Figure S1. HPLC detection of aurachin RE in rauA gene complemented strain C02.
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Figure S2. Structures of the biosynthetic intermediate of aurachin RE (2). COSY and
HMBC correlations are shown in bold lines and arrows.
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Figure S3. HPLC detection of aurachin RE and the intermediate. Aurachin RE (1:
rt=10.6 min), and biosynthetic intermediate isolated from rauA mutant strain (2: rt=9.8

min).
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Figure S4. Organization of rau genes in gene disrupted mutant strain (M01-M11).
Deleted nucleotide region in each rau gene mutant strain was indicated with bold line

above each of the ORF.
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Table S1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)®

Reference or
originb

Strains

Rhodococcus strains
erythropolis JCM 6824

. erythropolis M18-8
. erythropolis M01
. erythropolis M02
. erythropolis M03
. erythropolis M04
. erythropolis M05
. erythropolis M06
. erythropolis MQO7
. erythropolis M08
. erythropolis M09
. erythropolis M10
. erythropolis M11
. erythropolis C02
. erythropolis JCM 32017
. erythropolis pTipRQAI

. erythropolis pNitRQAI

erythropolis M1218
Arthrobacter atrocyaneus

R.

VDDAV ANUUANDOD

R.

JCM 13297

Wild type, aurachin RE producer, GI*,
antibiotic Group | (=strain R04)
Transposon mutant of JCM 6824, GI

orf1 mutant of strain JCM 6824, GI*

rauA (orf2) mutant of strain JCM 6824, GI’
rauB (orf3) mutant of strain JCM 6824, GI’
rauC (orf4) mutant of strain JCM 6824, GI'
rauD (orf5) mutant of strain JCM 6824, GI’
rauE (orf6) mutant of strain JCM 6824, GI’
rauF (orf7) mutant of strain JCM 6824, GI’
rauG (orf8) mutant of strain JCM 6824, GI*
rauH (orf9) mutant of strain JCM 6824, GI*
raul (orf10) mutant of strain JCM 6824, GI*
orf11 mutant of strain JCM 6824, GI*

MO02 with pK4-rauA, GI*

Wild type, aurachin RE sensitive, Type strain

JCM 3201 with pTipRQAI
JCM 3201 with pNitRQAI

Derivative strain of JCM 2895, non antibiotic

producer

Wild type, aurachin RE sensitive

JCM

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
JCM

This study
This study

This study

JCM
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Table S1. Bacterial strains and plasmids used in this study (continued)

Reference or

. * . . a
Strain or plasmid Relevant characteristic(s) origin®
Plasmids
pBluescriptll KS Cloning vector, Ap' Stratagene

pTNR

pK18mobsacB

pK18MO1
pK18M02
pK18M03
pK18M04
pK18M05
pK18M06
pK18M07
pK18M08
pK18M09
pK18M10
pK18M11

pK4
pK4-rauA
pTip-QC2

pNit-QC2
pNit-rauA
pTipRQAI
pNitRQAI
pET26b

pET-rauA-His

Transposon mutagenesis vector (1IS7475),
Km'

Cloning vector, mob, sacB, Km'

orf1 disruption plasmid

orf2 disruption plasmid

orf3 disruption plasmid

orf4 disruption plasmid

orf5 disruption plasmid

orf6 disruption plasmid

orf7 disruption plasmid

orf8 disruption plasmid

orf9 disruption plasmid

orf10 disruption plasmid

orf11 disruption plasmid

General cloning vector for Rhodococcus sp.,
Km'

pK4 harboring rauA

Expression vector for Rhodococcus sp., tip
promoter (thiostrepton inducible), Cm", Ap"
Expression vector for Rhodococcus sp., nit
promoter (constitutive), Cm’, Ap'

pNitQC2 harboring rauA

pTipQC2 harboring rauA-/

pNitQC2 harboring rauA-/

Expression vector for E. coli

pET26b harboring rauA with C-terminus
histidine tag sequence

Sallam, et al, 2006
National institute of
genomics, Japan
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Hashimoto, et al.,
1992

This study
Nakashima and
Tamura, 2004
Nakashima and
Tamura, 2004
This study

This study
This study
Novagen

This study

2 GI', growth inhibition activity positive (against Arthrobacter strain); GI', growth inhibition activity

negative; GI*, weak growth inhibition activity; Ap’, ampicillin resistance; Cm', chloramphenicol

resistance; Km', kanamycin resistance.

bJcm, Japan Collection of Microorganisms; DSM, Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH; NBRC, NITE Biological Resource Center.
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Table S2. Primers used in this study

Primer Usage Sequence (5'-3)
ORF1-1F Construction of pK18M01 ATGAAGCTTGACTGCGACTCACGCTTGC
ORF1-1R Construction of pK18M01 ACGCTGCAGTCGACAGTGACGATATGGCC
ORF1-2F Construction of pK18M01 CGACTGCAGTGATACGAGCAACCGTAACC
ORF1-2R Construction of pK18MO01 ATCTCTAGACGTGACTGAGAATGTGTCTCC
ORF2-1F Construction of pK18M02 GTATAGAAGTCACCGTTCGAGC
ORF2-1R Construction of pK18M02 GCAGGATCCGTAGTCAGCAACGATCCAGG
ORF2-2F Construction of pK18M02 GACACATTCTCAGTCACGCG
ORF2-2R Construction of pK18M02 CGCCTGCAGCTCATCGTCAATCGTCATGG
ORF3-1F Construction of pK18M03 TGGGAATTCACATGCCACCATTCCTTGG
ORF3-1R Construction of pK18M03 GTTCTCGAGTTCTACGGAGACGCAGAACG
ORF3-2F Construction of pK18M03 GCGCTCGAGGCGTCATTCTCGGTGTACG
ORF3-2R Construction of pK18M03 GTCCTGCAGGCGAACCATGTCATCATCG
ORF4-1F Construction of pK18M04 GAGTCTAGAGACACATTCTCAGTCACGCG
ORF4-1R Construction of pK18M04 CGCCTCGAGCTCATCGTCAATCGTCATGG
ORF4-2F Construction of pK18M04 TGCCTCGAGTGCAGCAACTGATCCAATCC
ORF4-2R Construction of pK18M04 AGTAAGCTTAGGTAATTCGCACACAGACG
ORF5-1F Construction of pK18M05 TGGTCTAGACGACTGGTAGATCTTCCCGC
ORF5-1R Construction of pK18M05 ACACTCGAGCTACAGGCCGATTACGTTCC
ORF5-2F Construction of pK18M05 CTACTCGAGACGACCGAATATTCTCCGC
ORF5-2R Construction of pK18M05 CGGAAGCTTTACGGCTATCCGGTGTTGC
ORF6-1F Construction of pK18M06 ATCTCTAGATCTCTTCGCTCGATCTAATCG
ORF6-1R Construction of pK18M06 AGTCTCGAGAGGTAATTCGCACACAGACG
ORF6-2F Construction of pK18M06 GGTCTCGAGCCAATGGCATTCTGGCTTAC
ORF6-2R Construction of pK18M06 ACTAAGCTTCGTGTTCTGTTGGAGGTGTG
ORF7-1F Construction of pK18M07 AGGGAATTCGTGTTGTCGTCGTTGAACCC
ORF7-1R Construction of pK18M07 CTGCTCGAGTTTCACGTTCACACTCGTCG

- ORF7-2F Construction of pK18M07 CTTCTCGAGTTGACTCGACTCTGGTTGTCC
ORF7-2R Construction of pK18MO07 ATTCTGCAGGAAGATCCATTGCCAACTCC
ORF8-1F Construction of pK18M08 GCCTCGAATTCCTCTCACC
ORF8-1R Construction of pK18M08 ATCCTCGAGCGCATACTCCGAAGAAGAGC
ORF8-2F Construction of pK18M08 TACCTCGAGATCATCAACGGTCTCGATCC
ORF8-2R Construction of pK18M08 ATCAAGCTTCATTGCCTATCTCCTTGCG
ORF9-1F Construction of pK18M09 CGGTCTAGAGCTCTTCTTCGGAGTATGCG
ORF9-1R Construction of pK18M09 TGTAGATCTGAAGTTTGTCCACGATTCCC
ORF9-2F Construction of pK18M09 TTGAGATCTGACTGTGCTGGATACCCTCC
ORF9-2R Construction of pK18M09 AATAAGCTTAAGTATCGTACCCGTCAATGG
ORF10-1F Construction of pK18M10 ACTTCTAGACCTGGGCCTCTTTCGTAACC
ORF10-1R Construction of pK18M10 GCAGCAAACCGAAGAGATGC
ORF10-2F Construction of pK18M10 CAAGCGGCCGCGATATTCCGTCTTCCTCCC
ORF10-2R Construction of pK18M10 CCCAAGCTTGACAGATTGACGAATGCTGC
ORF11-1F Construction of pK18M11 AGGTCTAGACGAGAGATGATCATCGGGC
ORF11-1R Construction of pK18M11 ATACTGCAGCGTATCTCGTCGGTGAGTGC
ORF11-2F Construction of pK18M11 ACACTGCAGCCGATTCTTGGCACTCTTGC
ORF11-2R Construction of pK18M11 AGCAAGCTTCTCAGCTACAAGCCGACGC
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Table S2. Primers used in this study (continued)

