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The genome sequence of Streptomyces coelicolor contains 18 cytochrome P450 enzymes. The recombinant
CYP105N1 protein has been expressed in Escherichia coli and purified, and we report the biochemical and
structural characterization of CYP105N1 from S. coelicolor. The purified protein exhibited the typical CO-
binding spectrum of P450 enzymes and type I binding spectra with estradiol and a coelibactin analog. The
oxidation of estradiol by CYP105N1, supported by H2O2, produced estriol. The crystal structure of
CYP105N1 was determined at 2.9 Å resolution. An unexpected wide open binding pocket located above
the heme group was identified, with a volume of approximately 4299 Å3. These results suggest that the
large open pocket to the active site may be a key feature for easy access of the peptidyl carrier protein-
bound substrate to perform the hydroxylation reaction. A molecular docking model with coelibactin
showed that the phenyl group of coelibactin is located <4 Å away from the heme–iron, suggesting that
CYP105N1 may be involved in the hydroxylation of the phenyl ring of the coelibactin precursor during
biosynthesis.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Cytochromes P450 (CYPs, P450s) are enzymes in a monooxy-
genase superfamily containing a heme-thiolate as a prosthetic
group, which are widely found throughout nature from eubacteria
and archaebacteria to humans [1,2]. Despite the differences in the
phylogenetic origin, their structural folds and catalytic mecha-
nisms are similar [3,4]. The fold of P450 enzymes appears to be un-
iquely adapted to the heme-thiolate chemistry required for oxygen
activation, binding of a redox partner, and stereochemical require-
ment of substrate recognition [5].

Actinomycetes produce two-thirds of microbially derived
antibiotics used in human and veterinary medicine [6,7]. The
soil-dwelling, filamentous Gram-positive bacterium Streptomyces
coelicolor is the prototypic strain of actinomycetes species. Its gen-
ome sequence has facilitated to understanding of the genetic and
physiological bases of the large class of actinomycetes [6]. The
ll rights reserved.
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chromosome is 8.7 Mb long with a 72% G + C content and is pre-
dicted to contain 7825 protein encoding genes [6]. Eighteen
P450s, six ferredoxin, and four ferredoxin reductase genes are dis-
tributed across the S. coelicolor genome, with nine of the P450
genes arranged in polycistronic organization with other genes
[8,9].

Structural studies of P450 enzymes from S. coelicolor have been
focused on the biosynthesis of antibiotics [7]. The crystal structure
of S. coelicolor CYP154C1 showed a novel open substrate channel
going (into the heme), allowing substrate access to the active site
[10]. This feature provides the structural basis for the catalytic
activity of CYP154C1 toward both 12- and 14-membered rings of
macrolide antibiotics [10]. The structure of CYP154A1 showed that
its heme orientation is inverted 180� to place the vinyl and propr-
ionic acid side chains of the pyrrole rings on the opposite sides of
the heme plane from other known P450 enzymes [7,11]. CYP158A2
is located in an operon just downstream from the type III polyke-
tide synthase involved in the biosynthesis of flaviolin. The struc-
ture of CYP158A2 bound to flaviolin was determined to have two
molecules of flaviolin in the active site, which are arranged in a
quasi-planar stacking way to allow oxidative C–C coupling of flavi-
olin molecules to produce flaviolin dimers [7,12]. CYP170A1 cata-
lyzes the final two steps in the biosynthesis of the antibiotic
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albaflavenone. The crystal structure of CYP170A1 helped in the dis-
covery of the bifunctional activity of P450. Its structure includes an
alpha-helical barrel structure essential for the terpene synthase
activity [13].

