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Table 1
Crystallographic parameters and refinement statistics.

Data collection statistics
Beamline

Wavelength (A)
Resolution (A)
Unit-cell dimensions

AR-NW12A
1.0000
50-2.19 (2.31-2.19)*

a, b, ¢ (A) 41.5 100.0, 52.3
o B,y (°) 90.0, 108.7, 90.0
Space group P24
Observed reflections 75,296
Unique reflections 20,745
Rierge” 0.056 (0.335)
Completeness (%) 99.5 (99.1)*
Redundancy 3.6 (3.5)*
Mean Ifo (I) 114 (3.0¢
Refinement statistics and model quality
Resolution range (A) 50-2.19
Ruwork” 0.214
Riree” 0.263
Total number of atoms (all/protein/heme/AUl/ 3203/3078/43/28/54
solvent)®
Average B-factor (all/protein/heme/AUl/solvent) 55.7/56.6/26.3/41.3/
(A%)¢ 384
rmsd bond distances (A) 0.013
rmsd bond angles (°) 2.39

Ramachandran plot (favored/allowed/outliers) (%)  89.4/10.6/0.0

2 Values in parentheses refer to data in the highest resolution shell (2.31-2.19 A).

b Rierge = Zn Zi lni — ()l [ ZnZi Inj, where (I) is the mean intensity of a set of
equivalent reflections.

€ Rwork = = |Fobs — Featcl[Z Fobs for 95% of the reflection data used in the refine-
ment. Fyps and Fey are observed and calculated structure factor amplitudes,
respectively.

9 Riree is the equivalent of Ryor. €Xcept that it was calculated for a randomly
chosen 5% test set excluded from refinement.

¢ AUI PDB chemical identifier for aurachin RE intermediate.

6.5 and 12% PEG20000. The X-ray diffraction experiments were
performed at the Photon Factory (PF) AR-NW12A using a charge-
coupled device (CCD) detector (ADSC). For the X-ray diffraction
study, the crystal was briefly soaked into a precipitant solution
supplemented with 20% glycerol and flash-cooled in a liquid nitro-
gen gas stream at 100 K. The diffraction data were processed using
the program iMosflm/SCALA [20,21]. The crystal belongs to the
space group P2,, with unit-cell dimensions a=41.5, b=100.0,
c=52.3A, «=90.0, g=108.7 and y = 90.0°.

2.5. Structure determination

The structure of RauA was solved by molecular replacement
with the program PHASER [22] using the atomic coordinates of
the truncated P450 Biol (PDB code, 3E]D [23]) as a search model.
A clear solution for one monomer in the asymmetric unit was
obtained. The iterative model refinement and manual model cor-
rections were performed using the program REFMAC5 [24] and
the graphic program Coot [25]. The stereochemical quality of
the final refined models was assessed using PROCHECK [26].
Molecular drawings were prepared using the program PyMOL
(http://[www.pymol.org/). Crystallographic parameters and model
refinement statistics are summarized in Table 1. The atomic
coordinates and structure factor amplitudes of RauA have been
deposited in the RCSB Protein Data Bank under the accession code
3WEC.

2.6. Phylogenetic analysis
Sequences with homology to RauA were obtained from the

bacterial P450 database  (http://drnelson.uthsc.edu/Cyto-
chromeP450.html) or NCBI (http://www.ncbinim.nih.gov/) via

the BLAST explorer. The phylogenetic tree was constructed using
the Phylogeny.fr server [27] using the default settings.

3. Results and discussion
3.1. Enzyme assay and spectroscopic characterization

Firstly, we describe the results of the kinetic and spectroscopic
analysis of RauA, by using the biosynthetic intermediate of aura-
chin RE as a substrate. The in vitro reconstituted enzyme assay
was carried out with spinach ferredoxin and ferredoxin reductase
as the electron donor for the recombinant RauA, and the reaction
product (mature aurachin RE) was detected by HPLC analysis.
The ke and K, values were 3.97+0.45min~! and
0.82 +0.12 puM, respectively (Supplemental Fig. 1). These values
are comparable to those of other bacterial and mammalian P450s
that metabolize highly hydrophobic compounds (see e.g., [17,28-
32]; Supplemental Table 1). The UV-Vis spectral analysis also
showed that RauA exhibited high binding affinity to the aurachin
RE intermediate, with an estimated dissociation constant (K4) of
0.12 uM (Fig. 2). High substrate binding affinity suggests that RauA
is specialized for the recognition of the aurachin RE intermediate.