Primer Usage Sequence (5'-3')
aphll-UR Single  crossover detection, ATCCATCTTGTTCAATCATGCG

hybridize to kanamycin resistant

gene (aphll)
ORF1-Single-C orf1 single crossover detection CTCTGCAACTTCGATGGAGC
ORF2-Single-C orf2 single crossover detection ACTATCCTGACCAGCAATGCC
ORF3-Single-C orf3 single crossover detection AAGCAGATTATTCGGCAAGG
ORF4-Single-C orf4 single crossover detection AGGACTGCGAGGTAAGTGGC
ORF5-8Single-C orf5 single crossover detection TAAGCCGATAGCAATGTCCG
ORF6-Single-C orf6 single crossover detection CATGACGATTGACGATGAGC
ORF7-Single-C orf7 single crossover detection GAATCGGATCAGGCTGTGC
ORF8-Single-C orf8 single crossover detection TCGATTCCCACTTGGTTCC
ORF9-Single-C orfg single crossover detection CTGCAATGGATACTCGACTCC
ORF10-Single-C orf10 single crossover detection = GTCGTGATGCAACGACAGC
ORF11-Single-C orf11 single crossover detection CAATGCTCGTTCTCGAAGG
ORF1-DCC-F orf1 double crossover detection = GCCTGAAGAAATCTTCGTTCC
ORF1-DCC-R orf1 double crossover detection = GAAGAAGATGACCATGAAGCG
ORF2-DCC-F orf2 double crossover detection = CTCGGGACTTTGGTCCTAGC
ORF2-DCC-R orf2 double crossover detection = TTCTACGGAGACGCAGAACG
ORF3-DCC-F orf3 double crossover detection = GAGGACTGCGAGGTAAGTGG
ORF3-DCC-R orf3 double crossover detection = CTCATCGTCAATCGTCATGG
ORF4-DCC-F orf4 double crossover detection GGACTGTCCGTATTTCTCGC
ORF4-DCC-R orf4 double crossover detection AATCACGTCGACATGTCCG
ORF5-DCC-F orf5 double crossover detection TCTCTTCGCTCGATCTAATCG
ORF5-DCC-R orf5 double crossover detection  AGGTAATTCGCACACAGACG
ORF6-DCC-F orf6 double crossover detection = ACGACCGAATATTCTCCGC
ORF6-DCC-R orf6 double crossover detection CTGTGGGCAATGACCATAGC
ORF7-DCC-F orf7 double crossover detection GTGTTGTCGACACGTCTGG
ORF7-DCC-R orf7 double crossover detection = GACATCAGCATGTGCTCGG
ORF8-DCC-F orf8 double crossover detection = ACCTACTCCTGCCATGAAGG
ORF8-DCC-R orf8 double crossover detection = TGTCCAAATCAGGCTCAAGC
ORF9-DCC-F orf9 double crossover detection = GACATCGATCAAATGCAGGC
ORF9-DCC-R orf9 double crossover detection = GATCATCTCTCGTCGCATCC
ORF10-DCC-F orf10 double crossover detection ATTGCAGCAGGAACTGAACG
ORF10-DCC-R orf10 double crossover detection AGAGGTGGAGAATTCCGCG
ORF11-DCC-F orf11 double crossover detection TTCCCGAAACCAAAGTTCG
ORF11-DCC-R orf11 double crossover detection AGATCAGGGATGTTTGAGCC
rauA-F-Ndel rauA cloning GGACATATGACACACACGGTCGACG
rauA-R-Hindlll rauA cloning GCGAAGCTTACATTGCTATCGGCTTACCG
rauA-Xhol-His-R rauA cloning ACACTCGAGTCGGCTTACCGCTACGGAAA

rauA-F
" rauA-R

Amplify partial rauA, for probe
Amplify partial rauA, for probe

G
ATACATCGCTCAGCTCTGGG

TCGACTGCTTCTCGATTTCC
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A Single Mutation at the Ferredoxin Binding Site of P450
Vdh Enables Efficient Biocatalytic Production of 25-

Hydroxyvitamin D,

Yoshiaki Yasutake,? Taiki Nishioka,® < Noriko Imoto,”™ ¥ and Tomohiro Tamura*

Introduction

Microbial processing is more efficient and friendly to the envi-
ronment than chemical synthesis, because of its specificity and
minimal use of organic solvents. Cytochrome P450 monooxy-
genases (P450s) are of special interest for the production of
fine chemicals and pharmaceuticals because of their ability to
insert oxygen into the nonactivated C—H bonds of various
compounds, in a regio- and stereoselective manner and under
mild conditions.!"! Generally, selective C—H bond oxygenation is
one of the most challenging processes in synthetic chemistry;
therefore, P450s are attractive candidates as biocatalysts in
biotechnological applications.? P450s are heme-containing
enzymes that use molecular oxygen and two-electron transfer
from a hydride donor NAD(P)H via appropriate redox partner
proteins (e.g., ferredoxin (Fdx) and ferredoxin reductase (FdxR))
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for catalytic reactions.” They are involved in many physiologi-
cal roles, including the biosynthesis of steroids, fatty acids, and
complex antibiotics, and biological processes such as lipid ho-
meostasis, detoxifying xenobiotics, and drug metabolism.*”!

Vitamin D, (VD,) is a secosteroid, which is similar in structure
to a steroid but has an opened B-ring. In humans, VD; is ob-
tained from the diet or is synthesized from 7-dehydrocholes-
terol within the skin in response to sunlight. VD; is further con-
verted into the active forms of VD, 25-hydroxyvitamin D,
(25(0H)VDy), in the liver, and then to 1a,25-dihydroxyvita-
min D; (10,25(0H),VD;) in the kidney. Both steps are catalyzed
by several P450s.%™ The active forms of VD; regulate calcium
homeostasis through interactions with VD; receptors in major
tissues, bone, and the intestine. Thus, VD; metabolic disorders
lead to low serum calcium levels (hypocalcemia) and defective
mineralization of the bone matrix. Moreover, active forms of
VD; function as hormones and play critical roles in controlling
differentiation and proliferation of multiple cell types. Hydroxy-
lated VD; and its derivatives are currently used as pharmaceuti-
cals for the treating the symptoms of numerous disorders,
such as rickets, osteomalacia, osteoporosis, hypoparathyroid-
ism, and psoriasis"? Although chemical synthesis of
10,25(0H),VD; from cholesterol is an established method, it is
inefficient (yield <1%)."¥ In contrast, microbial conversion
using actinomycete Pseudonocardia autotrophica cells is practi-
cal for the production of 25(0H)VD; and 10,25(0OH),VD,."*'%
P. autotrophica possesses P450 Vdh (CYP107BR1), a cytochrome
P450 monooxygenase that hydroxylates VD;. However, this mi-
crobial conversion requires a long reaction time (72 h for the
production of 137 pgmL™" 25(0H)VD; under optimized culture
conditions).!"”!

i =
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To develop a more efficient method for the hydroxylation of
VD;, we have used a recombinant system by using Rhodococ-
cus erythropolis cells."® There are three problems to overcome:
permeability of VD, across the cell membrane is limited;"” the
catalytic activity of Vdh is relatively low because VD; is proba-
bly a nonnative substrate for Vdh; and, sufficient electrons are
needed for the catalytic turnover of P450. To address the first
issue (permeability), we recently developed a technique in
which pore structures in the Rhodococcus cell membrane are
generated by a small antimicrobial peptide (nisin) to improve
the permeability of VD, into the cytoplasm."® For the second
issue (catalytic activity), we constructed a quadruple mutant of
Vdh (Vdh-K1: T70R/V156L/E216M/E384R) by directed evolu-
tion."® Unfortunately, the expression level of Vdh-K1 was very
low in R. erythropolis cells, and, thus, was not suitable for R. er-
ythropolis bioconversion. To date, several research groups have
attempted to increase the productivity of active forms of VD,.
Fujii et al. reported 2.2-fold more efficient VD; bioconversion
with Escherichia coli, by disruption of efflux pump genes
(AcrAB/TolC)."™ Hayashi and co-workers reported bioconversion
from VD; to several species of hydroxylated VD; metabolites
by using a Streptomyces strain expressing CYP105A1.20%
Nevertheless, a dramatic improvement in the production of
hydroxylated VD; has not been realized.

Herein, we report the creation of a highly active single
mutant of Vdh (Vdhy,q,) by engineering the putative Fdx-bind-
ing site. Vdhy;, was well expressed as an active heme-con-
taining form in R. erythropolis cells. In addition, the gene en-
coding Bacillus megaterium glucose dehydrogenase was insert-
ed into the chromosome of R. erythropolis JCM3201 and was
expressed to provide a stable supply of NADH. Electrons were
thus donated to Vdh from NADH by coexpressing the redox
partner proteins, AciB (Fdx) and AciC (FdxR). Partially methylat-
ed B-cyclodextrin (PMBCD) was used to reduce 25(0OH)VD; 1a-
hydroxylation activity,"® as well as to increase the water solu-
bility of VD,. As a result, an exceptionally high yield of
25(0OH)VD, (a promising intermediate for the synthesis of vari-
ous hydroxylated VD, derivatives)® was achieved by using
nisin-treated R. erythropolis cells.

