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CYP107W1 from Streptomyces avermitilis is a cytochrome 
P450 enzyme involved in the biosynthesis of macrolide 
oligomycin A. A previous study reported that CYP107W1 
regioselectively hydroxylated C12 of oligomycin C to pro-
duce oligomycin A, and the crystal structure of ligand free 
CYP107W1 was determined. Here, we analyzed the struc-
tural properties of the CYP107W1-oligomycin A complex 
and characterized the functional role of the Trp178 residue 
in CYP107W1. The crystal structure of the CYP107W1 
complex with oligomycin A was determined at a resolution 
of 2.6 Å. Oligomycin A is bound in the substrate access 
channel on the upper side of the prosthetic heme mainly 
by hydrophobic interactions. In particular, the Trp178 resi-
due in the active site intercalates into the large macrolide 
ring, thereby guiding the substrate into the correct binding 
orientation for a productive P450 reaction. A Trp178 to Gly 
mutation resulted in the distortion of binding titration 
spectra with oligomycin A, whereas binding spectra with 
azoles were not affected. The Gly178 mutant’s catalytic 
turnover number for the 12-hydroxylation reaction of oli-
gomycin C was highly reduced. These results indicate that 
Trp178, located in the open pocket of the active site, may 
be a critical residue for the productive binding confor-
mation of large macrolide substrates. 
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INTRODUCTION  
 
Streptomyces avermitilis produces a variety of human and vet-
erinary medicines including avermectins and its genome con-
tains 33 Cytochrome P450 enzyme (CYP, P450) genes (Burg 
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et al., 1979; Dyson, 2011; Kelly et al., 2005). So far, four P450 
enzymes have been characterized as participating in the bio-
synthesis of macrolide metabolites. CYP171A1 catalyzes the 
formation of the furan ring in the avermectins, and CYP105P1 
and CYP105D6 participate in hydroxylation during filipin biosyn-
thesis (Ikeda et al., 1999; Lamb et al., 2011; Xu et al., 2010). 
Our previous study characterized the biochemical properties of 
CYP107W1 from S. avermitilis (Han et al., 2015). This enzyme 
efficiently catalyzes oligomycin C 12-hydroxylation to produce 
oligomycin A, and the interaction of the substrate oligomycin C 
with purified CYP107W1 shows a typical substrate binding 
titration (Han et al., 2015). The initial structural analysis of 
CYP107W1 without a ligand displayed a large substrate access 
pocket with a conserved P450 folding (Han et al., 2015). How-
ever, the underlying mechanism for the macrolide substrate 
recognition by P450 and the productive orientation of this en-
zyme is unknown, due to the limited structural information from 
CYP107W1 without a ligand. P450 enzymes are involved in 
various metabolic pathways and drug metabolisms (Durairaj et 
al., 2015; Min et al., 2015). The detail structural insight of 
CYP107W1’s substrate recognition will be helpful for the better 
understanding of P450 enzymes. 

In this study, we determined the structure of the CYP107W1-
oligomycin A bound complex and characterized the role of the 
Trp178 residue. Structural and enzymatic analyses indicated 
that hydrophobic interactions and a Trp178 residue in the active 
site played a key role to assist in the proper binding of the large 
macrolide substrate for regioselective hydroxylation.  

 
MATERIALS AND METHODS 

 
Chemicals 
Oligomycin A, econazole, miconazole, spinach ferredoxin, fer-
redoxin reductase, and NADPH were purchased from Sig-
maAldrich (USA). Oligomycin C was purchased from Santa 
Cruz Biotechnology (USA). Crystal screening kits were ob-
tained from Hampton Research (USA) and Emerald Biosys-
tems (USA). All chemicals were of the highest grade that is 
commercially available.  
 
Protein crystallization and data collection 
Crystallization of the CYP107W1-oligomycin A bound complex 
was carried out as previously described with some modifica-
tions (Han et al., 2015). Briefly, the sitting-drop vapor-diffusion  
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method was employed for the initial crystallization at 14°C, 
using a Hydra II e-Drop automated pipetting system (Matrix) 
and the Index, Crystal Screen, Crystal Screen Cryo, Crystal 
Screen Lite, PEGRx, SaltRx, PEG/Ion, Wizard, and Wizard 
precipitant synergy screening kits. To determine the structure of 
the oligomycin A complex, the native CYP107W1 enzyme was 
co-crystallized with oligomycin A in a 1:10 molecular ratio. Crys-
tals of the oligomycin A complex appeared in Wizard precipitant 
synergy D2 conditions, with 3.35% (v/v) isopropanol and 1.34 
M ammonium citrate/citric acid (pH 6.5).   

