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Substrate recognition by a dual functional P450 monooxygenase

GfsF involved in FD-891 biosynthesis

Akimasa Miyanaga,® Ryuichi Takayanagi,™ Takashi Furuya,® Ayano Kawamata,”
Yoshiharu Iwabuchi,” Naoki Kanoh,® Fumitaka Kudo®® and Tadashi Eguc

Abstract: GfsF is a multifunctional P450 monooxygenase that
catalyzes the epoxidation and subsequent hydroxylation in the
biosynthesis of macrolide polyketide FD-891. Here, we describe the
biochemical and structural analysis of GfsF. To obtain the structural
basis of a dual functional reaction, we determined the crystal
structure of ligand-free GfsF, which revealed GfsF to have a
predominantly hydrophobic substrate binding pocket. The docking
models in conjunction with the results of the enzymatic assay with
substrate analogs as well as site-directed mutagenesis suggested
two distinct substrate binding modes for epoxidation and
hydroxylation reactions, which explained how GfsF regulates the
order of two oxidative reactions. These findings provide new insights
into the reaction mechanism of multifunctional P450
monooxygenases.

Introduction

Cytochrome P450 monooxygenases are a large supe
heme-containing enzymes. They catalyze various T,
stereo-specific oxidative reactions such as h
epoxidation, dehydrogenation, demethylation, aryl
and C—C bond cleavage in primary and seconda
P450 enzymes are often involved in the biosy
products in bacteria, fungi and plants, and provide th
diversification of natural products.” In general, P450s cata
single oxidative reaction, but some P450s catalyze multiste
oxidative reactions at separate sites of the substrate.”

example, MycG catalyzes sequenfial hydroxylation
epoxidation reactions in mycinami e synthesis (S
S1A)™  AurH catalyzes the ;
tetrahydrofuran ring formation in

[a] Dr. A. Miyanaga, R.
Kudo, Professor Dr. T.
Department of Chemistry
Tokyo Institute of Technolo

[b] Y. Iwabuchi, Professor
Dr. N. Kanoh
Graduate School

ku University

armaceutical Sciences

ba-ku, Sendai 980-8578, (Japan)

Supporting information for this article is given via a link at the end
of the document.

ltagaki,™

s x[a]

catalytic steps. Ea
oxidation step. Alt

prerequisite for the next
Itifunctional P450s have
ion and structure, the
e reactivity and ordered

ed macrolide antibiotic isolated
raminofaciens A-8890.") FD-891 (1a)
man leukemia (HL-60) cells. The FD-
|uster has been identified and found
to contain five type tide synthase (PKS) genes (gfsA,
gfsB, gfsC, gfsD and gfsE) and two post-PKS modification
zyme gen fsF and gfsG).”! The five PKSs are responsible
the bios esis of FD-892 (2c). Cytochrome P450 GfsF and
yltransferase GfsG catalyze the post-PKS modification in
el °! GfsF catalyzes the epoxidation at the C8—C9 olefin of
(2c) and 25-O-methyl-FD-892 (1c¢) and subsequent
ion at the C10 position of the resulting intermediate to
-demethyl-FD-891 (2a) and FD-891 (1a),
Scheme 1). GfsG catalyzes the O-methylation at
the C25 hydroxy group of FD-892 (2c) and 25-O-demethyl-FD-
891 (2a) to produce 25-O-methyl-FD-892 (1¢) and FD-891 (1a),
respectively. Among these post-PKS reactions, GfsF catalyzes
ation and hydroxylation in a stepwise manner. The order
e two oxidative reactions is strictly regulated. It is unclear
GfsF regulates the order of dual reactions.

Here, we describe the biochemical characterization and
structural determination of GfsF. The structural data combined
with a computational docking study and mutational study
provides insights into the mechanism of substrate recognition
important for tandem oxygenation processes.