Binding of substrate to P450s is known to induce a change in
the absorption spectrum caused by a transformation in the spin
state of the heme iron. Typically, the substrate-free resting P450s
are present in a low-spin ferric state, where water is coordinated
to the heme iron as the sixth ligand. The water moves away when
the substrate is bound, which induces a change in the spin state of
the heme iron from low to high spin. Most P450s show an absorp-
tion peak (Soret peak) at around 420 nm in the low-spin state,
which shifts to around 390 nm in the high-spin state: this phenom-
enon is known as a “type I spectral change” [33]. The absorption
spectrum of RauA in the absence of the aurachin RE intermediate
showed a Soret peak at 421 nm, indicating that the heme iron of
the RauA is present in the typical, low-spin resting state. The addi-
tion of substrate unambiguously induced the type-I spectral
change, but the absorption spectrum in the presence of a molar ex-
cess of substrate showed a broad peak from 390 to 420 nm (Fig. 2).
One possible explanation is that the spin state of the heme iron is
unstable and might be present as a mixture of low-spin and high-
spin in the presence of the substrate. A type II spectral change can
also occur when the nitrogen atom is coordinated to the heme iron
as the sixth ligand [33], which is characterized by a decrease in
absorption at around 400 nm accompanied by an increase at
425 nm. However, the type Il spectral changes were not observed
in this study.

3.2. Overall structure of RauA

The crystal structure of RauA was determined in complex with
the aurachin RE intermediate (substrate) at 2.19 A resolution, Crys-
tallization of the substrate-free RauA was also attempted. How-
ever, it did not yield a good quality single crystal suitable for X-
ray structure determination. The RauA structure was solved by
molecular replacement method using the truncated atomic model
of P450 Biol (CYP107H1) [23] as the search model. The asymmetric
unit contains one monomer of RauA that defines the continuous
electron density map, except for the 10 residues at the N-terminal
and the C-terminal His-tag regions. The atomic model consists of
one polypeptide-chain (residues 11-411), one heme ligand, one
substrate, and 54 water molecules, and was refined with a crystal-
lographic R factor and Rgee factor of 21.4% and 26.3%, respectively.
X-ray data collection and refinement statistics are summarized in
Table 1. The structure exhibits the typical P450-fold consisting of
14 o-helices (oA, oB, aB, aC-aM) and 8 B-strands (BA-pH)
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Fig. 2. Substrate-binding speciral assay. (A) Shown is the spectral change of P450
RauA upon the addition of the aurachin RE intermediate. Strong absorption peaks
around 320 nm originate from the aurachin alkaloid, as previously reported [1]. (B)
The best-fit titration curve to a single-binding site model is graphed. The curve was
generated by nonlinear regression, as described in the materials and methods.

(Fig. 3). The overall structure is divided into two domains: the
smaller p-strand rich domain and larger a-helix rich domain. The
heme cofactor is embedded inside the core of the molecule—sand-
wiched between the distal I-helix and proximal L-helix. The heme
iron is probably reduced by synchrotron radiation as observed in
some studies (e.g., [34]). The propionate groups of the heme cofac-
tor interact with the side chains of Arg305, His108, and His359. The
thiol group of Cys361 is coordinated to the heme iron on the
proximal side with a distance of 2.4 A. These residues are well con-
served among all P450 sequences (Supplemental Fig. 2). The highly
conserved Thr and its neighboring Asp residues in the I-helix are
known to be important for oxygen activation [35]. In the RauA
structure, the corresponding residues are Thr257 and Glu256,
respectively (Supplemental Fig. 2).

3.3. Comparison with other related bacterial P450s

We performed a structural homology search using the DALI ser-
ver [36], which showed that the most structurally homologous
P450 is the vitamin D3 hydroxylase (Vdh; CYP107BR1) in an open
conformation (PDB code, 3A4G) [37], with a root mean square
deviation (rmsd) of 2.1 A for the 365 Ca atoms (Z score, 44.6).

Fig. 3. Ribbon diagram of the overall structure of RauA. The o-helices and p-strands
are labeled alphabetically from N- to C-terminus (a«A-oM and BA-BH). The
o-helices, B-strands, and loops are colored in red, yellow, and green, respectively.
The heme cofactor embedded in the center of the molecule is shown as a sphere,
and the bound substrate is shown as a stick model. The mobile moieties of the
P450-fold, the BC-loop and FG-loop, are colored in light blue and dark blue,
respectively. The C-terminal loop partially creating the substrate-binding pocket is
colored in cyan.

P450 EryK (CYP113A1; PDB code, 2WIO) [38], PikC (CYP107L1;
PDB code, 2BV]) [39], and CYP164B2 (PDB code, 3R9C) [40] also
show relatively high structural homology to RauA, with an rmsd
ranging from 2.2 to 2.7 A. Structure superimposition showed that
the core structure of the RauA is similar to the structures of those
homologous P450s (Supplemental Fig. 3); however, structural dif-
ferences are also present. The most significant structural differ-
ences are located in the two loop regions—a loop between aB
and oC (BC-loop) and between oF and oG (FG-loop) (Fig. 3 and
Supplemental Fig. 3)—which are generally known as the mobile
moieties of the P450-fold involved in substrate recognition. The
curved F-helix of RauA lies across the I-helix, and its C-terminal
end reaches an almost vertical position from the heme iron, with
a distance of 10 A. The polypeptide chain of the FG-loop forms an
extended conformation and partly builds the substrate-binding
pocket. The BC-loop region of RauA forms an additional a-helix
(oB’), which is not found in the structures of Vdh, EryK, and PikC
(Supplemental Fig. 3). The RauA BC-loop completely closes the
gap between the B-strand rich domain and the FG-loop, and thus,
the substrate-binding pocket is occluded from the solvent.