The initial crystals were reproduced in the same conditions 
by the hanging-drop method, in which drops consisted of 1.0 μl 
protein solution mixed with 1.0 μl reservoir solution. X-ray dif-
fraction data were collected from the cryoprotected crystal (at 
100 K) with 1° rotation at a crystal-to-detector distance of 250 
mm using an ADSC Q270 detector at beamline 7A-SBI of the 
Pohang Light Source (PLS, Pohang, Korea). Diffraction data 
were integrated and scaled using the HKL-2000 program pack-
age (Otwinowski and Minor, 1997).  

 
Structure determination  
The structure of CYP107W1 complexed with oligomycin A 
(CYP107W1-OliA) was solved by molecular replacement with 
Molrep (Vagin and Teplyakov, 1997), using the native 
CYP107W1 ligand-free structure (PDB ID: 4WPZ). One mon-
omer of CYP107W1-OliA was present in the asymmetric unit. 
After refinement of the protein model, the resulting map was 
examined for the bound ligand density. The oligomycin A ligand 
model from the PRODRG2 server (Schuttelkopf and van Aalten, 
2004) was fitted into the electron-density map with Coot 

(Emsley and Cowtan, 2004). The overall structure and volume 
of the substrate binding pocket of CYP107W1-OliA were calcu-
lated and generated in PyMol (Schrodinger, 2010). Data collec-
tion statistics are provided in Table 1. 

 
Site-directed mutagenesis to construct W178G mutant 
Site-directed mutagenesis was performed to construct the 
CYP107W1 W178G mutant using the QuikChange mutagene-
sis kit (Stratagene, USA) with the following primers: 5′-
TGCTCGGGGACGGGCAGCAGGTGGT-3′, 5′-ACCACCTGC 
TGCCCGTCCCCGAGCA-3′. The constructed mutant pET 
vector was confirmed by nucleotide sequencing analysis. 

 
Spectral analysis of binding titrations  
Spectroscopic characterization and spectral binding titration 
were carried out as previously described (Han et al., 2015). 
Purified CYP107W1 W178G mutant enzyme was diluted to 3 
μM in 100 mM potassium phosphate buffer (pH 7.4) and divid-
ed between two glass cuvettes. Spectra between 350 and 500 
nm were recorded using a CARY Varian spectrophotometer 
(Choi et al., 2013; Lee et al., 2014), while adding various lig-
ands (oligomycin A and azole agents). The difference in ab-
sorbance between wavelength maximum and minimum was 
plotted against ligand concentration to calculate the binding 
constants (Schenkman et al., 1967). 

 
Enzymatic activity  
Oligomycin C hydroxylation by the CYP107W1 W178G mutant 
was analyzed as previously described (Han et al., 2015). Briefly, 
the enzyme reaction included 200 pmol purified P450 enzyme 

Table 1. Data collection and refinement statistics 
 CYP107W1-OliA 
Data collection  

Beamline PAL-7A (Korea) 
Wavelength (Å) 0.97935 
Resolution range (Å) 50.00-2.60 (2.94-2.60) 
Space group P43212 
Unit-cell parameters (Å) a = 127.3, b = 127.3, c = 75.5 

α = γ = β = 90.0 
Total No. of reflections 173,672 
No. of unique reflections 19,627 
Completeness (%) 99.6 (99.8) 
Molecules per asymmetric unit 1 
Solvent content (%) 64.74 
Average I/σ (I) 26.2 (2.2) 
Rsym † (%) 9.8 (58.3) 
Multiplicity 8.8 (7.4) 

  
Refinement  

Resolution range (Å) 38.62-2.60 
Rwork/Rfree 20.8/28.2 
Wilson B factor 67.3 
Protein 67.0 
Heme 50.4 
OliA (occupancy: 0.89) 96.1 
Waters 60.6 
R.M.S.D  
Bond 0.018 
Angle 2.248 