Results

Substrate Specificity of GfsF. Previously, we showed that
GfsF can accept 25-O-methyl-FD-892 (1c) and FD-892 (2c) as
substrates to produce FD-891 (1a) and 25-O-demethyl-FD-891
(2a), respectively (Scheme 1).°! To further understand the
substrate specificity of GfsF, we conducted the reaction of GfsF
with 1c and 2c to compare the velocity of the GfsF reaction. As
a result, GfsF efficiently converted 2c to 2a, whereas GfsF
converted 1c to 1a with lower efficiency (Figure 1A, B). This
result suggested that GfsF prefers the hydroxy group at the C25
position rather than the methoxy group. We also found that GfsF
catalyzed the epoxidation step faster than the hydroxylation step.
After 1c or 2c was almost converted to 1b or 2b in the GfsF
reaction, the formation of 1a or 2a started to be observed,
respectively. We estimated both
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Scheme 1. Parallel biosynthetic pathway from FD-892 (2c) to FD-891 (1a)
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Figure 1. Time-course of the reactions of GfsF wild-type with 1
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nd 2c (B), and GfsF T300V mutant with 2¢ (C). HPLC traces (detection at 275 nm) are

ion rate of the epoxy product was significantly lower
% of relative activity towards 2c). Conversely, GfsF showed
detectable hydroxylation activity (<0.05% of relative activity
suggesting that GfsF strictly recognizes the
presence of a trihydroxyalkyl side-chain in the hydroxylation
reaction. Thus, GfsF seems to recognize the alkyl side-chain
in a different
hydroxylation reactions.

between epoxidation and

OH OH OH
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Scheme 2. Synthetic analogs that have a truncated alkyl side-chain
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Figure 2. Reactions of GtsF wild-type with 3¢ (A and B)

To further investigate the recognition of an alkyl side-chali
moiety in the GfsF reaction, we synthesized additional F
analogs possessing a truncated alky! sigde-chain using the s

activity (35% relative activity
hydroxylation activity (27%
findings suggested th
recognized by GfsF |
epoxidation activity again
against 3c. In the reaction
dihydroxyalkyl gide-chain (i.e.,
moderate epoxi
and significantly lo
towards 2b), both of
resence of

e epoxidati
c was 36-fol
FD-892 analog 5c¢ that has a
16—C23), GfsF also showed
elative activity towards 2c)
ity (1.4% relative activity
ich were at the same level as those with
23 hydroxy group did not improve
activity, suggesting that GfsF might
group. In the reaction with FD-
rbon truncated alkyl side-chain

892 analog 6¢ that has a 0
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es (detection at 275 nm) are shown.

(i.e., C16-C25), GfsF efficiently catalyzed epoxidation (190%
relative activity towards 2c¢) and hydroxylation (260% relative
activity towards 2b). GfsF seems to strictly recognize the C24—
C25 region in the hydroxylation step because the hydroxylation
activity against 6b was 190-fold higher than that against 5b.
GfsF showed even higher epoxidation and hydroxylation
activities against 6¢ than those against FD-892 (2c). The flexible
C25 hydroxy group of 6¢c might facilitate the interaction with
GfsF.

To investigate whether GfsF recognizes the C7 hydroxy
group of the substrate, we synthesized 7,25-O-dimethyl-FD-892
(7c) from 25-O-methyl-FD-892 (1c). Unexpectedly, GfsF
converted 7c to FD-891 (1a) in the reaction (Figure 2C). This
implied that GfsF accepted 7c as a substrate and catalyzed the
demethylation at the C7 hydroxy group during the reaction. To
clarify the timing of demethylation, we investigated the time-
course of this conversion (Figure 2C). We found that the
reaction with 7c gave two reaction intermediates, one of which
was 10-deoxy-FD-891 (1b). We isolated another reaction
intermediate, 7b, and structurally identified it as 7-O-methyl-10-
deoxy-FD-891 by LC-MS and NMR (Table S2 and Figures S5—
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S6). We did not detect the formation of 7-O-methyl-FD-891 or
25-O-methyl-FD-892 (1c) from 7c. We also carried out the
reaction with 7b, which was converted to FD-891 (1a) via 10-
deoxy-FD-891 (1b) (Figure S7). These results clearly suggested
that the C7 methoxy group was retained in the epoxidation step
and that demethylation occurred before the hydroxylation step
(Figure 2D). We detected the formation of formaldehyde (Figure
S8), which was concomitant with the conversion of 7c to 1a.
This observation confirmed that GfsF catalyzed the
hydroxylation of the methyl group at the C7 methoxy moiety of
7b to produce 1b via a hemiacetal form.

