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multiple steps.
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(Bacl(ground: A hierarchy of catalytic steps characterizes multifunctional cytochrome P450 enzymes.
Results: In the post-polyketide oxidative tailoring of mycinamicins by MycG, the two methoxy groups of mycinose are sensors
that mediate initial recognition and discriminate between closely related molecules.
Conclusion: Bulky and conformationally restrained macrolide substrates advance to the catalytically productive mode through

Significance: Protein engineering facilitating substrate progression may enhance catalysis.
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The majority of characterized cytochrome P450 enzymes in
actinomycete secondary metabolic pathways are strictly sub-
strate-, regio-, and stereo-specific. Examples of multifunctional
biosynthetic cytochromes P450 with broader substrate and
regio-specificity are growing in number and are of particular
interest for biosynthetic and chemoenzymatic applications.
MycG is among the first P450 monooxygenases characterized
that catalyzes both hydroxylation and epoxidation reactions in
the final biosynthetic steps, leading to oxidative tailoring of the
16-membered ring macrolide antibiotic mycinamicin II in the
actinomycete Micromonospora griseorubida. The ordering of
steps to complete the biosynthetic process involves a complex
substrate recognition pattern by the enzyme and interplay
between three tailoring modifications as follows: glycosylation,
methylation, and oxidation. To understand the catalytic prop-
erties of MycG, we structurally characterized the ligand-free
enzyme and its complexes with three native metabolites. These
include substrates mycinamicin IV and V and their biosynthetic
precursor mycinamicin III, which carries the monomethoxy
sugar javose instead of the dimethoxylated sugar mycinose. The
two methoxy groups of mycinose serve as sensors that mediate
initial recognition to discriminate between closely related sub-
strates in the post-polyketide oxidative tailoring of mycinamicin
metabolites. Because x-ray structures alone did not explain the
mechanisms of macrolide hydroxylation and epoxidation, para-
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magnetic NMR relaxation measurements were conducted.
Molecular modeling based on these data indicates that in solu-
tion substrate may penetrate the active site sufficiently to place
the abstracted hydrogen atom of mycinamicin IV within 6 A of
the heme iron and ~4 A of the oxygen of iron-ligated water.

Mycinamicins are macrolide antibiotics produced by the
actinomycete Micromonospora griseorubida (1). They are com-
posed of a 16-membered macrolactone ring and two sugars,
desosamine and mycinose, at the C-5 and C-21 positions
respectively (Fig. 1). Wild-type M. griseorubida mainly pro-
duces mycinamicins I and II, mycinamicin IV (M-1V),? and
mycinamicin V (M-V) (1), whereas a high producing industrial
strain produces mycinamicin I and mycinamicin II as its two
major products (2). Mycinamicin II, having strong antimicro-
bial activities against Gram-positive bacteria and mycoplasma
(1), has been developed as a veterinary drug (2). Details of the
mycinamicin biosynthetic pathway have been established by
the isolation and structural characterization of intermediates
(3-5) and by bioconversion studies of genetically modified
strains (6 —8). More recently, the complete 62-kb nucleotide
sequence of the mycinamicin biosynthetic gene cluster com-
prising 22 open reading frames has been determined (9). Two
P450 enzymes, MycCI and MycG, were identified in this clus-
ter. MycCl is the C-21 methyl hydroxylase of mycinamicin VIII,
the earliest macrolide in the post-polyketide synthase tailoring
pathway, whose optimal activity depends on its native redox
partner ferredoxin MycCII (10). In the mid-1990s, dual
hydroxylation and epoxidation functions were proposed for a
second P450, MycG, based on genetic complementation

2 The abbreviations used are: M-IV, mycinamicin IV; M-lll, mycinamicin III;
M-V, mycinamicin V; PDB, Protein Data Bank.
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FIGURE 1. Final steps of mycinamicin biosynthesis. The solid arrows indicate the major steps in mycinamicin biosynthesis. The dashed arrow demonstrates
low conversion from M-Ill to mycinamicin IX catalyzed by MycG. M-I cannot be hydroxylated by MycG.