†Rsym = ΣhΣi|I(h)i–<I(h)>|/ΣhΣiI(h)i, where I(h) is the intensity of reflection h, Σh is the sum over all reflections, and Σi is the sum over i measure-
ments of reflection h. 
Values in parentheses are for highest-resolution shell. 
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(W178G mutant), 40 μg/ml spinach ferredoxin, and 0.04 U/ml 
spinach ferredoxin reductase, in 0.50 ml of 100 mM potassium 
phosphate buffer (pH 7.4), along with various concentrations of 
oligomycin C. Reactions were initiated by adding 50 μl of an 
NADPH-generating system and were terminated after 30 min of 
incubation at 37ºC by adding 1 ml of CH2Cl2, followed by vortex 
mixing and centrifugation. The reaction products were recov-
ered from the organic phase after drying under N2. For the anal-
ysis of oxidized products, LC-mass spectrometry was per-
formed as previously described (Han et al., 2015), using a Shi-
madzu LCMS-2010 EV system (Shimadzu, Japan).  

 
RESULTS 

 
Overall structure of the CYP107W1-oligomycin A complex  
A crystal structure of the CYP107W1-oligomycin A complex 
(CYP107W1-OliA) was determined at 2.6 Å resolution by mo-
lecular replacement using the previously reported CYP107W1 
ligand-free (CYP107W1-LF) structure (Han et al., 2015) (Table 
1). The overall P450-folding was well conserved in the 
CYP107W1-OliA complex structure (Fig. 1A). In the structure of 
the CYP107W1-OliA complex, the F and G helices and the loop 
between them appeared to move inward to hold oligomycin A. 
The bulky and circular oligomycin A was bound to the upper 
side of the substrate-binding cavity with the occupancy and B 
factor of 0.89 and 96.1, respectively (Fig. 1B and Supplemen-
tary Fig. 1). The heme was bound with a full occupancy and B 
factor of 50.4 (Supplementary Fig. 2). 

 
Oligomycin A binding to the CYP107W1 enzyme 
In the substrate binding cavity of CYP107W1, the bulky diox-

aspiro[5.5]undecane group of oligomycin A was bound in the 
space between the B′-helix and the β2 strand, while the remain-
ing circular ring slid into the central heme, mainly through hy-
drophobic interactions (Figs. 1A and 2A). Met69 and Met76 in 
the B′-helix and Met85 in the B′′-helix showed van der Waals 
interactions with oligomycin A within a distance of 4 Å (Fig. 2A). 
The three methionine residues, Met69, Met76, and Met85, as 
well as Ile292 were positioned on one side of the ligand, while 
on the other side, Pro12 and Ile393, also directly interacted with 
oligomycin A by van der Waals interactions (Fig. 2A). Only 
Lys184 had an H-bond with the carbonyl oxygen atom at C7 of 
oligomycin A. Specifically, Trp178 sandwiched the circular ring 
of oligomycin A from the top, with the B′-helix at the bottom (Fig. 
2A). Relative to the CYP107W1-LF structure, Trp178 in the 
CYP107W1-OliA complex structure moved in toward oligomy-
cin A, to a distance of 3.6 Å from the Cα position and 8.4 Å from 
the side-chain indole ring (Figs. 1A and 2A). With this move-
ment, Trp178 seemed to intercalate into the macrolide ring of 
oligomycin to accommodate the correct orientation of the bound 
substrate in the large pocket of the active site.  

 
The relative position of oligomycin A and heme 
In the CYP107W1-OliA complex structure, oligomycin A was 
bound in the heme plane via C12 (the catalytic position) of its 
macrolide ring, extended toward the iron atom of the heme 
prosthetic group (Fig. 2B). However, the distance between the 
iron atom of heme and C12 was not close (11.1 Å) enough to 
allow for catalysis of the P450 reaction. A water molecule was 
found at the active site, which was coordinated with an H-bond 
with Gly290 and observed with 4.7 Å distance at the tilted upper 
position of the heme iron atom in this structure (Fig. 2B). A simi-

Fig. 1. Structures of the CYP107W1-oligomycin A complex 
(CYP107W1-OliA). (A) Superimposed structures of the 
CYP107W1-OliA (orange) and CYP107W1-LF (ligand free 
CYP107W1, green). The bound OliA is represented as salmon. 
Heme is represented as green. (B) Surface structures of 
CYP107W1-OliA involving macrolide oligomycin A. Coordinates 
and structure factors of CYP107W1-OliA have been deposited in 
the Protein Data Bank with accession number 4WQ0. 
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lar orientation of the macrolide ligand in the active site of the 
P450 enzyme was previously reported in MycG (Li et al., 2012). 
In the structure of MycG, reaction sites for the substrate are 
also away from the heme iron (8.9-10.0 Å) than distances that 
would allow for the interactions with activated oxygen species 
(Li et al., 2012). 