We also carried out the reaction with FD-892 analog 3d that
has a hydroxy group at the C10 position!'” to obtain an insight
into the order of dual oxidative reactions. As a result, GfsF did
not catalyze the epoxidation of 3d. Thus, the hydroxylation at the
C10 position prior to the epoxidation at the C8—-C9 positions
completely blocked the further oxidative reaction of GfsF.

Crystal Structure of GfsF. To understand the structural basis
of the dual oxidation reactions, we attempted to crystallize GfsF,
but we failed. Computational analysis using Protein DisOrder
prediction System (PrDOS)"? suggested that the first 15 amino
acid residues at the N-terminus of GfsF are flexible. To minimize
the conformational flexibility, we constructed the heterologous
expression system of GfsFAN15 protein that lacks the N-
terminal 15 amino acid residues. After we confirmed the activjt
of GfsFAN15 protein, we succeeded in the crystallizatio
GfsFAN15 and determined the ligand-free structure at
resolution (Table S3).

GfsFAN15 has a typical P450 fold and contains arwith
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Figure 3. Overall structure of
GfsFAN15 are denoted as N an
r171-Leu213), | helix region
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(GIn235-Glu266)
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invariant Cys363 as an axial thiolate (Figures 3 and S9). A water
molecule is coordinated to the hgage iron as a distal pocket
ligand, as observed in many ligan 450 structures.” The
overall structure of GfsFAN15 is most s that of P450nor
(PDB code 2ROM; Z-score sequence
identity of 38%), which cat
Fusarium oxysporum.!"

also shows structural
Os such as CYP105P1
1.7 A, sequence
3ABB; Z-score =
of 44%), both of which
ptomyces avermitilis."""
ity with multifunctional
N; Z-score = 47.6, rmsd

48.9, rmsd of 1.6
are involved in fili

.2 A, sequence identity of 28%).
ich are known to undergo closing motion
2141 adopt an open conformation in
BC loop located at the entrance of
the substrate binding po shows a relatively high B-factor and
contains a disordered region (Met94—Pro97), suggesting the
i xibility of BC loop. These structural features are, in
eral, obdfffved in ligand-free P450 structures.®'*"! GfsFAN15
predominantly hydrophobic pocket constructed by the BC
is75, Tyr82—1le85, Phe89 and Phe99-Gly101), the | helix
, Gly247, Ala248 and Thr252), the loop after the K helix
d_the C-terminal loop (lle403 and Ala404). We
lectron density for di(hydroxyethyl)ether molecule
originated from polyethylene glycol (PEG) in the
crystallization solution, in the substrate binding pocket (Figure
4A). A PEG-type molecule was reported to bind in the
hobic tunnel or pocket in some enzymes.'”® The
roxyethyl)ether molecule is positioned almost parallel to
heme molecule (3.8-4.5 A). The di(hydroxyethyl)ether
lecule forms a hydrogen bond (3.3 A) with Thr300 and makes
ydrophobic contacts (3.6—4.1 A) with Ala248 and Thr252. The
Thr252 residue of GfsFAN15 is positioned at the same position
as the corresponding Thr residues in many P450s, such as
P450cam, CYP105P1 and CYP105D6. This conserved Thr
residue is proposed to play an important role in protonation for
oxygen activation in the P450 reaction.!"®

The FG hellces
on liga
the Gfs
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Figure 4. Gfs FAN15 and docked FD-892-related molecules are shown in green and cyan, respectively. The C7 and C10

gd as 7 and 10, respectively. The hydrogen bond with Thr300 is shown as a blue broken line. The olefin

A comparison of stable conformers for FD-892 (2c) and 8,9-epoxy-FD-892 (2b) macrolactones. 2¢c and 2b macrolactone
ated C16—C17 alkyl side-chain were used for MacroModel calculation. (C) The docking model with FD-892 (2c). (D) The