analysis (8). Its activity was characterized in detail using an
in vitro system reconstituted with recombinant MycG, native
substrates isolated from fermentation broths, and a surrogate
commercial spinach ferredoxin/ferredoxin reductase redox
system, which was employed because MycCII does not support
the catalytic activity of MycG (10). Collectively, these studies
demonstrated that MycG catalyzes sequential hydroxylation
and epoxidation reactions at two distinct sites, a tertiary allylic
C-H bond (C-14) and an olefin (C12-C13). Premature epoxi-
dation at C12—C13 completely abolishes hydroxylation at C-14,
thus terminating the pathway (Fig. 1). Interestingly, P450 Gfs4
in the biosynthesis of the macrolide antibiotic FD-891 in Strep-
tomyces graminofaciens represents yet another example of a
single P450 enzyme sequentially introducing both a hydroxyl
and an epoxy group on the 16-membered ring macrolide scaf-
fold, but it has reverse order reactivities compared with MycG
(Fig. 2) (11).

Other characterized bacterial biosynthetic multifunctional
P450s in Streptomyces secondary metabolome include Taml in
the tirandamycin biosynthetic pathway of Streptomyces sp.
307-9 (12-14), and AurH in the biosynthetic pathway of
aureothin in Streptomyces thioluteus (Fig. 2) (15). TamlI oper-
ates on a bicyclic ketal moiety of tirandamycin C to catalyze
successive epoxidation and hydroxylation reactions in an iter-
ative cascade with the flavin oxidase TamL (14). AurH sequen-
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FIGURE 2. Natural products decorated by bacterial multifunctional P450 enzymes. Oxygen atoms introduced by P450s are highlighted in red.

tially installs two C—O bonds into the polyketide backbone of
aureothin to yield a tetrahydrofuran ring, a key pharmacophore
of this antibiotic (16, 17). A critical difference that sets multi-
functional P450s apart from substrate promiscuous enzymes is
an apparent hierarchy in the sequence of catalytic steps, sug-
gesting that each step may be a prerequisite for the one that
follows (18).

The current data reveal that many fungal P450s are multi-
functional enzymes that catalyze up to four consecutive steps
on the same substrate molecule (19). For instance, Tri4
(CYP58) in the plant pathogen Fusarium graminearum per-
forms one epoxidation and three hydroxylation steps in the
biosynthesis of trichothecenes (20). The trichothecenes are ses-
quiterpenoid secondary metabolites that are potent mycotox-
ins of mold-contaminated cereal grains. Another example of a
multifunctional fungal P450 is Fumé6 (CYP505 family) in the
biosynthesis of mycotoxins fumonisins from the maize patho-
gen Fusarium verticillioides (21-23), which catalyzes two con-
secutive hydroxylations at adjacent carbon atoms. The biosyn-
thesis of plant hormone gibberellins in the rice pathogen
Fusarium fujikuroi involves four multifunctional P450 enzymes
that catalyze 10 of the 15 biosynthetic steps (24 —26). Fungal
P450s are integral membrane proteins, making structural
and biophysical characterization challenging. In this regard,
understanding the switch of function mechanism in the
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more accessible bacterial multifunctional P450s should
bring considerable new insights to this versatile class of
underexplored monooxygenases.

Ongoing structural and functional studies are beginning
to provide detailed insights into the molecular basis for
sequential reactivity and the pattern of oxidation in multi-
functional systems. Although no substrate-bound structure
has been obtained for AurH, a hypothetical switch of function
mechanism has been proposed based on computational dock-
ing of two consecutive substrates into x-ray structures of differ-
ent AurH ligand-free conformers (15). The key role is assigned
to glutamine 91, which upon completion of the hydroxylation
step changes the conformation to provide an H-bond to the newly
installed C7-OH group. In the course of mutual conformational
adjustments, the hydroxylated intermediate relocates deeper into
the substrate binding pocket to enable the next attack by the acti-
vated oxygen species at C-9a, whereas the substrate backbone
bends to facilitate tetrahydrofuran ring formation.