Results and Discussion
Selection of redox partner proteins coupled with Vdh

Most bacterial P450s require two electrons sequentially deliv-
ered from NAD(P)H via redox partner proteins (e.g., FAD-con-
taining FdxR, and the small iron-sulfur protein Fdx). Unfortu-
nately, the native redox partner proteins for Vdh in P. auto-
trophica cells remain unknown. To select appropriate redox
partner proteins for VD, bioconversion by R. erythropolis cells,
we tested seven pairs of recombinant Fdx/FdxR proteins from
R. erythropolis JCM3201. However, no useful redox partners
were found. Therefore, we used AciB (Fdx) and AciC (FdxR)
proteins from Acinetobacter sp. OC4%9 as redox partner pro-
teins for Vdh. We have previously reported that AciB/AciC can
reasonably be coupled with Vdh, both in vivo and in vitro."®

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Site-directed mutagenesis at the Fdx binding site of Vdh

Generally, the combination of native P450 and Fdx showed
a high electron-transfer rate from Fdx to P450 and, conse-
quently, catalytic efficiency.® If the native redox partner for
a particular P450 is unknown, site-directed mutagenesis of the
putative Fdx/P450 association site is an attractive strategy for
increasing P450s catalytic activity.?*?® Therefore, in order to
improve the VD, hydroxylating activity of Vdh, the amino-acid
residues at putative Fdx-binding sites of Vdh were substituted
with those from P450 AciA (CYP153A), an enzyme naturally
coupled with AciB in Acinetobacter sp. OCAPY As the X-ray
structure of P450 AciA has not been reported, the amino-acid
residues involved in Fdx binding were identified based on the
X-ray structure of P450cam from Pseudomonas putida (PDB ID:
2CPP; the best-characterized P450, including the intermolecu-
lar interactions with putidaredoxin (Fdx) by X-ray and NMR
analyses,®**! site-directed mutagenesis,*? and molecular

docking simulations).”**® In total, eight residues were selected
for mutational analysis; the corresponding residues of AciA
were identified by sequence alignment in CLUSTALW®” (Fig-
ures ST and S2 in the Supporting Information). The mutants
created and the VD; 25-hydroxylase activities for these mu-
tants are summarized in Table 1. VD; 25-hydroxylase activity

Variant VD, 25-hydroxylase activity Relative
[molmin~' per mol of P450] activity
Vdhyr 0.07 £0.01 1.0
Vdh-K1 (T70R/V156L/ 5421045 774
E216M/E384R)
T96D 0.03£0.01 0.5
F106V nd.
T107A 5.54+0.56 79.2
V108P 0.0510.00 0.7
F346R 0.08 +-0.01 1.2
Q351R 0.15£0.02 2.2
H342F 0.10+0.01 1.4
L348M nd.
n.d.: not detected.

with mutations T107A, H342F, F346R, or Q351R was elevated
compared to wild-type (Vdhy); two mutants (F106V and
L348M) showed no catalytic activity. Interestingly, Vdh;,g;, €Xx-
hibited exceptionally high VD, 25-hydroxylating activity (~80
times higher than Vdhy). This activity level is comparable to
that of Vdh-K1, a quadruple Vdh mutant generated by directed
evolution.®

Kinetic analysis

To evaluate kinetic parameters describing the enzymatic
changes, we performed a reconstituted in vitro enzyme assay,
and measured VD; 25-hydroxylase activity with varying con-
centration of AciB; K, and k., were calculated by fitting Mi-

ChemBioChem 2013, 14, 2284 -2291
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Ko [um] ke Imin™'] e/ K Imin~"m™1]
Vdhy; 85.7+84 0.81+0.18 9.45x10°
Vdhpio7a 245+38 23.0+1.40 9.39x10°
vdh-K1 19.7 £4.1 20.8:£1.37 1.06x10°

chaelis-Menten plots for Vdhyy; Vdh-K1, and Vdhryg,, (Table 2).
The results show that k., increased from 0.81 to 23.0 min~',
and K, decreased from 85.7 to 24.5 pm, for the single mutation
T107A. Interestingly, Vdh-K1 exhibited similar kinetic properties
to Vdhpga. These results indicate that the four mutations of
Vdh-K1 and the single mutation of Vdhy. lead to similar
changes in the enzymatic properties related to the enhance-
ment of the binding affinity to AciB (Table 2).

VD; 25-hydroxylation activity was also measured with com-
mercially available spinach Fdx/FdxR, which is commonly used
as a redox partner protein pair for in vitro reconstituted P450
assays. The results showed that the VD; 25-hydroxylation activ-
ity of both Vdh-K1 and Vdhy,y;, increased ~50-fold (Table S1),
similar to the results obtained with AciB/AicC. This suggests
that the T107A mutation and the four mutations of Vdh-K1 do
not contribute to improvement in AciB specificity, but affect
the underlying catalytic mechanism of Vdh and thus bring
about high catalytic efficiency. A single mutation at the molec-
ular surface might seem trivial; however, the T107A mutation
confers upon Vdh the ability to function at a level approximate
equivalent to that of Vdh-K1. Our previous structural and spec-
troscopic studies indicated that the conformational change
from an open to a closed state (resulting from the four muta-
tions in Vdh-K1) led to a dramatic increase in catalytic activi-
ty.*® Therefore, it would be of great interest to determine the
structure of Vdhyyg;a. Investigations should determine whether
it is possible to change the conformation of Vdh by just re-
moving the hydroxyl and methyl groups of Thr107.

Crystal structure of Vdhy,o;, exhibits a closed conformation

Crystals of Vdhy,g;4 with different morphology can be obtained
from different crystallization solutions, and compared to those
of Vdhy and Vdh-K1. The crystallization conditions used for
Vdhy; and Vdh-K1 did not yield crystals of Vdhyg;,. The struc-
ture of Vdhyg, in @ complex with VD, was solved at a resolu-
tion of 2.57 A by molecular replacement. The asymmetric unit
comprises a single monomer (Matthews coefficient, V=
253 A3Da™"). The final refined model consists of amino acid
residues 2 to 403, the heme cofactor, VD,, and 36 water mole-
cules, with crystallographic R and R factors of 0.187 and
0.231, respectively (crystallographic parameters and refinement
statistics are summarized in Table 3). The electron density was
of high quality, thus allowing good definition of the model,
with the exception of the C-terminal His tag region.

The structure of Vdhyy,, was superimposed onto that of
Vdh-K1 (which forms a closed conformation) with a root mean
square deviation (RMSD) of 0.7 A for 390 Ca atoms (Figures 1
and S3, and Movie S1). The resuits clearly show that Vdhyga

e %
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Data collection statistics

beamline
wavelength [A]
resolution [A]

unit cell dimensions
a, b, c[A]

BL-5A, PF
1.0000
50-2.57 (2.64-2.57)%

61.4, 105.5, 142.0

space group €222,

unique reflections 14156

Rygm™ 0.048 (0.557)"

completeness [%] 98.6 (92.3)

redundancy 5.8 (5.6)

mean I/ (/) 24.2 (3.1)#
Refinement statistics and model quality

resolution range [A] 50-2.57

Ruor® 0.187

Riree™ 0.231

total number of atoms 3212

average B factor [A%] 76.7

RMSD bond distances [A] 0.008

RMSD bond angles [°] 1.93

[a] Values in parentheses refer to data in the highest resolution shell.
[b] Rym =T 5| hyj— <l > | /S Tihs Where (k) is the mean intensity of
a set of equivalent reflections. [c] Ryoc=2 | Fobs—Featca | /SFops fOr 95% of
the reflection data used in the refinement. £, and F_,4 are the observed
and calculated structure factor amplitudes, respectively. [d] Ry is the
equivalent of R, except that it was calculated for a randomly chosen
5% test set excluded from refinement.

exhibits a closed conformation similar to that of Vdh-K1 bound
to VD,. Main-chain and side-chain conformations at the active-
site region of Vdhy,4;, superimposed well onto those of Vdh-
K1 (Figure S5). The closed conformation of Vdh can be charac-
terized by the ~8 A shift of the helices F/G and the local con-
formational change around the Hi-loop (nomenclature of the
secondary structure elements follows the established conven-
tion).®¥ In the structure of Vdhygs Asp219 in the Hi-loop con-
tacts neighboring monomers in the crystal lattice; no crystal
contacts were found in the vicinity of helices F/G, which direct-
ly cover the substrate-binding site and separate it from the
solvent. Therefore, we assume that the current closed form of
Vdhpo74 is Not a crystallization artifact but reflects the confor-
mational state in solution. P450 is generally considered exhibit
conformational dynamics (between open and closed states) in
solution,®®*# and, thus, similarly to Vdh-K1, the T107A muta-
tion might be responsible for the shift in the conformational
equilibrium towards the closed state. Molecular dynamic simu-
lation is currently underway to demonstrate how the mutation
affects the conformational dynamics of Vdh.

It is known that, in general, the P450-binding surface of Fdx
is negatively charged and the Fdx-binding surface of P450 is
positively charged. These opposite electrostatic characteristics
of the molecular surfaces are known to be responsible for the
association between P450 and Fdx.®>***¥ Kinetic studies have
shown that the AciB-binding affinities of Vdh-K1 and Vdhyga
were approximately threefold higher than that of Vdhy; We
therefore calculated the electrostatic charge distributions for
Vdhy; Vdh-K1, and Vdhyyg,. Evidently, the electrostatic charge
potentials of the Fdx-binding surfaces of Vdhy;4;4 and Vdh-K1
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G helix

Figure 1. Stereoview superimpositions of X-ray structures of A) Vdhy,r (cyan, open conformation) and Vdhyyg7,

strate binding. Searching for mu-
tation loci affecting conforma-
tional equilibrium is an interest-
ing approach to identify useful
mutants of a target P450 en-
zyme for improved activity.