Docking Analysis and aonal Study. We attempted to  cocrystallize GfsFAN15 with a substrate or substrate analog.
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However, these attempts were unsuccessful. Therefore, we
conducted computational docking analysis with FD-892 (2c) and
8,9-epoxy-FD-892 (2b) models whose macrolide rings are
energy-minimized by MacroModel® software (Schrodinger,
New York, NY, USA). Based on MacroModel calculation, the
macrolide ring of 2c seems to adopt multiple conformations
(Figures 4B and S10). The conformation of the most stable
conformer closely resembles the X-ray structure of the FD-892
derivative."” However, the most stable 2c conformer did not
correctly dock near the heme cofactor. Therefore, we conducted
the docking analysis with several other 2c conformers. We found
that the metastable 2c conformer (2.3 kcal/mol higher in free
energy) showing a different conformation in the C1-C9 polyene
region was docked near the heme cofactor (Figure 4C). The C6
methyl and C7 hydroxy groups of the most stable conformer are
oriented horizontally along the macrolide ring, whereas those of
the metastable conformer are oriented almost vertically. The
metastable conformation of 2c might be necessary to fit into the
substrate binding pocket of GfsF. In particular, the vertically
oriented conformations of C6 methyl and C7 hydroxy groups
seem to be necessary for C8—C9 olefin to access near the heme
group without steric hindrance. The C8-C9 olefin is located
within 4.7 A of the heme iron and positioned to give an epoxide
with the correct stereochemistry in FD-891 (1a). In the case of
the 2b docking model, the most stable conformer was well
docked (Figure 4D). The orientations of C6 and C7 substitu
groups of the 2b conformer are similar to those of the
stable 2c conformer (Figures 4B, S10 and S11). Th
hydroxylation site of 2b is located near the heme iron (4.0 A)

stereochemistry in the docking model.
We found that the position of macrolide ring i
different between FD-892 (2c) and 8,9-epox

which seems to be important for fixing the position of th
olefin region for the epoxidation reaction (Figure 4C).

region reaches into the BC
region. jon is anchored in the
e side-chains of Tyr82,
is located close to the
he89, and the C25 hydroxy group is
gen atom of 1le85. This observation
the result that the hydroxylation
d higher than that against 5b

side-chaips of 1le85 a
close t in_chain

activity against 6
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(Figure S1). The presence of an alkyl side-chain moiety might be
important for fixing the position he macrolide ring for the
hydroxylation reaction. As mention , Phe89 seems to be
important for fixing the macrolide ring in
and for binding the alkyl side-chain in t
To confirm the role of Phe8%a
F89A mutant. The F89A

owed significantly low
ity of the wild-type) and

The position of
FD-892 (2c) and 8
The C7 hydroxy g
substrate binding o direct interaction with
e methoxy group at the
with no steric hindrance in
ich is consistent with the result that GfsF
jon of 7c. In contrast, the C7 hydroxy
en bond with the side-chain hydroxy
group O This finding might explain why the
hydroxylation reaction o red only after the demethylation at
the C7 hy(:roigroup in the reaction with 7c. To evaluate the

portance Thr300 in the hydroxylation reaction, we

structe 00V and T300A mutants. The T300V mutant
ed the epoxidation activity towards 2c (250% relative
of the wild-type), suggesting that Thr300 is not involved
in_thWepoxidation step. The substitution of Thr300 with Val
be preferable in the epoxidation step because the
ated olefin region was docked close to Thr300 in
ing model (Figure 4C). Conversely, the T300V
mutant completely lost the hydroxylation activity (Figure 1C).
The substitution of Thr300 with Val likely caused repulsion with
7 hydroxy group of 2b. Similarly, the T300A mutant
d the epoxidation activity (93% relative activity of the wild-
and reduced the hydroxylation activity (13% relative
ivity of the wild-type), probably because of the loss of
teraction with the C7 hydroxy group in the hydroxylation step.
Thus, the result of the mutational experiment supported the
docking models.