Here, we have structurally characterized MycG in complex
with each of its two consecutive native substrates, M-IV and
M-V, and their much less reactive biosynthetic precursor,
M-III, which bears the monomethoxy sugar javose instead of
dimethoxylated mycinose (Fig. 1). Despite this single methyl
group difference, M-1II is only hydroxylated by MycG in trace
amounts iz vitro (10). Traces of the C14-hydroxylated M-IIL
(mycinamicin IX) and M-III bearing a C12—C13 epoxide from
culture broths of the mycF disruption mutant M. griseorubida
TPMAO0004 are also consistent with marginal activity of MycG
against M-III in vivo (27, 28). We provide structural informa-
tion that suggests a complex recognition strategy by MycG in
which the enzyme successfully distinguishes between sub-
strates and the closely related M-III intermediate. However, the
precise mechanism of discrimination between the two native
substrates M-IV and M-V remained obscure in light of the crys-
tal structures obtained in this work due to the large distances
separating the reactive sites from the iron center. Paramagneti-
cally induced 'H spin relaxation NMR measurements indicate
that deeper penetration of the active site of MycG by M-IV may
take place in solution, and the pattern of observed relaxation
effects is consistent with the x-ray binding orientation as pre-
dominating in the presence of excess substrate.

EXPERIMENTAL PROCEDURES

MycG Expression and Purification—MycG was cloned,
expressed, and purified as an N-terminal His,-tagged protein as
described elsewhere (10), with the modification that Tris-HCI
buffer was used instead of sodium phosphate in the harvesting
and purification protocols. The Phe-286 site-directed mutants
were generated following the QuikChange protocol (Strat-
agene). Purification procedures included affinity chromatogra-
phy on nickel-nitrilotriacetic resin (Qiagen), S-Sepharose flow
through passage, and finally ion-exchange chromatography on
Q-Sepharose in a gradient of NaCl (0—0.5 M) concentrations
(29). Pure protein fractions were combined and concentrated in
20 mm Tris-HCI, pH 7.5,0.5 mMm EDTA, and ~200 mm NaCl, as
eluted from Q-Sepharose, to =1 mM for storage at —80 °C until
required. As expected, the sodium dithionite-reduced MycG
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solution displayed an absorbance peak at 408 nm with a 447-nm
peak appearing after CO was bubbled through the solution (30).

Isolation of the MycG Substrates—M-IV and M-V were iso-
lated and purified from the fermentation broth of the wild-type
M. griseorubida A11725 strain following the procedures
described elsewhere (1). M-III was purified from fermentation
broths of the mycF disrupted mutant strain TMPA0004 (27).

Crystallization, Data Collection, and Structure Determination—
Prior to crystallization, the protein was diluted to 0.2—0.5 mm
by mixing with 10 mm Tris-HCI, pH 7.5, alone or supplemented
with 0.5-2.0 mm M-III, M-IV, or M-V. Crystallization condi-
tions in each case were determined using commercial high
throughput screening kits available in deep-well format
(Hampton Research), a nanoliter drop-setting Mosquito robot
(TTP LabTech) operating with 96-well plates, and a hanging
drop crystallization protocol. Crystals were generated under a
wide variety of screening conditions; however, only a minor
subset was amenable to optimization to produce diffraction
quality specimens. Crystals of different morphologies from dis-
tinct crystallization conditions were further optimized in
24-well plates for diffraction data collection (Table 1). Plate-
shaped crystals diffracting in the C222, space group formed
under conditions that included benzamidine hydrochloride.
Because of the lateral molecular symmetry, benzamidine dra-
matically improved the quality of the plate crystals by binding in
the symmetry-related positions at the interfaces of protein
monomers. Prior to data collection, all crystals were cryo-pro-
tected by plunging them into a drop of reservoir solution sup-
plemented with 20-25% glycerol or ethylene glycol and then
flash-frozen in liquid nitrogen.