Bioconversion of VD, to
25(OH)VD; in nisin-treated
R. erythropolis cells

Recently, we have developed
a biocatalytic conversion system
that uses nisin-treated R. eryth-
ropolis cells."® Nisin is a natural
antimicrobial polypeptide and
plays a role in increasing VD,
permeability across the cell
membrane {(by forming a pore in
the cell membrane). Previous
studies demonstrated that nisin
inhibits cell growth of actinomy-
cetes by forming pores, thus
leading to efflux of many vital
intracellular compounds. Howev-
er, proteins with relatively large
molecular weight do not leak
out, as the diameter of the nisin-
forming pore is no more
than 2.0-2.5 nm.**“4 |mportant-
ly, nisin does not cause lysis of

(yellow, closed conformation), and B) Vdh-K1 (purple, closed conformation) and Vdhr,,, (yellow, closed conforma- R. erythropolis cells, and, thus,
tion). Side chains of the mutated residues in Vdhy,,/Vdh-K1 are shown as sticks and labeled; mobile F- and G- nisin-treated dead R. erythropolis

helices are labeled; bound VD, is shown as sticks (green).

exhibit a more positively charged potential than that
of Vdhy,; thus indicating that the closed conforma-
tion could be more suitable for Fdx association
(Figure 2). Although there are no remarkable changes
in the overall structure of helices and loops of the
Fdx-binding surface, subtle conformational changes
in the CD helices are evident. In addition, there are
significant alterations to the side-chain conformations
of Arg110 (D-helix) and Arg220 (HI-loop; Figure 2). It
is likely that these changes affect the electrostatic
charge distribution on the Fdx-binding surface. We
also found similar difference in electrostatic surface
potential in P450 PikC (CYP107L1; PDB ID: 2BV)), the
P450 structure most homologous to Vdh.*® Struc-
tures of substrate-free PikC have been solved in both
open and closed conformations. Similarly to Vdh, the
Fdx-binding surface of the closed form of PikC is
more positively charged than that in open form (Fig-
ure S6). These observations indicate that the confor-
mational change from an open to a closed state
could be important for association with Fdx and sub-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cells are useful as a biocatalytic
system: overexpressed enzymes

Vdhwr Vdh-K1 Vdhriora

Figure 2. Electrostatic potentials of Fdx-binding surfaces of Vdhy; Vdh-K1, and Vdhyyg;a.
Potentials were calculated with the Adaptive Poisson-Boltzmann solver (APBS), and are
presented in the range —4 (red) to +44 kT/e (blue). The same surface models showing
the positions of basic residues and the mutated residue T107/A107 on the Fdx-binding
surface are shown below. Arg220 and Arg110, which probably contribute to the change
in electrostatic potential, are indicated in red (see text).
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for the bioconversion reaction are retained in the cytoplasm. In
our previous study, VD; bioconversion to 25(0OH)VD; was per-
formed by using nisin-treated R. erythropolis JCM3201 cells that
coexpressed Vdhy; and redox partner proteins AciB and
AciC™® NADH and B. megaterium glucose dehydrogenase IV
(BMGIcDH-IV)"48 were added to the bioconversion solution to
maintain a supply of NADH to P450. However, the Vdh-K1
mutant obtained by directed evolution could not be well ex-
pressed in R. erythropolis cells; thus, its performance was not
suitable for this system. Indeed, the thermostability of Vdh-K1
was found to be lower than that of Vdhy; and Vdh;g, (Fig-
ure S7).

The activity of Vdhy,g; is comparable to that of Vdh-K1. The
thermostability of Vdhy,q;, is comparable to that of Vdhy,; (Fig-
ure S7), and Vdhy,g;, can be reliably overexpressed in R. eryth-
ropolis cells: the expression level of Vdhyg;, is approximately
70% of that of Vdhy; Prior to the bioconversion test, we
adapted R. erythropolis JCM3201 to incorporate the BmGlcDH-
IV gene in its chromosome by a random transposon mutagenic
system,“? to maintain a supply of NADH within the cytoplasm.
The resulting strain was termed JCM3201-GIcDH. A schematic
diagram of the bioconversion is shown in Figure 3, and the re-
sults of the bioconversion are given in Figure 4. Bioconversion
with nisin-treated R. erythropolis JCM3201-GlcDH containing
Vdhr,p;a Was the most effective: almost 300 uygmL™"' of
25(0OH)VD; was produced after only 2 h of bioconversion (Fig-
ure 4A). We then performed repeated production of
25(0OH)VD;, based on previously described procedures™® The
reaction solution (5 mL) was refreshed every 2 h, and four con-
secutive conversion reactions (total ca. 8 h) were carried out
under optimized conditions (0.2 mm NADH, ODg,,=10.0). It is
likely that iterative bioconversion reactions result in degrada-
tion or loss of biocatalyst (nisin-treated cells containing
Vdhyg;, and other proteins) by harvesting and resuspension.
However, the activity level was still approximately 60% after
three cycles (Figure 4B), and the total amount of 25(0OH)VD,
obtained by this biocatalyst-reusing method was approximate-

a@mm% PA450/Fdx/FAXR -
T ™ expression vector

Nisin-Lipid Il pore

@ v 7
@@ v

Glucose a&
S e

AciC mmp

o
W iR

Fdx P450

25(0H)VD;

} / Genomic DNA
GlcDH expression

Figure 3. Nisin-treated R. erythropolis JCM3201-GIcDH bioconversion of VD,
into 25(0H)VD;. PMBCD was used to increase the solubility of VD,/
25(0OH)VD,, as well as to reduce second-step hydroxylation (see text). The
pore in the cell membrane generated by nisin treatment afforded permea-
bility of the PMBCD-VD; complex.
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Figure 4. Biocatalytic production of 25(OH)VD, by nisin-treated R. erythropo-
lis JCM3201-GlcDH cells containing Vdhy o7, A) Effect of T107A mutation on
bioconversion; the relative amounts of 25(0H)VD; production are shown.
The combination of nisin treatment and Vdhy,q;, resulted in an approximate-
ly 14-fold increase in bioconversion efficiency. B) Repeated biocatalytic pro-
duction of 25(0OH)VD, according to the same procedure but with reaction-
buffer refreshment every 2 h. In this experiment, double the amount of cells
was used compared to (A); see the Experimental Section. Error bars indicate
standard deviation of three independent experiments.

Species Enzyme 25(0H)VD, produc-  Reaction  Ref.
tion [ugmL™"] time [h]

P. autotrophica Vdhy; 137 48 [15]

E. coli Vdhy 216 24 [19]

Streptomyces  CYP105A1 7.8 24 [20]

lividans (R73V/R84A)

R. erythropolis  Vdhy; 342 168 [18]

R. erythropolis  Vdhryg5 573 2 this
study

[a] This value (not given in the literature) was calculated from the raw

data.

ly 9 mg. Production of 25(0OH)VD; in this and previously studies
is summarized in Table 4.

Conclusions

We obtained a highly active Vdh mutant (Vdhy,) by engi-
neering the putative Fdx-binding site. In vitro reconstituted
assay showed that Vdhq,4;, was approximately 80 times more
active than Vdhy; Kinetic analyses indicate that Vdhyg, has

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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improved binding affinity with Acinetobacter Fdx (AciB), there-
by improving VD, hydroxylation activity. The crystal structure
of Vdhy,;, exhibited a closed conformation similar to that of
Vdh-K1, a highly active quadruple mutant acquired by directed
evolution. Similarly to Vdh-K1, it is likely that the T107A muta-
tion is responsible for the shift in the conformational equilibri-
um in solution from the open to the closed state. The electro-
static surface distribution revealed that the Fdx-binding site of
the closed conformation was more positively charged than
that of the open conformation. These observations suggest
that the closed form is more suitable for binding to negatively
charged Fdx. Finally, we tested VD, bioconversion to
25(0H)VD; by using nisin-treated R. erythropolis JCM3201-
GlcDH (coexpressed Vdhy,q,/AciB/AciC), and showed exception-
ally high yield of 25(OH)VD;. VD; bioconversion by nisin-treat-
ed R. erythropolis JCM3201-GIcDH represents a simple strategy
and application, and could be widely useful for P450-mediated
conversion of other fat-soluble and/or toxic molecules for
living cells coexpressing appropriate redox partner proteins.

Experimental Section

Materials: R. erythropolis JCM3201 (Japan Collection of Microorgan-
isms ), E. coli XL1-Blue, and E. coli BL21-CodonPlus(DE3)-RIL cells
were routinely cultured in lysogeny broth (LB). Competent cells of
R. erythropolis were prepared according to the procedure outlined
by Shao et al.™™ Transformation of R. erythropolis JCM3201 was per-
formed according to a previously described method.®" Oligonucle-
otides were obtained from Hokkaido System Science (Sapporo,
Japan). PCR was performed with Pfu Turbo DNA polymerase (Stra-
tagene/Agilent) or KOD FX polymerase (Toyobo, Osaka, Japan).
Restriction endonucleases were purchased from New England Bio-
Labs and Promega. The DNA ligation kit was purchased from
Takara Bio (Shiga, Japan). A Wizard SV Gel and PCR Clean-Up
System (Promega) was used to purify PCR products from gel
before cloning or sequencing. DNA was sequenced with a BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems/Life
Technologies) on an ABI Prism 3100 automated sequencer (Applied
Biosystems) according to the manufacturer’s instructions.