To obtain mechanistic insights into the demethylation
process, we conducted docking analysis with 7b. In the docking
model with 7b, the positions of the macrolide ring and alkyl side-
chain moieties of 7b occupies relatively similar positions to those
of 8,9-epoxy-FD-892 (2b) rather than those of FD-892 (2c)
(Figures 4D, E). However, the C7 position of 7b is moved away
from Thr300 by =3 A compared with that of 2b. The methyl
group of the C7 methoxy moiety of 7b is placed close to the
heme iron (3.1 A) in the docking model so that GfsF could
catalyze the hydroxylation of the methyl group to produce 10-
deoxy-FD-891 (1b) via a hemiacetal form. Because the methoxy
group is not bulky, GfsF might be able to accommodate 7b in
the substrate binding pocket for the demethylation reaction.

Discussion

Several multifunctional P450s have been structurally
analyzed and their substrate recognition mechanisms proposed.
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For example, the complex structure of MycG with its substrate
was determined by Li and colleagues.” The C14 hydroxylation
site and the C12—C13 epoxidation site of the substrate are 8.9 A
and 10.0 A away from the heme iron in the structure of the
MycG complex, respectively. Li and colleagues proposed that
this substrate binding mode is the initial recognition mode and
that the substrate translocates from the initial recognition site to
the active site of the enzyme. Translocation of the substrates in

two directions might account for the bifunctional activity of MycG.

In the case of AurH, docking studies have suggested that GIn91
forms a hydrogen bond with the introduced hydroxy group of the
hydroxylated intermediate.” The hydroxylated intermediate was
proposed to be pushed deeper into the substrate binding pocket
so that the C9 methyl group could be placed closer to the heme
iron for the second oxygenation—heterocylization step. The
relocation also likely happened during the GfsF reaction based
on the docking models with FD-892 (2c) and 8,9-epoxy-FD-892
(2b). The docking models suggested two substrate binding
modes for epoxidation and hydroxylation reactions.

In the GfsF reaction, only epoxidized compounds were
initially generated from all of the accepted FD-892-related
compounds (1c-7c). The conformation of macrolide ring could
influence the order of catalytic steps. GfsF seems to select the
metastable conformer of FD-892 (2c¢) rather than the most stable
conformer with the hydrophobic substrate binding pocket. The
conformation of the metastable conformer of 2c is important
fixing the C8-9 site near the heme iron in the first epoxid
reaction. GfsF hydrophobic residues such as Phe89 con
greatly to the correct placement of 2c in the substrate binding

epoxide causes a conformational change in the ma
which aIIows 8, 9 -epoxy-FD- 892 (2b) to relocate a

for the second hydroxylation step. GfsF
macrolide ring moiety of the substrate ma

of FD-892 macrolactone as
econd hydroxylation was 15%

limited in this highl
second ydroxylatlon

. Thus, the rate of the
e sp® carbon adjacent to the oxirane
slower than the first epoxidation.
the epoxidized compounds could
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fit well at the active site of GfsF toward the efficient
hydroxylation at C10.

A comparison of GfsF reaction
and 2c¢) and analogs (3c, 4c, 5¢ and
presence of an alkyl side-chain moi

D-892 substrates (1c

e reaction
(Figures 1,
nd C25 hydroxy groups
suggesting that these
addition, the C24
ydroxylation step.
ost-PKS modification by
esis (Scheme 1), but
-demethyl-FD-891 (2a)
roducer strain, as judged

methyl group seem

low efficiency, whereas GfsF showed no
igure 2A). Thus, the macrolide ring itself

ence of an alkyl side-chain moiety
seems to be necessary he position of the macrolide ring of
the substrate in the hydroxylation reaction.

450 monooxygenase GfsF, which catalyzes the
d hydroxylation reactions in the biosynthesis of
e antibiotic FD-891. We determined the crystal
structure of ligand-free GfsF, which enabled the computational
docklng analysis with FD-892 and 8,9-epoxy-FD-892. The
models in conjunction with the results of the enzymatic
with FD-892 analogs and site-directed mutagenesis
ested two distinct substrate binding modes for epoxidation
d hydroxylation reactions. The substitution of C8—C9 olefin of
D-892 with epoxide causes a conformational change in the
macrolide ring, which allows 8,9-epoxy-FD-892 to relocate for
the second hydroxylation reaction. These results provide an
insight into how GfsF regulates the order of epoxidation and
hydroxylation reactions.

Experimental Section

Synthesis of FD-892 Side-chain Truncated Analogs (4c, 5¢c and 6c).
See details in the Supporting Information.