In this study we cloned, overexpressed, and purified S. coelicolor
CYP105N1, which is involved in the biosynthesis of bacterial sid-
erophores, and its crystal structure was determined at 2.9 Å reso-
lution. The characterization of the structural and catalytic
properties of this protein helps the functional basis of P450 en-
zymes in utilization of the essential metals.
2. Materials and methods

2.1. Chemicals and enzymes

The coelibactin analog (methyl(4S,5S)-dihydro-5-methyl
-2-phenyl-4-oxazolecarboxylate) was purchased from Sigma
Aldich (St. Louis, MO). Other chemicals were of the highest grade
commercially available.
2.2. Construction of expression plasmids

The general approach was as described previously [14,15]. The
genomic DNA from S. coelicolor was isolated using a DNeasy Blood
& Tissue kit (Qiagen, Valencia, CA). The open reading frame for
CYP105N1 and an added (His)6-C-terminal tag were amplified
using PCR, with forward and reverse primers (50-CGAATCATATGAC
ACCCCCCGAATCC-30, 50-ATTATTTCTAGACCGGAAGCTTTTAGTGATG
GTGATGGTGATGCCAGGTCACCATC-30), and the amplified PCR frag-
ments were cloned into the pCW(Ori+) vector using the NdeI and
XbaI restriction sites.
Table 1
Data collection and refinement statistics.

Data collection
Beamline Spring-8 BL26B1
Wavelength (Å) 1.0
Resolution range (Å) 50.00–2.80 (2.85–2.80)
Space group P6122
Unit-cell parameters (Å) a = b = 133.0, c = 227.1
Total No. of reflections 280,350
No. of unique reflections 98,528
Completeness (%) 88.8 (55.3)
Molecules per asymmetric unit 2
Solvent content (%) 60.8
Average I/r (I) 2.5 (0.9)
Rsym

a (%) 19.2 (39.9)
Multiplicity 2.8 (1.6)
2.3. Enzyme expression and purification

Expression and purification of the CYP105N1 enzyme were car-
ried out as previously described with some modifications [16].
Briefly, the Escherichia coli strain DH5a transformed with
pCW(Ori+) vectors was inoculated into LB medium containing
ampicillin (100 lg/ml), cultured overnight. One liter of TB medium
containing ampicillin (100 lg/ml) was inoculated with the
overnight culture (1:100 dilution) and grown at 37 �C. When the
culture reached an OD600 of 0.6, 1.0 mM IPTG and 0.5 mM d-amino-
levulinic acid were added. The expression cultures were further
grown at 28 �C with shaking at 200 rpm for 24 h in Fernbach flasks.
Bacterial soluble fractions containing CYP105N1 were prepared
from TB expression cultures of E. coli DH5a and isolated by ultra-
centrifugation. CYP105N1 proteins were purified using a Ni2+–
NTA (Qiagen, Valencia, CA) and Superdex 200 10/300 GL columns
(GE healthcare, Pittsburgh, PA), as described previously [17]. After
size-exclusion chromatography, the eluted fraction containing
P450 enzyme was pooled and dialyzed against 500 volumes of
10 mM Tris–HCl buffer (containing 0.5 M sodium chloride
0.1 mM EDTA) at 4 �C. The dialyzed fraction was further concen-
trated using Amicon Ultra-15 Centrifugal Filter Units (Millipore,
Billerica, MA) for crystallization.
Refinement
Resolution range (Å) 20.0–2.9
Rwork/Rfree 28.1/30.2
B value 46.0
R.M.S.D
Bond 0.026
Angle 3.5
Waters 59

a Rsym = RhRi|I(h)i– < I(h)>|/RhRiI(h)i, where I(h) is the intensity of reflection h, Rh

is the sum over all reflections, and Ri is the sum over i measurements of reflection h.
Values in parentheses are for highest-resolution shell.
2.4. Spectroscopic characterization

Sodium dithionite was added to reduce the purified ferric
CYP105N1 enzymes. The CO-ferrous P450 complexes were gener-
ated by passing CO gas through solutions of the ferrous P450.
UV–visible spectra were collected on a CARY 100 Varian spectro-
photometer in 100 mM potassium phosphate buffer (pH 7.4) at
room temperature.
2.5. Spectral binding titrations

Purified CYP105N1 enzyme was diluted to 2 lM in 100 mM
potassium phosphate buffer (pH 7.4) and divided between two
glass cuvettes. Spectra (350–500 nm) were recorded with subse-
quent additions of ligands (coelibactin analog or estradiol) using
a CARY 100 Varian spectrophotometer [18]. The difference in
absorbance between the wavelength maximum and minimum
was plotted against substrate concentration [19].