Overexpression and purification of recombinant protein for in
vitro assay: Recombinant and mutant Vdh for the in vitro assay
contained a C-terminal Hisq tag. Vdh mutants were prepared by in-
verse PCR® with synthetic oligonuclectide primers and pET29b-
Vdhy®® as the template. Recombinant Vdhy,; and mutants were
produced in E. coli BL21 CodonPlus (DE3)-RIL, and purified as previ-
ously described®® A carbon monoxide difference spectra assay
was performed to assess Vdh concentration.™!

The gene encoding AciB from Acinetobacter sp. OC4 (Gene Bank
accession: AB221118) was amplified by PCR with pTipQC2-Vdh-
AciB-AciC as template DNA."® and inserted between the Ndel and
Xhol sites of the pET28a expression vector. Transformed E. coli cells
were grown at 37°C in LB medium (100 mL), then overnight cul-
ture was inoculated into LB (900 mL). Expression was induced by
addition of isopropyl-B-p-thiogalactoside (IPTG, 0.1 mm), and the
cells were cultured overnight at 25 °C. Cells were harvested by cen-
trifugation (2975g, 10 min, 4°C ?) and resuspended in buffer A
(Tris:HCl (50 mm, pH 7.5), NaCl (100 mm), glycerol (10%)) contain-
ing lysozyme (1 mgmL™") and Benzonase (50 UmL™"; Merck Milli-
pore). The cells were disrupted by sonication, and the homogenate
was clarified by centrifugation (39191g, 10 min, 4°C). The superna-

o

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tant was loaded onto a Ni-affinity column (Sigma-Aldrich) equili-
brated with buffer A, and then eluted with a linear gradient of
imidazole (0-0.4m in buffer A). The brown-colored fractions were
pooled, and the concentrated sample was further purified on a Se-
phacryl S-100 size-exclusion column (2.5x90 cm; GE Healthcare).
Finally, fractions were loaded onto a Qsepharose Fast Flow
column (GE Healthcare) equilibrated with buffer A, and bound pro-
tein was eluted with a linear gradient of NaCl (0.1-0.6 M in buf-
fer A). Purified AciB was dialyzed against Tris-HCl (25 mm, pH 7.5)
with glycerol (20%) and stored at —~20°C. AciB concentration was
estimated as previously described with minor modifications.*¥ The
sample in Tris-HCl (100 mm, pH 8.5) and SDS (2%) was denaturated
by incubation for 15 min at 60°C for, then further incubated with
bathophenanthroline disulfonate (BPS, 0.2mm) and dithionite
(8 mm) for 30 min at 30°C. The iron content of Fdx was deter-
mined by absorbance of the Fe?*-BPS complex
25100 M~ 'em™).

(es35=

The gene encoding aciC from Acinetobacter sp. OC4 (accession:
AB221118) was amplified by PCR with pTipQC2-Vdh-AciB-AciC as
template DNA,"® and inserted between Ndel and Xhol sites of
a pET26a expression vector {(culture and induction as for AciB). The
cells were harvested and resuspended in buffer B (sodium phos-
phate (50 mm, pHB8.0), NaCl (300 mm)) containing lysozyme
(1 mgmL™") and Benzonase (~50 UmL™), and then disrupted by
sonication. After centrifugation (39191g, 10 min, 4°C), the super-
natant was loaded onto a Ni-affinity column (Sigma-Aldrich) equili-
brated with buffer B. The column was washed with buffer C
(sodium phosphate (50 mm, pH 6.0), NaCl (300 mm), glycerol
(10%)) and eluted with a linear gradient of imidazole (0-0.4M in
buffer C). The yellow-colored fractions were pooled and dialyzed
against buffer D (Tris-HCl (25 mm, pH 7.5, glycerol (10%)). The dia-
lyzed sample was loaded onto a DEAE Sepharose Fast Flow
Column (GE Healthcare) equilibrated with buffer D, and bound pro-
tein was eluted with a liner gradient of NaCl (0-0.6 m in buffer D).
After boiling and removal of denatured protein, the concentration
of flavin was calculated (g4 =9.2 mm~'cm™").59

In vitro reconstitution assay and kinetic analysis: VD; 25-hydrox-
ylase activity of Vdhyyand its mutants was measured by reconstitu-
tion experiments. The reaction mixture (200 pL) for enzyme activity
measurements comprised Tris-HCl (50 mm, pH 7.5), NaCl (100 mwm),
AciB (10 um) or spinach Fdx (100 pgmL™"), AciC (1.0 um) or spinach
FdxR (0.1 UmL™), VD; (20 um), NADH (200 pm; for AciB-AciC
system) or NADPH (200 um; for spinach system), and PMBCD
(0.05%, w/v). The concentration of Vdhy; (or mutant) was adjusted
within the linear range of the assay. The reaction was initiated by
addition of NADH/NADPH, and followed by incubation at 30°C for
5min. The reaction was stopped by addition of ethyl acetate
(50 pb), and the mixture was extracted with ethyl acetate (800 uL).
The product 25(0H)VD; was detected by HPLC analysis as previ-
ously described."™ The K,, and k., values for AciB were estimated
from Michaelis-Menten plots (triplicate experiments) with titration
of AciB (5-80 pm).

Crystallization and X-ray structure determination: Purified
Vdhy;a Was concentrated to 20 mgml™', and VD; was added
(0.5 mwm) for crystallization. All crystallization experiments were per-
formed by the vapor-diffusion technique at 20°C. An initial search
for crystallization conditions was performed by using sparse matrix
screen kits of Hampton Research (Aliso Viejo, CA) and Emerald Bio
(Bedford, MA), and conditions were optimized by varying buffer
pH and precipitant concentrations. Plate-shaped crystals (0.20x
0.40x0.02 mm) grew in the solution containing Bis-Tris (0.1 M,
pH 6.0-7.0), NaCl (0.2 m), and PEG 3350 (15-20%). X-ray diffraction

e
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data were collected at beamline BL-5A of the Photon Factory (Tsu-
kuba, Japan) with a Quantum 210r detector (ADSC Poway, CA).
Prior to data collection, the crystal was soaked in cryoprotectant
supplemented with glycerol (20%) and flash-cooled under a
stream of nitrogen (100 K). The Vdhyg, crystal belongs to the
space group (222, with unit-cell dimensions a=61.4, b=105.5,
c=142.0 A. The diffraction data were processed by using the pro-
gram XDS.®¥ The structure of Vdhy,,, was determined by the mo-
lecular replacement method by using the program MOLREP"” The
X-ray model of Vdh-K1 (PDB ID: 3A50)® was used as a search
model. The atomic coordinates and their B-factors were refined in
REFMACS5,%® and manual model corrections were performed with
the graphic program COOTF® The stereochemical quality of the
final refined model was checked by the program PROCHECK®”
Crystallographic parameters and refinement statistics are summar-
ized in Table 3. Molecular images were prepared with the program
PyMOL (Delano Scientific; http://pymol.org/). Electrostatic surface
potentials were calculated by the Adaptive Poisson-Boltzmann
Solver (APBS).6"

Biocatalytic production of 25(0H)VD; by nisin-treated R. eryth-
ropolis cells: Expression vectors pTipQC2-Vdhy-AciB-AciC and
pTipQC2-Vdhyy;,-AciB-AciC were constructed according to a previ-
ously described method." The gene encoding BmGIcDH-IV was
amplified by PCR with pET28a-BmGIcDH-IV as template DNA,®
and was inserted between the Ndel and Xhol sites of the expres-
sion vector pNitQC2."" From this, a BmGIcDH-IV expression cas-
sette (P, promoter, BmGIcDH-IV sequence, and T, transcriptional
terminator) was amplified by PCR, and inserted between the Stul
and Nisil sites of the transposon-based expression vector to yield
PTNR-KA-BmGIcDH-IV.*! This was transformed into R. erythropolis
JCM3201; the resulting strain was termed JCM3201-GIcDH. Expres-
sion of BmGIcDH-IV was confirmed by detecting GicDH activity in
the crude extract of the JCM3201-GlcDH, by monitoring NADH
production (340 nm) in the presence of NAD* and b-glucose.
JCM3201-GIcDH cells were transformed with pTipQC2-Vdhy,-AciB-
AciC or pTipQC2-Vdhyy;x-AciB-AciC, and grown in LB (20 mL) at
28°C. Expression of Vdh/Vdh,,, AciB, and AciC was induced by
addition of thiostrepton (0.5 pgmL™") when cell growth reached
the mid-log phase (ODg4,=0.7). At 24 h after induction, cells were
harvested by centrifugation (1940g, 10 min, 4°C), and the pellets
were washed twice with potassium phosphate buffer (50 mm,
pH 7.4), and resuspended (ODgo==5.0) in the same buffer (5 mL)
supplemented with p-glucose (2%), glycerol (10%), VD; (2 mm),
NADH (2 mm), PMBCD (1.5%), without or with nisin (0.5 mgmL™).
After incubation with shaking (120 rpm, 2 h), the reaction mixture
(50 pl) was added to methanol (450 pl) and gently mixed. The re-
sulting solution was centrifuged (20817 g, 5 min, 20°C), and the su-
pernatant was analyzed by HPLC as previously described."® The re-
peated production (see text) was also performed with nisin-treated
R. erythropolis JCM3201-GlcDH cells with pTipQC2-Vdhy;4-AciB-
AciC. The reaction buffer contained potassium phosphate (50 mm,
pH 7.4), b-glucose (2%), glycerol (10%), VD; (2 mm), NADH
(0.2 mm), PMBCD (1.5%), and nisin (0.5 mgmL™"). We found that
the bioconversion rate was roughly constant for NADH >0.2 mwm,
and thus the concentration of NADH was reduced to 0.2 mMm in
this experiment (bioconversion mixture ODgy,=10.0). The buffer
was changed every 2 h, and four consecutive reactions (total, 8 h)
were performed. The reaction product was analyzed by HPLC as
previously described.®

