H]+ =134.05 Da) and its hydroxylated form 1 ([M+H]+ =

150.04 Da). The HPLC-MS chromatogram (Figure S2) of the
assay after incubation of 2 with AsnO D241N revealed nearly
quantitative conversion into 1 at 16 8C.
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Scheme 1. Representation of the active site of asparagine oxygenase (AsnO)
in complexation with 3 (shown in blue). The mutation of residue Asp241,
which coordinates the NH2 of the carboxamide group of 3, to Asn alters the
substrate specificity of the enzyme from Asn to Asp with retention of stereo-
chemistry.
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In the control reaction without enzyme added, only the sub-
strate l-Asp was observed. Complete conversion was only ob-
served at 16 8C; higher temperatures yielded 80, 67, 55 and
32% conversions for 20, 25, 30 and 37 8C (data not shown),
most probably due to reduced enzyme stability.
We were encouraged by these results to carry out the enzy-

matic reaction on a preparative scale [enzyme (10 mm), l-Asp
(14.2 mm), aKG (18 mm) in buffer (10 mL) at 16 8C for 14 h].
The reaction mixture was analyzed by HPLC, with the assis-
tance of a chiral column to distinguish between possible threo
and erythro products, and absorbance was measured at
220 nm and compared with authentic l-3-hydroxyaspartic acid
standards (Tocris Bioscience, Ellisville, USA). The overlaid HPLC
traces (Figure 1A) of l-erythro-hydroxyaspartic acid (orange), l-

aspartic acid (2, green), l-threo-hydroxyaspartic acid (1, red),
and the enzyme assay (black) revealed that the only reaction
product co-eluted with the l-THA standard. l-erythro-Hydrox ACHTUNGTRENNUNGy-
ACHTUNGTRENNUNGaspartic acid was not observed. Integration of the starting ma-
terial and product peaks gave evidence of 70% conversion of
l-Asp into l-THA.
The identity of 2 and its conversion into 1 in the reaction

mixture were validated by employing 1,4-13C-labeled 2 (Cam-
bridge Isotopes, Andover, USA) in the assay for NMR analysis.
The labeled aspartic acid was used to observe specific 13C NMR
signals for 2 and 1 as well as to suppress interfering carbon
signals from aKG and succinate, its decomposition product.
The NMR spectrum of the reaction mixture (Figure 1B in black)
shows that the two signals (d=173.36, 171.19 ppm) of l-Asp
(Figure 1B, green) are shifted towards the l-THA signals (Fig-
ure 1B, red, d=173.42, 169.87 ppm). Integration of the 13C sig-
nals revealed 70% conversion, in agreement with product
quantification from the HPLC assays. Quantitative conversion
could not be achieved by addition of more enzyme, most
probably due to product inhibition. However, in this simple

one-step enzyme reaction, enantiomerically pure 1 was isolat-
ed in 68% yield (14.8 mg, 0.1 mmol) after preparative HPLC
and freeze-drying of the l-THA-containing fractions. 1H NMR
and mass data were consistent with those of the authentic
standard.
To determine the kinetic parameters of the variant, assays

with 5 mm enzyme were quenched at appropriate time points
for different substrate concentrations (50 mm to 2 mm), by ad-
dition of perfluoropentanoic acid, which also acts as an ion
pairing reagent for HPLC-MS analysis. The reaction follows
ACHTUNGTRENNUNGMichaelis–Menten kinetics (Figure S3) with an apparent KM of
0.46�0.03 mm and kcat=1.0�0.1 min�1, affording a catalytic
efficiency of kcat/KM=2.2�0.4 min�1mm

�1. In total, the bio-
chemical characterization of AsnO D241N shows that the var-

iant is capable of hydroxylating 2 on a preparative
scale in a reasonable timespan. For comparison,
wild-type AsnO shows an almost identical KM (0.48�
0.07 mm) for l-Asn, but has a 300 times higher kcat
(298�19 min�1).[9] The side chain swap therefore
maintains the substrate affinity but results in less ef-
ficient hydroxylation. We anticipate that less obvious
secondary interactions are responsible for the accel-
erated reaction in the wild type. Thus, further evolu-
tion of the AsnO D241N variant could raise its cata-
lytic efficiency.
In addition, the substrate specificity of the variant

was evaluated by incubation of the enzyme with dif-
ferent amino acids overnight at 16 8C (Table 1). LC-
MS analyses of these assays indicated that the engi-
neered protein is highly specific and exclusively ac-
cepts 2 as its cognate substrate. Neither the AsnO
wild-type substrate l-Asn- nor l-Asp-related amino
acids such as l-Glu or the d-Asp enantiomer, nor
representatives of other amino acid classes were ac-
cepted as substrates for protein-mediated hydroxyl-
ation.
In summary, we have designed and biologically

characterized a highly specific hydroxylase that catalyzes the
direct hydroxylation of the aliphatic b-position of l-Asp for the

Figure 1. Analysis of preparative assay by chiral HPLC. A) The HPLC chromatogram shows
the standards of l-erythro-hydroxyaspartic acid (orange), l-aspartic acid 2 (green), and l-
THA 1 (red). The main peak of the assay (black) co-eluted with 1, and its integral revealed
70% conversion at 16 8C. B) 13C NMR spectra of 1,4-13C-labeled 2 (green), unlabeled l-
THA standard (red), and reproduction of the assay with 1,4-13C-labeled 2 (black). The
peak at 169.97 ppm verified that l-THA had been generated, and the integral confirmed
70% conversion.

Table 1. Evaluation of the substrate specificity of AsnO D241N.