Diffraction data were collected at 100—110 K at beamline
8.3.1, Advanced Light Source, Lawrence Berkeley National
Laboratory. Data indexing, integration, and scaling were con-
ducted using MOSFLM (31) and the programs implemented in
the ELVES software suite (32). The first crystal structure deter-
mined was for the MycG-M-IV complex at a resolution of 1.65
A by molecular replacement using diffraction data processed in
the P2,2,2 space group, with R, 0f 6.6% and atomic coordi-
nates of MoxA (PDB code 2736) (33) as a search model. The
MycG model was built using the BUCCANEER (34, 35) and
COOT (36) programs. Refinement was performed by using
REFMACS software (35, 37) until R and R, converged to 14.8
and 20.6%, respectively. The final coordinates were used as the
molecular replacement model for the entire series of MycG
structures determined in this work. Data collection and refine-
ment statistics are shown in Table 1.

!H M-IV R, Relaxation Experiments—To determine the ori-
entation of M-IV bound in the active site in solution, 'H R,
relaxation rates were measured by nuclear magnetic resonance
(NMR) for the resonances of M-IV in the presence of varying
amounts of MycG. A 2 mMm sample of M-IV was prepared in 50
mmM KP, pH 7.3, 50 mm NaCl, 1 mm EDTA, and 0.2 mm dithio-
threitol in 90% H,O, 10% D,O. 'H and '*C resonance assign-
ments for M-IV were made using two-dimensional DQEF-
COSY, 'H,'*C HSQC, and NOESY datasets. A series of "H
inversion recovery experiments with recovery times 0f0.05, 0.1,
0.2, 0.3, 0.5, 0.6, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 s were
performed in the presence of increasing concentrations of
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MycG, with molar ratios of MycG to M-IV of 0, 1:50, 1:25, and
1:10. AIl NMR experiments were performed at a magnetic field
strength of 18.78 tesla (800.13 MHz 'H) on a Bruker Avance
spectrometer equipped with a cryoprobe and pulsed-field gra-
dients. NMR data were processed and relaxation times calcu-
lated using TopSpin 3.0 (Bruker Biospin). All experiments were
performed in triplicate, with reported relaxation rates (R;) the
averaged results of the three sets of data.

The paramagnetic contribution R, ,,,.,, to the observed 'H
R, ops) relaxation rates were calculated using Mathematica 7
(Wolfram Research) by fitting to Equation 1 (38),

E
R1(0bs) = (Kd_:so>(R1(para) - R1(free)) + Rl(free) (Eq. 1)

where R, .. is the observed relaxation rate of a given M-IV
resonance in the absence of MycG; E, is concentration of
MycG, and S, is the concentration of M-1V. A K, value for the
M-IV-MycG complex of 700 nM was used for the fit. Goodness
of fit was confirmed graphically, with no greater than a 5% devi-
ation from linearity of the plotted data in points used for dis-
tance calculations.

Distances r from the heme iron to individual M-IV protons
were calculated using the Solomon-Bloembergen Equation 2
(39, 40),