Accession number: The atomic coordinates and structure details
have been deposited in the Protein Data Bank, http://www.pdb.org
under PDB ID 3VRM.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Crystallization and preliminary X-ray diffraction
studies of D-threo-3-hydroxyaspartate dehydratase

isolated from Delftia sp. HT23

D-threo-3-Hydroxyaspartate dehydratase (p-THA DH) isolated from the soil
bacterium Delftia sp. HT23 is a novel enzyme consisting of 380 amino-acid
residues which catalyzes the conversion of D-threo-3-hydroxyaspartate to
oxaloacetate and ammonia. D-THA DH also catalyzes the dehydration of
L-threo-3-hydroxyaspartate, L-erythro-3-hydroxyaspartate and p-serine. The
amino-acid sequence of D-THA DH shows significant similarity to that of two
eukaryotic D-serine dehydratases derived from Saccharomyces cerevisiae and
chicken kidney. p-THA DH is classified into the fold-type III group of pyridoxal
enzymes and is the first example of a fold-type III dehydratase derived from a
prokaryote. Overexpression of recombinant b-THA DH was carried out using a
Rhodococcus erythropolis expression system and the obtained protein was
subsequently purified and crystallized. The crystals of b-THA DH belonged to
space group 74,22, with unit-cell parameters a = b = 157.3, ¢ = 157.9 A. Single-
wavelength anomalous diffraction data were collected to a resolution of 2.0 A
using synchrotron radiation at the wavelength of the Br K absorption edge.

1. Introduction

3-Hydroxyaspartate and its derivatives have biological activity as
competitive blockers of excitatory glutamate/aspartate transporters
of the mammalian nervous system (Balcar et al., 1977; Shigeri et al.,
2001). Thus, pharmacological aspects of 3-hydroxyaspartate have
attracted the attention of biochemists. 3-Hydroxyaspartate exists as
four stereoisomers because it has two chiral centres, i.e. D-threo-3-
hydroxyaspartate (2R,3R; D-THA), L-threo-3-hydroxyaspartate
(25,3S; L-THA), p-erythro-3-hydroxyaspartate (2R,3S; p-EHA) and
L-erythro-3-hydroxyaspartate (25,3R; L-EHA), which are difficult to
synthesize individually (Kaneko & Katsura, 1963). For this reason, we
considered that an enzyme that degrades 3-hydroxyaspartate might
be useful for the enzymatic optical resolution of DL-racemic
3-hydroxyaspartate to produce optically pure 3-hydroxyaspartate
isomers. However, there have been very few studies on enzymes that
act on 3-hydroxyaspartate, although two bacterial enzymes, erythro-3-
hydroxyaspartate aldolase (EC 4.1.3.14; Gibbs & Morris, 1964;
Kornberg & Morris, 1965) and erythro-3-hydroxyaspartate dehy-
dratase (EC 4.3.1.20; Gibbs & Morris, 1965), were identified many
years ago.

In order to obtain amino-acid sequence information for 3-
hydroxyaspartate dehydratase, we screened soil microorganisms that
can utilize 3-hydroxyaspartate as a sole carbon source and recently
found two novel enzymes in a newly isolated bacterium. One enzyme
is an L-threo-3-hydroxyaspartate dehydratase (L-THA DH; EC
43.1.16; Wada et al, 1999; Murakami et al., 2009) isolated from
Pseudomonas sp. T62, which only exhibits dehydratase activity
towards L-THA. The other enzyme is a D-threo-3-hydroxyaspartate
dehydratase (D-THA DH; EC 4.3.1.27; Maeda et al., 2010) isolated
from Delftia sp. HT23, which exhibits dehydratase activity towards
p-THA, L-THA, L-EHA and p-serine.

Interestingly, although L-THA DH and p-THA DH catalyze the
same reaction from threo-3-hydroxyaspartate to oxaloacetate and
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Scheme of the reactions catalyzed by p-threo-3-hydroxyaspartate dehydratase (p-THA DH).

ammonia, the primary structures of these two enzymes are com-
pletely different. Biochemical analyses suggested that both enzymes
contain pyridoxal 5'-phosphate (PLP) as a cofactor. Based on their
folding patterns, PLP-dependent enzymes are classified into five
groups, designated fold-types I-V (Schneider et al, 2000). A
sequence-similarity search revealed that L-THA DH belongs to the
fold-type II group, which contains most bacterial dehydratases. On
the other hand, despite catalyzing the same dehydratase reactions, -
THA DH belongs to the fold-type III group, which contains most
bacterial alanine racemases (Eliot & Kirsch, 2004). However, any
alanine, serine or aspartate racemase activity of p-THA DH was
below the detection limit. The amino-acid sequence of p-THA DH
shows 26-36% similarity to two eukaryotic D-serine dehydratases
derived from Saccharomyces cerevisiae (scDSD; Ito et al., 2008) and
chicken kidney (chDSD; Tanaka et al., 2008), which are also classified
into the fold-type III group. To the best of our knowledge, p-THA
DH is the first example of a fold-type III dehydratase derived from a
prokaryote.

Recently, the crystal structure of chDSD has been reported. This is
the first report of the three-dimensional structure of a fold-type III
enzyme that catalyzes a dehydratase reaction (Tanaka et al., 2011).
The primary structural similarity between p-THA DH and chDSD
suggests that their active-site structures are similar. Nonetheless, b-
THA DH shows unique stereospecificity towards 3-hydroxyaspartate
isomers. The main substrate of chDSD is p-serine or p-threonine,
which is the p-form of B-hydroxy amino acids. In contrast, the main
substrate of p-THA DH is -THA or L-EHA, i.e. not only the p-form
but also the L-form of S-hydroxy amino acids act as a substrate for p-
THA DH (Fig. 1). In other words, D-THA DH exhibits stringent
stereoselectivity at C? but relaxed selectivity at C* because p-THA
and L-EHA have the same configuration around C?. In the structure
of chDSD, Zn?* is located at the active site and is involved in the
catalytic reaction (Tanaka et al., 2011). o-THA DH pretreated with
ethylenediaminetetraacetic acid (EDTA) also requires divalent
cations for its activation, but the activation pattern differs between
the two enzymes. Only Zn?* and Mn** act as activators of chDSD,
whereas Co?*, Ni**, Ca®* and Fe?" ions are also activators of b-THA
DH in addition to Zn** and Mn?* ions. In particular, p-THA DH is
highly activated by Mn**, Co** and Ni** ions, although the natural
metal ion bound to p-THA DH has not yet been determined. To
resolve the unique substrate specificity and to determine the prop-
erties contributing to the difference in their metal requirements,
crystallographic studies of b-THA DH are required. Here, we report
the improvement of the expression level, crystallization and preli-
minary X-ray diffraction studies of recombinant p-THA DH.

2. Materials and methods
2.1. Overexpression and purification of recombinant o-THA DH

The identification and cloning of the p-THA DH gene have been
reported previously (Maeda et al., 2010). Briefly, the gene encoding
p-THA DH (GenBank accession code AB433986) was cloned from
genomic DNA of Delftia sp. HT23 and inserted into the pQE30
expression vector using BamHI and HindIII restriction enzymes.
Recombinant p-THA DH was obtained by expression in Escherichia
coli JM109 and used for enzymatic studies. For crystallization,
recombinant D-THA DH was produced using Rhodococcus erythro-
polis as a host cell (Mitani et al., 2005). The gene encoding b-THA
DH was amplified using polymerase chain reaction (PCR) with a
pQE30dthadh plasmid as template DNA, PrimeSTAR HS DNA
polymerase (Takara Bio) and synthetic primers, ie. forward
(5-AGTCTCATGAGTATGCAAGACACACTTCTGAC-3')  and
reverse  (5-ATATCTCGAGTCACCAGCCATGGAGCCGCT-3').
The bold bases indicate the BspHI and Xhol restriction sites,
respectively. The PCR conditions were as follows: 30 cycles of
amplification at 371 K for 10s, at 333 K for 5s and at 345K for
1.5 min, followed by an elongation step at 345K for 7 min. PCR
fragments were digested with BspHI and Xhol and cloned into the
Ncol and Xhol sites of the pTip-QC2 expression vector for Rhodo-
coccus (Nakashima & Tamura, 2004a,b). BspHI, which is compatible
with Ncol, was used for the digestion of the PCR fragments because
the DNA sequence of the gene encoding p-THA DH contains an
Ncol site. The resulting plasmid encoded full-length b-THA DH
fused with a Met-Gly-Hise-Ala-Met-Ser sequence at the N-terminus.
The plasmid was transformed into R. erythropolis L88 cells by
electroporation.