2.6. Protein crystallization, data collection, and structure
determination

Crystallization conditions were initially screened using the sit-
ting drop vapor-diffusion method with a Hydra II eDrop automated
pipetting system (Matrix) at 287 K. Drops consisted of 0.5 ll pro-
tein solution (7 mg ml�1) and 0.5 ll reservoir solution and were
equilibrated against 70 ll of reservoir solution at 15 �C. The initial
crystallization conditions tested were from the Wizard kit (Emer-
ald BioSystems, Bedford, MA). After day 2, a crystal was observed
in Wizard-2 (condition No. 24; 0.1 M imidazole pH 8.0, 0.2 M NaCl,
30% (w/v) PEG 8000). This crystal was optimized using the hanging
drop vapor-diffusion method. The optimized crystal was cryopro-
tected in the reservoir solution supplemented with 20% (v/v) glyc-
erol. The crystal was mounted in a loop and transferred to a
cryoprotectant solution prior to cooling in liquid nitrogen.

The crystal was analyzed on beamline BL26B1 (Spring-8, Wako,
Saitama, Japan) using a Jupiter210 (Rigaku/MSC) CCD detector. Dif-
fraction data were collected to 2.9 Å resolution and were inte-
grated and scaled using HKL-2000. The crystal belonged to a
hexagonal primitive space group (P6122), with unit-cell parame-
ters a = b = 133.1, c = 227.1 Å. Matthews coefficient analysis indi-
cated that there might be two molecules present in the
asymmetric unit (Vm = 3.22 Å3 Da�1), giving a solvent content of
61.8%. The final statistics of data collection and processing details
are summarized in Table 1.

The structure was determined by molecular replacement using
CYP105P1 from S. avermitilis (PDB ID: 3E5J, sequence identity 42%).
The initial phases were calculated using the Phaser program in
CCP4 package [20]. The model was further manually built using
COOT [21] and refined using REFMAC5. The structural figures were
prepared using PyMol (http://pymol.sourceforge.net/).

http://pymol.sourceforge.net/
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Fig. 1. Spectra of the purified CYP105N1. Absolute spectra of the ferric (—), the
ferrous (– –), and the ferrous carbon monoxide protein (- - - -).
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2.7. CYP105N1-coelibactin complex model by molecular docking

Docking was performed with the program AutoDock Vina [22].
The determined CYP105N1 structure was taken as a receptor for
docking study with a ligand, coelibactin. The coelibactin molecule
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Fig. 2. Titration of CYP105N1 with a coelibactin analog and estradiol. Increasing concent
the sample and reference cuvettes.
was drawn using PRODRG server [23] and used for docking. The
docking was performed on the substrate binding pocket of
CYP105N1 with the default parameters. For molecular docking,
water molecules in the substrate-binding pocket were removed
from PDB. The resulting docked models were verified by superim-
position with other substrate-bound P450 structures.
2.8. P450 enzyme activity assay

Estradiol hydroxylation by CYP105N1 was determined using an
HPLC method. The reaction mixture included 1.0 nmol purified
P450 enzyme and 100 mM H2O2 in 0.50 ml of 100 mM potassium
phosphate buffer (pH 7.4), along with 400 lM estradiol. Control
experiments were performed without support of H2O2 or without
P450 enzyme. Incubations were generally done for 30 min at 37 �C
and were terminated by addition of l ml of CH2Cl2. The reaction prod-
ucts were recovered from the organic phase and dried under N2. The
reaction products were analyzed by HPLC using an ODS (C18) col-
umn (4.6 mm� 150 mm, 3 lm, Phenomenex, Torrance, CA) at a flow
rate of 1.0 ml�1, monitoring A280. The mobile phase was 20% CH3CN
(v/v) in 20 mM NaClO4 (pH 2.5) followed by a linear gradient increas-
ing to 50% CH3CN (v/v) over 20 min, then holding for 5 min.
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Fig. 3. HPLC of products formed in the reaction of CYP105N1 with estradiol.
Estradiol hydroxylation reaction by CYP105N1 was performed using H2O2 (A) or
without support of H2O2 (red, B). Control reaction without CYP105N1 enzyme was
performed with support of H2O2 (blue, B). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Overall structure of CYP105N1 and wide open conformation of substrate
binding pocket. (A) Overall structure of CYP105N1 and its heme group at the active
site. Cartoon representation of CYP105N1 with its heme group. The helices and
active site loops of CYP105N1 are labeled as Supplementary Fig. S1. The prosthetic
heme group was shown as sticks with spheres. The core helices of P450s are shown
in red. (B) Overlap of Ca trace models of CYP105N1 (green), free P450cam (red), and
camphor-bound P450cam (blue) are shown. The F and G helices are shown as helices.
The distances between the loops connecting F and G helices are shown. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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3. Results