An NCBI BLAST search showed that there is one hypothetical
P450 in Streptomyces sulphureus (SsP450; NCBI accession number,
WP_016906746) with an amino acid sequence identity of 45% to
RauA. Sequence identities with other higher ranked P450s are all
below 33%. The BLAST search against the bacterial P450 database
[41] showed that some P450s from the Streptomyces, Mycobacte-
rium, and Frankia species are also homologous to RauA but with
amino acid sequence identity of no more than 33%. Notably, 18
out of the top 20 sequences belong to CYP107, CYP164, or
CYP233 families, with sequence identities ranging from 28% to
33%. These results suggest that RauA is located on the periphery
of the CYP107/CYP164/CYP233 clusters. We constructed a phyloge-
netic tree with the sequences of SsP450, CYP107, CYP164, and
CYP233, which revealed that RauA and SsP450 are closely related
and do not overlap with the CYP107, CYP164, and CYP233 clusters
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Fig. 4. Active-site structure of RauA. (A) An mFy—DF. omit map for the bound substrate (aurachin RE intermediate) and the water molecule (Wat601) is shown. The map was
contoured at a 3.2c level. (B) Shown is the stereo-view of the active-site structure of RauA with the bound substrate (aurachin RE intermediate). Side-chains creating the
highly hydrophobic active-site pocket are shown as sticks and labeled. The side-chains of Lys66 and Arg305 interacting with quinolone oxygen and heme propionate group
are also shown. The models for the BC-loop, FG-loop, oI, pF, and C-terminal loop are colored in light blue, dark blue, red, green, and cyan, respectively. The proximal cysteine

ligand (Cys361) is also shown in magenta.

(Supplemental Fig. 4). It is proposed that RauA and SsP450 will be
classified as a new clan, namely, CYP1050 (Nelson, D.R., personal
communication).

3.4. Aurachin binding mode of RauA

Structural analysis showed clear electron density for the bound
substrate, which fitted well to the aurachin RE intermediate model
(Fig. 4A). The aurachin RE intermediate was accommodated in the
highly hydrophobic active-site pocket created by the side-chains of
Phe73, Phe74, Phe68, Phe88, Leu186, and Leu399 (Fig. 4B). The far-
nesyl chain moiety of the aurachin curled into a U-shape topology,
i.e, the distance between the C12 and C24 located at each end of
the farnesyl group is approximately 3.3 A. In addition, the hydro-
phobic side chains of Leu77, lle188, Phe190, Met325, and Met397
are clustered at the top of the active-site pocket, which completely
closes the active-site pocket and shelters the bound substrate from
the solvent. There could be another conformational state that
opens the active site and is required for substrate entry and egress.
The quinolone ring of the aurachin RE intermediate is located
roughly parallel to the porphyrin plane of the heme via stacking
interactions, with a distance of approximately 3.4 A. The quinolone
ring is also stabilized by two hydrogen bonds. One is formed be-
tween the carbonyl oxygen of the quinolone ring and the amino
nitrogen of the Lys66, with a distance of 2.9 A. The amino nitrogen
of Lys66 also interacts with one of the propionate groups of the
heme. The other is formed between the nitrogen of the quinolone
ring and the solvent molecule (Wat601) with a distance of 3.0 A.
The solvent also interacts with the main chain oxygen of Ala253
(2.9 A) and the heme iron (2.5 A). The nearest quinolone atom from
the heme iron is the nitrogen (4.3 A), which is consistent with RauA
catalyzing the hydroxylation of the nitrogen atom. The existence of
the solvent molecule at the sixth ligand position of the heme iron is
also consistent with the results of the substrate-binding spectral
assay, i.e., the spin state of the heme iron did not completely shift
to the high-spin state in the presence of the substrate. The hydro-
gen bond with substrate nitrogen atom might allow the solvent to
remain as a ligand to the heme iron in the substrate-bound struc-
ture. It is generally thought that the solvent needs to move away in
order for the reduction of the heme iron and subsequent molecular
oxygen binding, the steps of which are crucial for initiating the

P450 catalytic cycle. Thus, there may be a hidden structural mech-
anism, such as a subtle local conformational change to expel the
water, to promote catalytic turnover. The N-hydroxylating P450s
are uncommon, and only a couple of mammalian P450s such as
CYP1A2 are known to catalyze N-hydroxylation of aromatic
amines. To date, several high-energy reaction intermediate models
for amine N-hydroxylation have been proposed [42,43]. In contrast
to these, RauA hydroxylates the nitrogen atom in the quinolone
ring structure, a reaction that is geometrically distinct from the
amine N-hydroxylation. The structure of RauA reported in this
study may serve as an atomic model for further studies with
molecular dynamics simulation and computational chemistry.
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