The transformed cells were grown at 303 K in 50 ml Luria-Bertani
(LB) medium containing 17 pugml™" chloramphenicol. The pre-
culture was then inoculated in 500 ml LB medium supplemented with
0.5 ug ml™ thiostrepton for 24 h at 303 K in order to induce p-THA
DH expression. The cells were harvested (10 g wet weight) and
resuspended in buffer A (10 mM Tris-HCl pH 8.0, 0.01 mM PLP,
0.1 mM dithiothreitol). The cells were disrupted three times using a
French pressure cell (Ohtake Works) at 110 MPa after the addition of
2 mg ml~? lysozyme for 30 min. After centrifugation, the resulting
supernatant was applied onto a His-Trap HP column (GE Health-
care) pre-equilibrated with buffer A which was supplemented with
20 mM imidazole and 500 mM NaCl. The enzyme was eluted with a
linear gradient of 20-500 mM imidazole in buffer A supplemented
with 500 mM NaCl. The fractions containing p-THA DH were
collected, dialyzed against buffer A and subsequently concentrated to
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Figure 2

Typical crystals of p-threo-3-hydroxyaspartate dehydratase (p-THA DH). The
crystal used for the current study was obtained with 0.1 M Tris pH 8.5, 0.2 M MgCl,,
13% PEG 3350.

15 mg ml™" using a centrifugal filtration device (10 000 Da molecular-
weight cutoff, Millipore). The protein concentration was determined
by the Bradford method using the Bio-Rad protein assay (Bio-Rad)
with bovine serum albumin as the standard. The final protein solution
consisted of 10 mM Tris—HCI pH 8.0, 0.01 mM PLP, 0.1 mM dithio-
threitol and 15 mg ml™ of the enzyme in a total volume of 0.7 ml.

2.2. Crystallization

Initial crystallization screening was performed in a 96-well crys-
tallization plate by employing the sitting-drop vapour-diffusion
technique at 293 K using commercially available sparse-matrix screen
kits from Hampton Research and Emerald BioSystems. Each sitting
drop was prepared by mixing 0.5 pl sample solution and 0.5 pl
reservoir solution and was equilibrated against 100 pl reservoir
solution. The most promising condition was subsequently optimized
in a 24-well VDX plate (Hampton Research) by using the hanging-
drop vapour-diffusion method at 293 K, with variation of the buffer
pH and salt and precipitant concentrations. Each hanging drop was
prepared by mixing 1.5 ul sample solution and an equal volume of the
reservoir solution and was equilibrated against 500 pl reservoir
solution.

2.3. X-ray diffraction studies

For X-ray diffraction under cryogenic conditions, crystals were
soaked stepwise in cryoprotectant solution composed of crystal-
lization reservoir and 20% glycerol. Subsequently, crystals were
further transferred stepwise into cryoprotectant solution supple-
mented first with 0.5 M NaBr and then with 1 M NaBr, with an overall
soaking time of approximately 30 s (Dauter et al, 2000). Prior to
X-ray diffraction analysis, the crystal was flash-cooled in a nitrogen-
gas stream at 100 K. Single-wavelength anomalous diffraction (SAD)
data were collected on beamline NW-12A at the Photon Factory (PF),
Tsukuba, Japan using an ADSC Quantum 210 charge-coupled device
detector. The wavelength was set at 0.91944 A considering the results
from a fluorescence scan around the Br K absorption edge. Each
oscillation frame was taken with a rotation angle of 0.5° and an
exposure time of 1.0s. The total rotation range for the SAD data
collection was 360°. The diffraction images were processed with
iIMOSFLMISCALA (Battye et al, 2011; Winn et al, 2011). SAD
phasing was performed with SHELXC/D/E (Sheldrick, 2008).

Figure 3
An X-ray diffraction pattern obtained on the NW-12A beamline at PF, Japan from
a single crystal of D-threo-3-hydroxyaspartate dehydratase (D-THA DH).

2.4. Enzyme assay

3-Hydroxyaspartate dehydratase activity was assayed spectro-
photometrically by measuring the change in absorbance of NADH at
340 nm using a DUS00 spectrophotometer (Beckman Coulter). The
assay was performed using a coupling system with NADH-dependent
malate dehydrogenase (MDH) as described previously (Wada et al.,
1999). The standard assay mixture consisted of 100 mM Tris—HCl
buffer pH 8.0, 0.01 mM PLP, 10 mM p-THA or L-EHA as a substrate,
0.32 mM NADH, 10 units of MDH and an appropriate amount of the
enzyme in a total volume of 0.5 ml. The reactions were carried out at
303 K with addition of the substrate. Reaction mixtures without the
substrate served as controls. One unit of the enzyme represented
1 pmol of NADH utilized per minute at 303 K on the basis of an
absorption coefficient of 622 mM ™' cm™ for NADH at 340 nm.

3. Results and discussion

The expression level of b-THA DH in E. coli was low, probably owing
to the high GC content (71.9%) of the gene encoding b-THA DH. To
address this problem, overexpression of recombinant p-THA DH
was carried out using R. erythropolis, a Gram-positive bacterium with
a high GC content (Actinobacteria), as a heterologous expression
host. As shown by SDS-PAGE, we observed high expression of p-
THA DH fused with additional Met-Gly-Hiss-Ala-Met-Ser residues
at the N-terminus in R. erythropolis (Supplementary Fig. S1%). As
seen in lane 1, the molecular weight of recombinant p-THA DH was
found to be 41.7 kDa, and that of the lysozyme added before the cell-
disruption step was found to be 14.4 kDa. The specific activity of the
cell-free extract of R. erythropolis expressing the p-THA DH gene
was ~2.5 U per milligram of protein, which is about 20-fold higher

! Supplementary material has been deposited in the IUCr electronic archive
(Reference: NO5025).
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Tabie 1
Crystallographic parameters and SAD phasing statistics.

Values in parentheses are for the outermost resolution shell.

Beamline NW-12A, PF, Japan
Temperature (K) 100
Wavelength (A) 0.91944

50-2.0 (2.11-2.00)
a=b=1573,c=1579,

Resolution range (A)
Unit-cell parameters (A, °)

a=B=y=90
Space group 14,22
Average mosaicity (°) 0.43
No. of reflections measured 1967835
No. of unique reflections measured 66655
Rierget 0.149 (0.754)

Riess (all I+ and I-)% 0.157 (0.776)

Ryim. (all I+ and I-)§ 0.029 (0.142)
Completeness (%) 100.0 (100.0)
Anomalous completeness (%) 100.0 (100.0)
Multiplicity 29.5 (29.8)
Anomalous multiplicity 154 (15.3)
Average I/o(I) 244 (6.9)
Phasing information from SHELXC/D/E

No. of Br sites used for phasing 42

Best CC /CCyeax 39.3/20.3

FOM 0.55

Map contrast 051

Map connectivity 0.90
i it i (kD) — (ICRRD) /3 S 2o Bi(RKD. % Rueas = Fopga{N(hkD)/
[N(hkl) 1]}1/ 2 }: II (kel) — (I(WeD) |/ 3 oaa 3oi TCRKD). & Ry, = 2 owall/

[N(hkI) — 1])’/22, Rk — (ICREDY /S s 3 L (kD) where I(hkl) is the ith intensity
measurement of reflection hkl, (I(hkl)) is the mean intensity of reflection hkl and N(hkl)
is the number of observations of reflection hkl.

than that of the cell-free extract of E. coli expressing the p-THA DH
gene. D-THA DH was purified by Ni-affinity chromatography,
resulting in a single band on SDS-PAGE (Supplementary Fig. S1).
The calculated molecular weight of the protein with the additional
residues is determined to be 41 629 Da, which is consistent with the
molecular weight determined by SDS-PAGE. The theoretical
isoelectric point of the recombinant protein was calculated to be 6.32.
This procedure yielded approximately 10 mg purified p-THA DH per
500 ml of culture.

Diffraction-quality crystals were obtained with a reservoir solution
consisting of 0.1 M Tris pH 8.5, 0.2 M MgCl,, 10-14% PEG 3350.
Yellow-coloured crystals appeared in the heavy precipitate and grew
to approximate dimensions of 0.2 x 0.2 x 0.2 mm within 1 week
(Fig. 2). The Br-SAD data set was collected to a resolution of 2.0 A
using synchrotron radiation at a wavelength of 0.91944 A (Fig. 3).
Preliminary data processing showed that the unit-cell parameters
were closetoa=b=c=158 A, a = B =y =90°. Thus, the data were
integrated and scaled assuming that the crystal belonged to a cubic
space group. However, abnormally high Ry, values were calculated
for any cubic system, suggesting that the crystal did not have three-
fold symmetry around the cube diagonal. Therefore, we reduced the
symmetry and found that the crystal belonged to an I-centred

tetragonal space group with a reliable Ryeree value. The reflection
condition for (00/) indicated that the true space group of the crystal
was 4,22 with unit-cell parameters a = b = 157.3, ¢ = 1579 A.
Assuming the presence of two D-THA DH monomers in the asym-
metric unit, the calculated value of the crystal volume per protein
weight (Vi value; Matthews, 1968) was 2.8 A>Da™ . This value
corresponds to a solvent content of 56.4%. SAD phasing was
performed using SHELXC/D/E (Sheldrick, 2008). A total of 42 Br
sites were found using the data with a resolution range of 20-2.8 A.
SAD phasing and density modification using SHELXE resulted in an
interpretable electron-density map. X-ray diffraction data collection
and phasing statistics are summarized in Table 1. Model building and
refinement are currently under way.