2 (m)zgﬁuﬁvfs(s + 1) 7

Ri(para) = P
1para) ™ 15\ 447 IS \1 + o7

1+w,21'f

(Eq.2)

where u, is the permeability of free space; wy is the Bohr mag-
neton; g, is the electron g value; 1y, is the gyromagnetic ratio of
the nuclear spin (*H); r° is the sixth power of the electron
nuclear distance; S is the net electronic spin (taken as S = 12); w,
is the electron transition frequency in radial units, and w, is the
'H frequency. The correlation time 7, is assumed to be domi-
nated by the electronic relaxation time, and the value for low
spin cytochrome P450,_,,, (7, = 5.4 X 10~ ' s) was used (41).
Modeling of the Solution Complex—The crystallographic
structure PDB code 2Y98 was used as a starting point for mod-
eling the solution complex of MycG with M-IV. The coordi-
nates of M-IV were divided into three subunits, mycinose, mac-
rolactone, and desosamine, and the antechamber module of
AmberTools 1.5 was used to obtain appropriate bonding and
atomic charges for each subunit. The XLeap graphical editor
interface of AmberTools 1.5 was used to combine the three
subunits into a single molecule and to generate the parameter
and topology files of the MycG-M-IV complex for Amber 11
(42). Charges were neutralized with potassium ions to obtain
overall charge of 0 for the complex. The desosamine dimethyl-
amino group was left unprotonated. The sander module of
Amber 11 was used for minimization and molecular dynamics
modeling of the complex restrained by the Fe-M-IV distances
calculated from relaxation measurements as described above.
Simulations were performed in vacuum using a continuum
dielectric. SHAKE restraints were applied to all bonds involving
hydrogen. Only active site waters were retained as discrete mol-
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ecules, with a single water molecule constrained as a distal
pocket ligand for the heme iron.

A set of 22 distance restraints between the heme iron and
M-IV protons was used for modeling the solution complex (see
Table 2). A soft potential gradient over a 0.3 A range was used
for distance restraints in the modeling, with the calculated dis-
tance defining the midpoint of the potential. No penalty was
applied for closer approach to the metal center than the
restrained distance.

After 2000 steps of minimization of the starting complex, the
temperature of the simulation was increased in the course of
6000 steps (8¢ = 2 fs) from 0 to 300 K. A production run at 300
K 0f 10,000 steps with coordinates saved every 100 steps yielded
100 structures, of which 10 showed no restraint violation
penalties.

RESULTS

Overall Structure and Substrate Orientations—MycG struc-
tures were determined alone (to a resolution of 2.4 A) and in
complex with the natural substrates M-IV and M-V and their
biosynthetic precursor M-III to a resolution of 2.0 A or higher
(Table 1). MycG has the typical P450 scaffold that is known to
accommodate substrates of broad structural variety. To date,
six P450 monooxygenases operating on the macrolactone core
of different antibiotics have been structurally characterized
bound to their native substrates as follows: EryF (CYP107A1)
(43, 44) and EryK (CYP113A1) (45) (both in erythromycin bio-
synthesis); PikC (CYP107L1; methymycin/neomethymycin
and pikromycin biosynthesis) (46 —48); PimD (pimaricin bio-
synthesis) (49); PteC (CYP105P1; filipin biosynthesis) (50, 51),
and P450 EpoK (CYP167A; epothilone biosynthesis) (52). Sim-
ilarly to EryK, MycG operates on a doubly glycosylated macro-
lactone, with the difference that the glycosylation pattern of
erythromycin D, the EryK substrate, features both sugar units
attached along the same side of the macrolactone ring opposite
the hydroxylation site, whereas in mycinamicins the two sugar
units oppose each other on the macrolactone ring, creating a
2-fold rotation ambiguity along the short axis of the elongated
mycinamicin molecule (Fig. 3). Mycinose linked to the macro-
lactone ring adjacently to the sites of oxidation at C-14 and
C12-C13 sterically hinders access to these sites, presenting an
additional challenge to the catalytically productive positioning
of the bulky mycinamicins.