3.1. Expression and purification of CYP105N1

The reduced CO-binding spectrum in the whole cell culture
showed an expression level of �350 nmol P450 holoenzyme per li-
ter of culture medium (data not shown). After ultracentrifugation,
the expressed P450 protein was found in the soluble fraction and
successfully purified using affinity and size exclusion columns.
The resulting protein migrated on SDS–PAGE as a major band at
45 kDa, as expected for the open reading frame of the CYP105N1
gene with an added His-tag (data not shown).

3.2. Spectral properties of CYP105N1

The reduced CO binding difference spectrum of purified
CYP105N1 had an absorbance maximum at 448 nm (Fig. 1). Exam-
ination of the absolute spectrum showed that the ferric form of the
protein was in the low spin state, with a Soret band at 418 nm,
while the ferrous protein had a broad absorption peak around
420 nm (Fig. 1). The a- and b-bands of the ferric P450 were at
570 and 535 nm, respectively (Fig. 1).

3.3. Binding of coelibactin analogue and estradiol to CYP105N1

Because coelibactin was not available, a truncated coelibactin
analog containing a 2-phenyl-4,5-dihyrooxazole moiety (Fig. 2)
and estradiol (E2) were used as surrogate ligands for CYP105N1
in this study. Titration of purified CYP105N1 with a coelibactin
analog and estradiol showed ‘‘Type I’’ spectral changes, with an in-
crease at 390 nm and decrease at 420 nm, giving a low-spin hexa-
coordinated P450 heme (Fig. 2). The calculated Kd values are
6.7 ± 1.0 lM for the coelibactin analog and 10.7 ± 2.6 lM for estra-
diol, respectively.

3.4. Catalytic activities of CYP105N1

Oxidation reaction of estradiol (E2) was analyzed as a surrogate
substrate for CYP105N1. Purified CYP105N1, supported by H2O2,
oxidized estradiol to yield a product eluting at 12 min in HPLC
(Fig. 3). The product was identified as estriol by co-chromatogra-
phy with authentic estriol. The control reactions without H2O2 sup-



Fig. 5. Electrostatic molecular surface of P450s and their substrate binding channels. Top views of electrostatic molecular surfaces of (A) camphor-bound, (B) substrate-free
P450cam, and (C) CYP105N1 are shown with the enlarged views of substrate binding channels. The substrate binding channels of free P450cam and CYP105N1 are marked as
dotted circles, in which the prosthetic heme groups are shown as sticks. The positions of the F and G helices are labeled on the surface.
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port or without CYP105N1 enzyme did not produce the metabolic
product (Fig. 3).