The authors would like to thank the beamline scientists at the
Photon Factory, Tsukuba, Japan for their kind assistance in the X-ray
diffraction experiment. This work was financially supported in part by
a grant-in-aid from the Institute for Fermentation, Osaka (JFO).
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The cytochrome P450 RauA from Rhodococcus erythropolis JCM 6824 catalyzes the hydroxylation of a
nitrogen atom in the quinolone ring of aurachin, thereby conferring strong antibiotic activity on the
aurachin alkaloid. Here, we report the crystal structure of RauA in complex with its substrate, a
biosynthetic intermediate of aurachin RE. Clear electron density showed that the quinolone ring

is oriented parallel to the porphyrin plane of the heme cofactor, while the farnesyl chain curls into
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a U-shape topology and is buried inside the solvent-inaccessible hydrophobic interior of RauA. The

nearest atom from the heme iron is the quinolone nitrogen (4.3 A), which is consistent with RauA
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catalyzing the N-hydroxylation of the quinolone ring to produce mature aurachin RE.
© 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Antibiotics play an important role in the treatment of severe
bacterial infections. Investigations into new antibiotic regimens
are required because of the emergence of multi-drug resistance,
as well as new pathogenic bacteria. Aurachin alkaloids are rare
compounds found in nature and are composed of a quinolone ring
and farnesyl chain. Two phylogenetically unrelated bacterial spe-
cies, Rhodococcus and Stigmatella, are known to synthesize several
molecular variations of aurachin alkaloids [1-7]. A previous study
indicated that aurachins could be potent inhibitors of mitochon-
drial respiration because of their structural similarity with
menaquinone (vitamin K;), the sole respiratory quinone for most
eubacteria [8]. The enzymes that catalyze the synthesis of
menaquinone are potential targets for the development of novel
antibacterial drugs [9].

Aurachin RE is an aurachin alkaloid isolated from Rhodococcus
erythropolis JCM 6824 (Fig. 1), and it exhibits relatively strong

Abbreviations: CYP, cytochrome P450 monooxygenase; RMSD, root-mean-
square deviation; HPLC, high-performance liquid chromatography
* Corresponding author. Fax: +81 11 857 8980.
E-mail address: y-yasutake@aist.go.jp (Y. Yasutake).
1 Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1
Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan.

antibiotic activity against a wide range of gram-positive bacteria
[6]. Recent studies revealed that aurachin RE exhibits inhibitory
activity against 1,4-dihydroxy-2-naphthoate prenyltransferase
(MenA) of Mycobacterium tuberculosis, which is an essential en-
zyme in the menaquinone biosynthesis pathway [10-12]. There-
fore, the antibiotic property of aurachin RE might be caused by
the inhibition of menaquinone biosynthesis as well as the respira-
tory chain reaction itself [ 12]. We recently identified the operon for
aurachin RE biosynthesis (rauA-rauH) of R. erythropolis JCM 6824,
and gene disruption experiments revealed that rauA, which
encodes a cytochrome P450 monooxygenase, is crucial for its anti-
biotic activity [7]. In addition, we found that recombinant P450
RauA catalyzes nitrogen hydroxylation of the quinolone ring and
produces the mature antibiotic aurachin RE. Therefore, RauA is
considered to be the final enzyme that completes the biosynthesis
of aurachin RE [7]. Interestingly, the P450 gene functionally corre-
sponding to RauA has not been found in the genome sequence of
Stigmatella aurantiaca Sg a15 {4], and thus, RauA is likely a unique
entity specifically evolved for the recognition of the aurachin
skeleton in R. erythropolis.

P450s are heme-containing enzymes widely found in eukary-
otes, bacteria, and archaea and play a role in diverse biological
functions, such as biosynthesis of steroids, lipids, antibiotics,
detoxification of xenobiotics, and drug metabolism [13]. A typical

0014-5793/$36.00 © 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Aurachin RE biosynthetic intermediate

RauA

Aurachin RE

Vitamin Ky (Menaquinone-4, MK-4)

Fig. 1. Enzymatic reaction catalyzed by RauA. Aurachin RE biosynthetic interme-
diate is the substrate for RauA. The structure of vitamin K, (Menaquinone-4, MK-4)
is also shown. The figure was created using ChemDraw (CambridgeSoft).

reaction catalyzed by P450s is monooxygenation, i.e., insertion of
an activated oxygen atom generated from molecular oxygen (O,)
into the substrate compound using two electrons sequentially
delivered from the redox partner protein and an additional two
protons [14]. P450s form a conserved 3D structure known as the
“P450-fold”; however, the substrate-binding pocket in the vicinity
of the heme cofactor has evolved to accommodate a wide variety of
compounds. In bacteria, most P450s are distributed in actinomy-
cetes and are considered to be involved in the biosynthesis of cer-
tain secondary metabolites, including antibiotics, and metabolism
of exogenous compounds. Currently, a number of P450 genes have
been identified because of the recent advances in genome analysis.
However, the biological function, substrate specificity, and 3D
structures of most P450s remain unknown.

Here, we report the enzymatic and structural characterization
of a new bacterial P450, RauA. Since aurachins are rare compounds
found in nature, it is of interest to elucidate how RauA recognizes
the aurachin skeleton. RauA is also unique in that it catalyzes the
hydroxylation of the cyclic nitrogen atom, although some P450s
are known to catalyze N-hydroxylation of amines or amidines
[15,16]. Our structure clearly showed that the aurachin RE inter-
mediate is buried inside the active-site pocket with the nitrogen
atom of its quinolone moiety oriented toward the heme iron.

2. Materials and methods
2.1. Overexpression and purification of RauA
Gene cloning and analysis of recombinant protein expression

were performed according to a previously described method [7].
Briefly, the rauA gene was cloned into the Ndel and Xhol sites of

the pET26 expression vector, and the recombinant RauA containing
a C-terminal Hisg-tag was expressed in Escherichia coli BL21-
CodonPlus(DE3)-RIL cells. The expression of RauA was induced
with 0.1 mM isopropyl B-b-thiogalactopyranoside in LB medium
supplemented with FeSO, (100 uM) and 5-aminolevulinic acid
(80 pg/ml) [17]. The RauA was purified by Ni-affinity chromatogra-
phy followed by anion-exchange chromatography {7]. For
crystallization, the purity was increased by gel-filtration chroma-
tography with a Sephacryl S-100 column (GE-Healthcare) using a
solution containing 20 mM Tris pH 7.5, 150 mM NaCl, and 10%
glycerol. A carbon monoxide binding assay [18] was performed
to verify the RauA concentration.

2.2. Enzyme activity measurement and kinetic analysis

Aurachin RE biosynthetic intermediate (substrate) was obtained
from the culture media of rauA gene disruption mutant strain of R.
erythropolis as previously described |7]. The enzyme assay was per-
formed with reconstitution experiments. The reaction mixture
contained 1.0-2.5uM RauA, 1.0-20.0 uM substrate, 100 pg/ml
spinach . ferredoxin (Fdx) (Sigma-Aldrich), 0.1U/ml spinach
ferredoxin reductase (FdxR) (Sigma-Aldrich), 3 U/ml b-glucose
dehydrogenase (TOYOBO), 2 mM NADPH, and 60 mM bp-glucose
in a total volume of 200 pul of reaction buffer (50 mM Tris-HCI,
pH 7.5). After pre-incubation at 30 °C for 2 min, the reaction was
initiated by the addition of NADPH, followed by incubation at
30 °C for the appropriate period (2-5 min). The reaction was termi-
nated by extracting once with 800 pl of ethyl acetate. The resulting
organic extract was dried and re-dissolved in 100 pl of methanol.
The methanol solution was analyzed by HPLC (high-performance
liquid chromatography) using the same procedure as previously
described [7]. The molar quantity of aurachin RE and its intermedi-
ate was estimated on the basis of the previously reported molar
absorption coefficient for aurachin D at one of its major absorption
peaks (334 nm) [1]. The K;;, and k¢, values were estimated from
Michaelis-Menten kinetics using the KaleidaGraph (Synergy Soft-
ware), after triplicate experiments with varying substrate
concentrations.

2.3. Substrate binding assay

The substrate-induced spectral shift was monitored using a JAS-
CO V-630 spectrophotometer with a 1-cm path length quartz cell.
The aurachin RE intermediate (substrate) was dissolved in
dimethyl sulfoxide (DMSO) at concentrations ranging from 0 to
10 uM, and 10 pl of the substrate solution was added to 990 ul
of a reaction mixture containing 2.5 pM RauA and 20 mM Tris-HCl,
pH 7.5. Spectral titrations with 0-10 uM substrate were performed
at 25 °C. The equation AA = AAnax([S/([S] + Kq4)) was fitted to the
experimental data using the nonlinear least squares fitting
program (SOLVER; http://www.solver.com/), where [S] is the free
substrate concentration. The [S] was obtained as [S]=[Slotal -
— [ES] = [Sliotal — ([EJAA/AAmax), Where [Slora is the total
concentration of substrate, [ES] is the concentration of
enzyme-substrate complex, and [E] is the total concentration of
enzyme [19].

2.4. Crystallization

All crystallization experiments were performed at 293 K using
the vapor-diffusion technique. Prior to crystallization, the protein
solution was pre-incubated overnight at 277 K with a 10-fold
molar excess of substrate. The protein solution was mixed with
an equal volume of precipitant solution and equilibrated against
the reservoir containing the same precipitant solution. RauA was
crystallized using a precipitant solution containing 0.1 M MES pH
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