In the crystals, both M-IV and M-V are bound orthogonally
to the heme plane in extended “mycinose-in desosamine-out”
binding orientation between the a-helical and 3-sheet sub-do-
mains. The two methoxy groups of the mycinose moiety con-
tacted the heme macrocycle serving as sensors that probe the
macrocycle surface, whereas the second sugar moiety, des-
osamine, extends toward the protein surface inclined against
the short FG-loop with its tertiary amino group (Fig. 4). These
protein structures superimpose well with the substrate-free
form (represented by the four MycG monomers in the asym-
metric unit of 2YGX), suggesting that the substrate-free bind-
ing site tends to stay surface-exposed, and that the initial sub-
strate recognition in this site likely occurs rapidly, perhaps as
fast as solution diffusion. However, in this orientation substrate
reactive sites are further away from the Fe catalytic center than
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the distances required to interact with iron-oxo or iron-peroxy
species. The C-14 hydroxylation site of M-IV is within 8.9 A and
the olefin epoxidation site C12—C13 in M-V is within 10.0 A of
the heme iron (Fig. 4, B and C).

By contrast, two distinct orientations were observed for the
biosynthetic precursor M-III. In the first orientation, “javose-in
desosamine-out” was similar to the substrate orientation
described above, with the qualification that the javose sugar was
not defined in the scattered electron density. In the second
orientation, “desosamine-in javose-out,” M-III was aligned vir-
tually parallel to the heme with the desosamine sugar accom-
modated in the buried pocket and the javose extending toward
the protein exterior (Fig. 5). Consistent with the poor func-
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NMez
HO 0

desosamine
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omSMe

mycinose

mycinamicin IV

FIGURE 3. Doubly glycosylated macrolactone substrates of EryK and
MycG.
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tional activity of M-III, the edge of the macrolactone ring oppo-
site the modification sites faced the heme macrocycle.

No major protein conformational differences have been
observed between the complexes resolved in this study. Other
than the striking behavior of the short Thr-284 —Phe-286 frag-
ment, which samples multiple conformations across the range
of MycG structures (Fig. 6A4), and a few single residues, Val-79,
Phe-168, and Tyr-187, all are directly involved in the substrate
binding. The iron axial water ligand was present in all the struc-
tures, although spectral transition of the heme iron from the
low spin to the high spin spin state occurs in solution upon
mixing with the substrates (10).

M-IV and M-V Orthogonal Mycinose-in Desosamine-out
Binding Mode—A prominent feature of MycG is its spacious
active site, which is reminiscent of certain xenobiotic metabo-
lizing human P450 enzymes with complex substrate-binding
patterns (reviewed in Ref. 53). A large void volume of ~1500 A3
partially filled with structured water molecules is adjacent to
the space occupied by the substrate (Fig. 44). In the orthogonal
mode, both M-IV and M-V, in addition to mycinose-mediated
contacts with the heme macrocycle, make well defined multiple
interactions within <5 A of the amino acid residues grouped in
the four protein regions including the following: BC-loop: Arg-
75, Glu-77, and Val-79 —Ser-85; the FG-loop: Phe-168 —Ser-
170, Ala-172, Val-174—Ala-176, Glu-178, Met-179, and Ala-
183; the I-helix: Gly-230, Val-233, Ala-234, Glu-237, and
Ser-238; the turn of the C-terminal B-sheet: Leu-386 and Leu-
387 (Fig. 6B); and finally, the stand-alone Phe-286, which
deeply protrudes into the void volume in the substrate binding
site. The adjacent residues, Thr-284 and Ala-285, are confor-
mationally variable, whereas no alternative conformations were
apparent for Phe-286 (Fig. 6A), perhaps due to its extensive
contacts with Leu-84 and the stabilizing influence of the salt
bridge formed between the downstream Arg-288 and the heme
propionate side chain. Conformational variability of the Thr-
284 —Ala-285 fragment correlates with the presence of scat-
tered electron density in the vicinity of heme, the latter suggest-
ing ambiguity in substrate binding. Only in the chain A of the
MycG'M-V complex (PDB code 2Y5N) was no ambiguity
observed. However, the N terminus of the symmetry-related