The calculated turnover rate was approximately 0.16 nmol es-
triol produced/min/nmol P450. However, no product was observed
in the attempted reaction with the coelibactin analog (data not
shown).
3.5. Overall structure of CYP105N1

CYP105N1 from S. coelicolor was crystallized in the hexagonal
space group of P6122, and two molecules existed in the asymmet-
ric unit. The structure of CYP105N1 was determined by molecular
replacement using S. avermitillis CYP105P1 (PDB ID: 3E5J) [24] and
refined at 2.9 Å resolution (Table 1). Electron-density maps for al-
most all the residues of CYP105N1 were clearly observed, except
the N-terminal 17 residues and a flexible loop of residues 84–87.
CYP105N1 had a generally conserved tertiary fold common in
P450s (Supplementary Fig. 1). The iron atom of the prosthetic
heme group was coordinated with the conserved Cys360 (2.1 Å).
3.6. Open conformation of CYP105N1 substrate binding pocket

Although the overall folding was well conserved (Fig. 4A), the
conformation of the substrate binding pocket was quite different
from other P450s. The CYP105N1 substrate binding pocket had a
wide open conformation compared to most P450s; e.g., the
CYP105N1 F and G helices were shifted outward by 5.1 and
12.0 Å compared to those of camphor-bound and free forms of
P450cam (PDB ID: 3L63, 3L62 [25]), respectively (Fig. 4B). In many
of microbial P450 structures, the F and G helices had direct inter-
actions with neighbor loops including the B0 helix and L12 loop re-
gions, to shape the narrow substrate binding pocket. However, the



Fig. 6. Superimposed active site structures of substrate-bound P450s. (A) Active site of the coelibactin-docked CYP105N1 model. The heme group is shown in cyan and the
docked coelibactin is shown in atom colors of carbon as green; nitrogen, blue; oxygen, red; and sulfur, yellow. (B) Superimposed active sites of camphor (blue)-bound
P450cam, epothilone B (pink)-bound P450epoK, fatty acid (orange)-bound P450BSb, and coelibactin-bound CYP105N1. Substrates and heme groups are shown as sticks with
electrostatic molecular surface of the CYP105N1 substrate binding channel. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

2 Abbreviations used: Fdxs, ferredoxins; PdR, putidaredoxin reductase Pd,
putidaredoxin.

116 Y.-R. Lim et al. / Archives of Biochemistry and Biophysics 528 (2012) 111–117
F and G helices of CYP105N1 did not interact with the neighbor
loops and therefore possessed a wide open conformation. The F
and G helices in P450cam were bent on I helix, which interacted
with the hydrophobic C-terminal loop L12 and B0 helix, respec-
tively (Supplementary Fig. 2A). The hydrophobic C-terminal loop
L12 in P450cam was inserted deep inside the substrate binding
pocket and held together by neighboring secondary structures of
the L9, L10, G, and I helices and especially the N-terminal loop L1
and F helix. In CYP105N1, the N-terminal loop L1 was much short-
er, and L12 lost the interactions with both L1 and F helix (Figs. 4B
and 5). P450epoK has the longer loop between the F and G helices,
which had interactions with the L12 and B0 helix (Supplementary
Fig. 2B). In P450epoK, the F and G helices are only slightly longer
than those of CYP105N1. However, the B0 helix moved further into
the F and G helices and made tight interactions with them (Supple-
mentary Fig. 2C).

As a result, the open CYP105N1 substrate binding pocket was
4299 Å3, which is much bigger than other P450s (e.g., the sub-
strate-bound and unbound substrate binding pockets of P450cam

are only 1482 and 2274 Å3 (Fig. 5)[26]). The heme group of
CYP105N1 was directly exposed to the solvent through the broad
channel of approximately 11 Å width, which could facilitate the
binding of a large substrate such as a peptidyl carrier protein-
bound substrate (Fig. 5C).

4. Discussion

S. coelicolor has a cluster of genes predicted to synthesize a sid-
erophore-related non-ribosomally encoded peptide designated as
coelibactin [27,28]. CYP105N1 is the product of the SCO7686 gene
among the cluster, and this cluster also contains the SCO7676 gene
for ferredoxin, a putative electron transfer protein for P450 en-
zyme. Kallifidas et al. [27] discovered a cluster of genes predicted
to directly synthesize a siderophore-related non-ribosomally en-
coded peptide, designated as coelibactin, in a previous study
involving S. coelicolor mutants lacking the zinc-responsive Zur
repressor. Zur controls the expression of these clustered genes,
and disruption of any of these genes suppressed the Zur sporula-
tion phenotype, suggesting that deregulation of coelibactin synthe-
sis inhibits sporulation [27]. The SCO7686 gene (for CYP105N1)
and the SCO7676 gene (for ferredoxin) are among the Zur respon-
sive genes. In addition, an absC binding site adjacent to Zur binding
site was identified, and dual regulation of coelibactin expression
was demonstrated [28]. The regulation of the coelibactin gene clus-
ter by Zur and absC indicates that coelibactin might have a physi-
ological role for zinc-dependent antibiotic production in S.
coelicolor [28]. However, it should be noted that coelibactin is still
a theoretical substrate for CYP105N1, generated by bioinformatics
approaches, and its real chemical structure is not identified yet.