Synthesis of 7,25-O-dimethyl-FD-892 (7c).
Supporting Information.

See details in the

Preparation of Recombinant GfsF Protein and Related Proteins.
Escherichia coli BL21(DE3) cells harboring pET28b-gfsF plasmids™ were
grown at 28 °C in Luria—Bertani broth containing kanamycin (50 ug mL™").
After the optical density at 600 nm reached 0.6, protein expression was
induced by the addition of isopropyl (-D-1-thiogalactopyranoside (0.05
mM), FeCls (0.15 mM) and 5-aminolevulinic acid (40 pg mL™"), and the
cells were then cultured for an additional 16 h at 28 °C. The recombinant
protein with an N-terminal His-tag was collected from cell-free extracts
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prepared by sonication, and was purified on a His60 Ni-Superflow affinity
column (Clontech, Mountain View, CA, USA). The protein was then
desalted and concentrated using a PD-10 column (GE Healthcare,
Buckinghamshire, UK) and an Amicon Ultra centrifugal filter (Merck
Millipore, Billerica, MA, USA), respectively. For preparation of GfsFAN15
protein, the gfsFAN15 fragment was first amplified from pET28b-gfsF
with the primers 5'-AAAAAAACATATGGCCCCCGAGTGGCCC-3' and 5'-
ATGCTAGTTATTGCTCAGCGG-3' and then inserted between the Ndel
and Xhol sites of pET28b. The resulting pET28b-gfsFAN15 was
transformed into E. coli BL21(DE3) cells. The GfsFAN15 protein was
expressed and purified by a His60 Ni-Superflow affinity column as
described above. The purified GfsFAN15 protein was further treated with
thrombin to remove the His-tag for crystallization. After subjection to
another round of a His60 Ni-Superflow affinity chromatography, the His-
tag free GfsFAN15 protein was purified by Resource Q (GE Healthcare)
anion-exchange chromatography with a linear gradient from 0.15 to 0.45
M NaCl in 10 mM HEPES-Na buffer (pH 7.7) containing 10% (v/v)
glycerol. The purified GfsFAN15 protein was concentrated to 12.5 mg/mL
in 10 mM HEPES-Na (pH 7.7). The sodium dithionite-reduced GfsF
solution was bubbled with carbon monoxide and then analyzed with a
spectrophotometer UV-2450 (Shimadzu, Tokyo, Japan) to determine the
functional P450 concentration using an extinction coefficient of 91,000
M'em ™" CamA and CamB proteins were prepared as described
previously.®

GfsF Reaction. The GfsF assay mixture (100 uL each) consisted of 0.1
mM 1c, 2¢ or FD-892 analogs, 1 mM NADH, 30 nM or 3 uM GfsF, 8 uM
CamA, and 20 yM CamB in 50 mM HEPES-Na (pH 7.7) containing 10%
glycerol. The enzymatic reaction was carried out at 28°C for 1 min—
The product of the enzymatic reaction was extracted twice using 15
of EtOAc, and the solvents from the combined organic layer:
removed using a centrifugal evaporator. The residue was dissolved in 10
uL of CH3OH, and a 5-pl aliquot was analyzed by HPLC using

Japan) equipped with a PEGASIL ODS column (100 A, 2
Senshu, Tokyo, Japan). Except for the reaction with 7¢c, C
water was used as an eluent at a flow rate of 0.7
reaction with 7c, CH3OH (90%) in water was used as
rate of 0.7 mL min~". One unit was defined as the amoun
released 1 pmol of product per minute.

UM CamB in 50 mM HEPES-Na (pH 7.7)
enzymatic reaction was carried out at 28°

mixture was analyzed by HPLC u
Detector and L-2130 Pump equip

ion of 3b. GfsF-containing reactant
) cells harboring pgfsF-camAB
mg) were then mixed with the
carried out at 28 °C with
. After the reac , the reaction product was
anic layers were dried on Na,SO,4 and the
ration. The crude residue was purified by
silica xane/EtOAc (1:1) to give 3b (1.9 mg).
HR-FAB-M calculated for CxoH3s05: 379.2484
(IM+H]"); found: 379.2512. The asSignments of the 'H and *C NMR

Isolation and Structural Determ
was prepared bysi
plasmid as describi
GfsF-containing rea
agitation (200 rpm) for
extracted
solvent
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spectroscopy signals are shown in the Supporting information (Table S1
and Figures S2-S3).