C

desosamine }j!“/
<5

/’;’ -~
® mycinose

M-IV M-v

c12c13
vy X !
89 A 1 & % mycinose 100A,

o’

(PDB ID 2Y4H) (PDB ID 2Y5N)

FIGURE 4. Orthogonal “mycinose-in desosamine-out” substrate-binding mode. A, slice through the bulk solvent-exposed substrate recognition site shows
M-IV (yellow sticks) and the protein surface featuring Phe-286, Leu-84, Val-79, and the large void space, including ~500 A3 cavity fully enclosed in the protein
interior. Hydrophobic areas of the surface are in orange and hydrophilic areas in blue. The M-IV (B) and M-V (C) substrates (yellow sticks) are shown bound
orthogonal to the heme plane. Mycinose methoxy group tentacles approach the heme macrocycle at van der Waals distances, preventing access of C-14 and
C12-C13 to the iron center. The heme iron axial water ligand is shown as a small red sphere. Both substrates are virtually superimposable. No apparent
discrimination between M-IV and M-V occurs in this orientation, suggesting initial recognition rather than catalytic function. In all figures, heme is shown as
dark green spheres with the iron atom in brown. Oxygen atoms are shown in red and nitrogen in blue.Images were generated using PyMOL (59) or CHIMERA (60).
PDB code codes of the structures are shown in parentheses.
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chain B interacts with the substrate in this structure and thus
may contribute to stabilization of the complex (Fig. 6B).

Analyses of crystals of different space groups, including those
having one, two, three, or four molecules in the asymmetric
unit (Table 1), largely excluded the possibility of crystal packing
influence on the substrate binding orientation. Despite the dif-
ferent crystal packing contacts, all the MycG molecules bound
substrates in the same orientation indicating that the observed
orthogonal binding mode in the surface-exposed site is not an
artifact of crystallization but rather represents an essential step
of initial recognition in the substrate binding process.

M-III Orthogonal Binding Mode—The mycinose sugar has
been shown to be essential for MycG function, as only minor
conversion to hydroxylated product occurred in reconstituted
assays in vitro when M-IV was substituted by its biosynthetic
precursor M-III (10, 28) or in vivo by the mycF-disrupted dele-
tion mutant of M. griseorubida (Fig. 1) (10, 28). Unlike physio-
logical substrates, M-III was found in two distinct, virtually
orthogonal orientations in the 2Y5Z and 2YCA structures. In
2Y5Z, the macrolactone and desosamine sugar of M-III were
unambiguously localized in exactly the same place as in the
MycGrsubstrate complexes described above, with the qualifica-
tion that their occupancies were set to lower values to satisfy
weaker electron density. However, the position of the monome-

R 1186 E237
- k javose
‘n; V233 @ 385
b i & L387
DA glycerol
. % 1229 29 1280
@ o= @ T2
|/ desosamine
L83 [# P
T211

"Ml (2YCA) M-Il (2YCA)

FIGURE 5. Parallel “desosamine-in javose-out” M-Ill-binding mode.
A, slice through the parallel to the heme-binding site accommodating M-IIl.
B, M-lllis well defined by the 2F, — F_electron density map contoured at 1.0 o
in the 2YCA structure (blue mesh). Selected side chains within 5 A of the M-lI
are shown in gray. The glycerol molecule (cyan) is bound in the vicinity of
desosamine, partially filling the void space of the buried cavity.

t desosamine

mycinose

M-IV (2Y4H) M-V (2Y5N)

thoxylated javose moiety in this complex could not be defined
in any of the three molecules in the asymmetric unit due to
noninterpretable electron density (Fig. 6C). The flexible dihe-
dral angles that include the covalent linkage of javose to the
macrolactone and the insufficient spatial constraints due to the
lack of interactions between the missing methoxy group and
the heme macrocycle apparently result in unrestricted rotation
of javose as judged by the shapeless patches of electron density
in the vicinity of heme. The atomic coordinates for javose were
not used in the refinement and are not present in the PDB entry
2Y5Z. This finding indicates that the interactions of both
methoxy groups of mycinose with the heme macrocycle are key
to formation of the initial recognition complex in the surface-
exposed site.