Amino ACHTUNGTRENNUNG[M+H]+ ACHTUNGTRENNUNG[M+H]+ Mass Hydroxyl-
acid substrate product ACHTUNGTRENNUNG(obs.)[b] ation

ACHTUNGTRENNUNG(calcd)[a]

l-Asp 134.0 150.0 150.0 yes
d-Asp 134.0 150.0 134.0 no
l-Asn 133.1 149.1 133.0 no
l-Glu 148.1 164.1 148.2 no
l-Gln 147.1 163.1 147.2 no
l-Ile 132.1 148.1 132.2 no

l-Phe 166.1 182.1 166.1 no
l-Trp 205.1 221.1 205.3 no
l-Val 118.1 134.1 118.0 no

[a] Calculated masses of the hydroxylation products. [b] Masses observed
after overnight incubation of AsnO D241N and the corresponding amino
acid. Analyses were carried out by LC-MS.
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enantiomerically pure generation of the medicinally interesting
l-THA.

Experimental Section

Site-directed mutagenesis : The mutagenesis was carried out with
the QuickChange II Kit (Stratagene) in accordance with the manu-
facturer’s manual with the synthetic oligonucleotide primers 5’-
CCCCGACCTGCGGGTGAACCTGGCGGCCACCGAGC-3’ and 5’-GCT-
ACHTUNGTRENNUNGCGGTGGCCGCCAGGTTCACCCGCAGGTCGGGG-3’ (the mutagenesis
site is underlined). The previously described asnO expression
vector[9] served as the template. DNA dideoxy sequencing con-
firmed the identity of the constructed mutation-carrying plasmid.

Protein purification : Positive clones were used to transform
E. coli BL21 ACHTUNGTRENNUNG(DE3) (Novagen). The transformed cells were grown at
34 8C to an optical density of 0.5 (600 nm), induced with isopropyl
b-d-thiogalactopyranoside (0.1 mm), and again grown at 28 8C for
3 h. The cells were harvested by centrifugation and lysed in pH 8
buffer containing Hepes (50 mm) and NaCl (300 mm). The recombi-
nant protein was purified by Ni-NTA affinity chromatography by
use of a FPLC system (Amersham Pharmacia Biotech) with increas-
ing imidazole concentration (up to 250 mm). Fractions containing
the AsnO D241N (38.9 kDa) were identified by 12% SDS-PAGE anal-
ysis (Figure S1), pooled, and subjected to buffer exchange into
HEPES (25 mm), NaCl (50 mm), pH 7.0 with HiTrap desalting col-
umns (Amersham Pharmacia Biotech). The concentration of the pu-
rified protein was determined spectrophotometrically with use of
the calculated extinction coefficient at 280 nm. After being flash-
frozen in liquid nitrogen, the protein was stored at �80 8C.

Analytical assay, kinetics and substrate specificity : The recombi-
nant AsnO D241N (5 mm) was incubated for 16 h at 16 8C with 2
(1 mm), the co-factor (NH4)2Fe ACHTUNGTRENNUNG(SO4)2 (1 mm), and cosubstrate aKG
(2 mm) in HEPES buffer (pH 7.5, 50 mm, 0.1 mL). Controls were car-
ried out in the absence of AsnO D241N. The reaction was stopped
by addition of a nonafluoropentanoic acid solution (4% v/v, 20 mL),
and the mixture was then analyzed for possible hydroxylation by
reversed-phase HPLC-MS analysis on a Hypercarb column (Thermo
Electron Corporation, pore diameter of 250 L, particle size of 5 mm,
100% carbon). Mobile phases were: A) aqueous nonafluoropenta-
noic acid (20 mm), and B) acetonitrile. The following gradient was
applied: 0–10% B in 12 min, with a flow rate of 0.2 mLmin�1 at
17.5 8C. Identification of 2 was achieved by high-accuracy MS on
an API Qstar Pulsar I device (Applied Biosystems). Kinetics were car-
ried out accordingly, the substrate concentration being varied be-
tween 50 mm and 2 mm. The reaction was stopped in the linear
range (after 5 and 30 min) and analyzed as described above. Inte-
gration of the mass signals of 1 and 2 gave relative conversion
values from which starting velocities were calculated. Substrate
specificity assays were carried out as described above with the
ACHTUNGTRENNUNGcorresponding amino acid (see Table 1).

Preparative assay : AsnO D241N (10 mm) was incubated with 2
(18.9 mg, 142 mmol), the co-substrate aKG (26 mg, 18 mmol), and
ammonium iron(ii) sulfate hexahydrate (0.39 mg, 100 mmol) as
source of the ferrous iron co-factor. All solids were dissolved in
Hepes buffer, (pH 7.0, 25 mm, 9 mL). The reaction was started by
addition of enzyme stock solution (same buffer, 100 mm, 1 mL) and
was allowed to stir for 14 h at 16 8C. Compound 1 was isolated by
HPLC separation on a Chirex 3126 column (Phenomenex, d-penicill-
amine, 150M4.6 mm) with an isocratic mobile phase of CuSO4

(1 mm) in H2O (95%) and isopropyl alcohol (5%) on a Beckman
Coulter Gold System with UV detector 168 (Fullerton, USA). The l-
THA-containing fractions were pooled and passed through an NTA-
Agarose resin by gravity flow to remove the copper ions and
freeze-dried to yield 1.

NMR spectroscopy : All 1H and 13C NMR spectra were acquired on
a Varian 600 MHz spectrometer (Palo Alto, USA). The reproduction
of the preparative assay with 1,4-13C-labeled 2 was carried out as
described above, except that phosphate solution in D2O (pH 7.0,
20 mm) was used as buffer.
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