 
Catalytic alteration of the CYP107W1 W178G mutant 
In the structure of the CYP107W1-OliA complex, Trp178 
seemed to be a key residue to orient the ring structure of oli-
gomycin A for productive binding conformation. To explore the 
role of Trp178 in substrate and product binding, a Trp178 to Gly 
(W178G) mutant was constructed and purified (Supplementary 
Fig. 3). The spectral analysis of binding to the purified W178G 
mutant enzyme displayed a distorted, shifted type I binding of 
oligomycin A, indicating an incomplete binding mode (Fig. 3A). 
These spectral changes were very different from those of wild 
type CYP107W1 (Han et al., 2015). In contrast, the type II 
spectra of W178G binding to azole agents were very similar to 
those of wild type CYP107W1 (Fig. 3B). Steady-state kinetic 
analysis of the W178G mutant displayed a kcat value of 0.061 ± 
0.001 min-1 and a Km value of 3.4 ± 0.4 μM (Fig. 4). This result 
indicated a substantial decrease (~ 30 %) in the turnover num-
ber relative to that of the CYP107W1 wild type, and suggested 
that Trp178 is important for the productive binding conformation 
of this large macrolide substrate.  

DISCUSSION 
 

In this study, we identified a large, open substrate-binding 
pocket and a special structural architecture that accommodates 
large substrates in CYP107W1. In the structure of the 
CYP107W1-OliA complex, oligomycin A was bound in the sub-
strate access channel on the upper side of the prosthetic heme, 
mainly by hydrophobic interactions, and some part of the large 
substrate moiety was exposed to solvent. The Trp178 residue 
of CYP107W1 moved and intercalated into the large macrolide 
ring to facilitate the correct orientation for substrate binding in 
the P450 reaction. 

The CYP107W1-oligomycin A structure could represent an 
intermediate step between the hydroxylation reaction and the 
release of the product, oligomycin A. Since the structures of 
oligomycin A and oligomycin C are similar except for the C12 
position, we speculated that the structure of the CYP107W1 in 
complex with substrate oligomycin C would be similar to the 
product-bound structure of CYP107W1-oligomycin A. For 
oligomycin C to access the catalytic center of the heme group, 
a conformational change in CYP107W1 or oligomycin itself is 
expected. Hydrophobic macrolide ring of oligomycin might slide 
into the catalytic center through the smooth hydrophobic sur-
face of substrate access channel. For example, oligomycin C 
might be folded into a rod-shaped structure similar to filipin in 
the CYP105P1-filipin complex structure via maximizing its 

Fig. 2. Oligomycin A recognition in CYP107W1-
OliA. (A) Oligomycin A was bound to Met69, 
Met76, Met85, and Ile292 on one side and 
Pro12, Ile393, and Trp178 on the other side via 
hydrophobic interactions. (B) Interactions be-
tween CYP107W1 and oligomycin A. In the 
CYP107W1-OliA structure, the distance be-
tween the iron atom of heme and C12 of oligo-
mycin A is 11.1 Å. 
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internal hydrophobic interactions among the carbon atoms in 
the ring (Xu et al., 2009; 2010), of which conformation can allow 
oligomycin C12 atom to reach deeper into the heme structure 
for the P450 oxidation reaction. However, further studies are 
necessary to elucidate the detailed catalytic mechanism.  