Chun et al. [29] studied the electron transport pathway for S.
coelicolor P450 enzymes. S. coelicolor possesses six ferredoxins
(Fdxs)2 and four ferredoxin reductases (FDRs) in its genome
[9,28]. CYP105D5 from S. coelicolor bound fatty acids tightly and
produced hydroxylated products when electrons were delivered
using S. coelicolor FDR1 and Fdx4 [29]. The genes coding for
FDR1, Fdx4, and P450 105D5 were found to be located close to-
gether in the S. coelicolor genome [29]. Neither putidaredoxin
reductase (PdR)/putidaredoxin (Pd) from Pseudomonas putida nor
spinach FDR/Fdx was able to support the catalytic reaction of
CYP105N1 (data not shown). The primary electron pathway to
CYP105N1 involving S. coelicolor Fdxs and FDRs is currently under
investigation. In this study, H2O2 was used as a surrogate substrate
for CYP105N1 but it should be noted that some phenol compounds
could be non-enzymatically oxidized by oxygen species.

Coelibactin is a putative substrate of CYP105N1, with an elon-
gated shape composed of three directly-connected five-member
rings, a benzene-ring, and a sulfur-carbonyl group attached at each
end, respectively. With the failure to obtain a cocrystal structure of
CYP105N1 with coelibactin analog, we docked coelibactin to the
CYP105N1 structure and verified the docked models by comparing
the previous reported cocrystal structures of P450s and their sub-
strates (Fig. 6)[25,30–32]. In a model (among five top-scored mod-
els), the coelibactin molecule was superimposed well with the
other substrates such as camphor, epothilones, and palmitic acid.
The best docked model of CYP105N1-coelibactin showed that coe-
libactin was bound in the internal active site, and the terminal ben-
zene ring of coelibactin was positioned just above the heme distal
surface next to the oxygen binding site (<4 Å away from the iron
atom of heme group). Coelibactin was mainly recognized by the
three loops L9, L10, and L12 (Fig. 6). Three five-membered rings
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of coelibactin showed a similar bent shape bound structure with
palmitic acid in P450BSb [33]; it interacted with the substrate-bind-
ing pocket mostly via hydrophobic interactions (Fig. 6). The termi-
nal sulfur-carbonyl group had bi-furcated hydrogen bond
interactions with the guanidine group of Arg95. The wide open
conformation of the CYP105N1 substrate binding pocket helps sub-
strates with larger volumes bind more easily. The loop structure of
the B0-helix region in CYP105N1 residues 84–95 also makes the
substrate binding pocket easily accessible and flexible.

In this study, we overexpressed and purified CYP105N1 from S.
coelicolor and performed biochemical and structural characteriza-
tion. CYP105N1 has the structure of a wide open binding pocket
with well conserved P450 folding. It catalyzed the hydroxylation
of estradiol to produce estriol. The structure–function studies of
S. coelicolor CYP105N1 enzyme reported here help understand
functional roles of P450 enzymes in the biosynthetic pathway for
the siderophore-related compounds in actinomycetes species.
5. Note

While the current study was under review, Zhao et al. published
a report describing a similar structural conformation of CYP105N1
[34]. Their structure also showed a wide-open conformation
exposing the heme pocket and long I helix to the solvent.
6. Accession number

Coordinates and structure factors of CYP105N1 have been
deposited in the Protein Data Bank (Accession No. 4FXB).
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