Isolation and Structural Determination o
mixed with 3 uM GfsF, 10 yM CamA, 20 uM
20 mM HEPES-Na (pH 7.7) buffer contaj
DMSO in a total volume of 7.
28 °C with agitation (600 rpm) for
product was extracted with EtOAc.
Na,SO, and the solvent
was purified by HPLC
(positive mode): m/z
577.4106. The assig
are shown in the Sup

M 7c¢ (20 mg) were
mM NADH in
rol and 1%
action was carried out at
er the reaction, the reaction
ic layers were dried on
n. The crude residue
4 mg). HR-FAB-MS
: 577.4104 ([M+H]"); found:
NMR spectroscopy signals
S2, Figures S5-S6).

Structural Determination.
1:1 mixture of a protein solution
HEPES-Na (pH 7.5)) and a reservoir solution
Tris-HCI (pH 8.5) and 27.5% PEG3350 using
method at 26 °C. Prior to collection of the
X-ray data, h-frozen in a stream of liquid nitrogen.
The X-ray diffraction data collected on a beamline BL-5A at the
Photon Factory (Tsukuba, Japan) and were subsequently indexed,

egrated, arrﬁaled using the HKL2000 program.?®! The initial phase

determi y molecular replacement using the Molrep program®'!
the MoxA structure (PDB code: 2Z36)?? as a search model. Model
g of GfsF was carried out automatically with the ARP/WARP

23 and subsequently inspected by Coot.?*! Refmaci®® was used
ment of the structures. The structural representations were
b PyMOL (DelLano Scientific, Palo Alto, CA, USA). The
geometi e final structure were evaluated using the program
Rampage.”™he resulting coordinates and structure factors have been
deposited in the Protein Data Bank (PDB code: 5Y1I).

Doaking Analysis. The docking study was carried out using AutoDock
2c, 2b and 7b molecules were generated using MacroModel
ydinger) and the PRODRG2 Server.”® See details for MacroModel
ulation in the Supporting Information. Chain A of the crystal structure
GfsF was used for the docking study. Using AutoDockTools, polar
ydrogen atoms were added to amino acid residues, and Gasteiger
charges were assigned to all atoms of the protein. All rotatable bonds of
the alkyl side-chain moiety of the ligand molecule were set to be flexible
for the calculation, whereas all of the protein residues and the macrolide
ring of the ligand molecule were kept rigid. The cubic energy grid was
centered at the substrate binding pocket and had an extension of 50 A in
each direction.

Site-directed Mutagenesis. pET28-gfsF was used for construction of
GfsF mutants. Site-directed mutagenesis was carried out with the
following oligonucleotides and their complementary oligonucleotides:
F89A, 5-CACATCAGCGCGGACGCCAAGTTCCTCAGC-3"; T300A, 5'-
GATCGCTCAGGACGCCGTGCGCCGGATCG-3'; T300V, 5'-
GATCGCTCAGGACGTCGTGCGCCGGATCG-3". The mutations were
confirmed by determining the nucleotide sequences. The plasmids were
transformed into E. coli BL21(DE3) cells, and the mutated enzymes were
prepared as described above.
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GfsF Akimasa Miyana ichi Takayanagi,
] 7 M s ] Takashi Furuya,
HO. AVL{O 3 HO. -0
T o OH OH OH - A . K\ i fe 0 C OH OH OH
NV\/\/\/\)\])\ —4 LIV e 7 )\‘/K
E : L/( ” W,w » OH : -
FD-892 al = 25-O-demethyl-FD-891

GfsF is a multifunctional P450 monooxygenase that catalyzes the epoxidation and
subsequent hydroxylation in the biosynthesis of FD-891. X-ray structural and
biochemical analyses of GfsF revealed two distinct substrate binding modes for
epoxidation and hydroxylation reactions, which explained how GfsF regulates the

order of two oxidative reactions.

onooxygenase
D-891 biosynthesis
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