Oligomycin A was mainly bound by the B′ and B′′ helices and 
the β1 and β2 strands, and was also covered by the Trp178 
residue (Fig. 1A). The loop containing Trp178 was available for 
conformational changes that allowed oligomycin A to be recog-
nized. The folded B′ and B′′ helices generated a larger sub-
strate-binding pocket on the upper side of heme, and an extra 
bulb space for the bulky dioxaspiro[5.5]undecane group of oli-
gomycin A appeared between the B′-helix and the β2 strand. 
Compared with the linearly folded shape of filipin in CYP105P1, 

oligomycin A showed a more circular shape, similar to the struc-
tural configuration observed in the ATPases bound complex 
(Symersky et al., 2012)(Fig. 2A). Interestingly, almost all inter-
actions between oligomycin A and the substrate-binding site 
residues of CYP107W1 were van der Waals interactions, ex-
cept for one H-bond with Lys184. Even Lys184 is flexible, due 
to its long side chain, which could enable the sliding movement 
of oligomycin into the substrate-binding pocket. Trp178, which 
was located in a central position of the oligomycin A ring, ap-
peared to be more flexible without oligomycin A bound. The 
W178G mutant showed a dramatically altered binding confor-
mation and reduced catalytic activity for oligomycin C, indicat-
ing the substrate-recognizing role of Trp178 via van der Waals 
interactions.  

We compared three structures of macrolide synthesis-related 
P450 enzymes in the regions of the F/G and B′/B′′ helices, as 
well as the rest of the proteins (Supplementary Fig. 4). The 
root-mean-square deviations (RMSDs) of the B′/B′′ and F/G 
helices of the CYP107W1-oligomycin A structure from those of 
the CYP105P1 and the MycG structure were 1.716 Å for the 
283 Cα atoms and 2.203 Å for the 259 Cα atoms, respectively. 
The RMSDs of the rest of the CYP107W1-oligomycin A struc-
ture from those of the CYP105P1 and the MycG structure were 
1.040 Å for the 1602 Cα atoms and 0.971 Å for the 1655 Cα 
atoms, respectively. This shows that the conformations of the 
F/G and B′/B′′ helices are important for substrate specificity of 
the P450s, particularly if they have big molecules as substrates. 
In many of P450 structures, the region of the B′ and B′′ helices 
showed diverse secondary structures and flexible confor-
mations (Li et al., 2012; Xu et al., 2009) and sometimes even 
disappeared due to the flexibility (Lim et al., 2012; Xu et al., 
2010) that allowed the enzyme to easily change conformations 
to accommodate substrates. In CYP107W1, the presumed 
flexible region was folded into a more stable secondary struc-
ture of two α helices, changing the general substrate-binding 
pocket geometry of this P450 enzyme and enabling substrate 
binding in a different conformation.  

The Km value of W178G mutant was lower than that of 
CYP107W1 wild type (~18 μM, Fig. 4). Generally, the Km value 

Fig. 3. Binding spectra of the purified CYP107W1 W178G mutant. 
(A) Oligomycin A titration of the CYP107W1 W178G mutant. The 
calculated Kd value was 4.3 ± 0.7 μM. (B) Azole binding to the 
CYP107W1 W178G mutant. The binding affinities of azoles were 
calculated; the calculated Kd values are econazole: 5.3 ± 0.4 μM, 
miconazole: 3.1 ± 0.3 μM, respectively. 
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Fig. 4. Steady-state kinetic analysis of oligomycin C hydroxylation 
activity by the CYP107W1 W178G mutant. The kinetic parameters 
for the CYP107W1 W178G mutant were estimated to be a kcat value 
of 0.06 ± 0.01 min-1 and a Km value of 3.4 ± 0.4 μM. (Results are 
presented as the mean ± SD (range) of duplicate assays) 
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indicates the affinities to the substrate. However, this is not the 
case of CYP107W1 since the lower binding affinity was ob-
served from the calculated Kd value of W178G mutant to oligo-
mycin A (4.3 ± 0.7 μM, Fig 3A). Our postulation is that the 
catalytic activity of CYP107W1 may be mainly dependent on 
the kcat value because the series of biosynthesis process are 
performed in the limited place where the biosynthesis cluster 
gene products are concentrated. Therefore, the Km value (or 
the substrate affinity) may not affect the catalysis of this enzyme 
significantly. In previous study, it was also reported that the Km 
value of the P450 4A11 enzyme product is much lower than 
that of the substrate (Kim et al., 2014). 

The structural analysis of the CYP107W1-oligomycin A com-
plex suggested a way to recognize and bind a large macrolide 
substrate in a substrate-binding pocket. Our results will be use-
ful for elucidating novel substrate recognition mechanism of 
P450s, while extending the existing knowledge of these en-
zymes and their function in macrolide synthesis. 

 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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