M-III Parallel Desosamine-in Javose-out Binding Mode—Un-
like that of 2Y5Z, the electron density of the 2YCA structure
clearly delineates the whole M-III molecule. In a single MycG
monomer constituting an asymmetric unit, M-III is aligned
parallel to the heme macrocycle making different points of con-
tact with the active site (Fig. 5B). The desosamine sugar is
accommodated in the buried pocket adjacent to the heme mac-
rocycle and is held in position largely by both the main chain
atoms of the Leu-280-Phe-286 fragment (which in this com-
plex adopts a single well defined conformation) and the amino
acid side chains of Leu-280, Gly-281, Thr-284, Ala-285, Phe-
286, Thr-311, Gly-338, Leu-386, and Leu-387. As a result of
M-III binding, the Phe-286 aromatic ring rotates away from
Leu-84 and is equidistant between Leu-84 and Val-79, whereas
Val-79 shifts ~2.5 A toward the aromatic ring. Being deeper
than required to bind desosamine alone, the cavity also accom-
modates a glycerol molecule (cyan in Fig. 5B). By contrast, the
javose moiety extends toward the protein exterior and interacts
with the side chains of Gly-81, Gly-82, Tyr-187, Asp-226, Ile-
229, Gly-230, and Val-233. Consistent with the poor functional
activity of M-11I, the reactive centers C-14 or C12—C13 are not
exposed to the heme iron in 2YCA structure.

Role of Phe-286 in Substrate Binding—To explore a role of
Phe-286 in substrate stabilization in the orthogonal myci-

C D

, F286V g .
desosamine y ¥ desosamine
y
) K
Conformer A § Conformer B
mycinose. ¢ mycinose
p.
T284 ™ V286
% -
e »

M-Il (2Y52)

M-V (4AW3)

FIGURE 6. Interactions in the initial recognition complex. M-IV (A), M-V (B and D), and M-Il (C) (yellow sticks) are shown fitted to the 2F, — F_electron density
map (blue mesh) contoured at 1.0 o. A, superimposition of two alternative conformations for the Thr-284-Phe-286 fragment in the MycG-M-IV complex is
shown in dark blue lines. Conformational fluctuations of the Thr-284 -Phe-286 fragment correlate with the residual electron density in the F, — F_ map (pink
mesh) contoured at 2.5 o. B, M-V is shown surrounded by the selected residues (gray sticks) within 5 A, including the N terminus of the symmetry related
molecule (light pink). To enhance clarity, not allamino acid residues are shown. The heme iron axial water ligand is shown as a small red sphere. C, macrolactone
and desosamine sugars in M-Il are clearly defined in the 2F, — F_electron density map (blue mesh) contoured at 0.6 o, whereas the javose moiety explores the
space above the heme macrocycle and thus could not be positioned in the residual F, — F. map (pink mesh) contoured at 2.5 . D, F286V mutant with M-V
bound in two alternative conformations, A and B. Conformation B points toward the hydrophobic cavity gated by residue 286.
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nose-in desosamine-out binding mode, we generated a series of
the Phe-286 mutants by substituting phenylalanine with leu-
cine, valine, alanine, or glycine. None of the mutations abol-
ished MycG catalytic function, but the catalytic activity of
mutants declined gradually with a decrease of the substituent
size, from phenylalanine to glycine (data not shown). Co-crystal
structures were determined for the Phe-286 to glycine or ala-
nine mutants with M-IV, and F286V mutant co-crystallized
with M-V. In the alanine or glycine mutants, M-IV was again
found in the orthogonal to the heme binding orientation as
represented by the PDB code 3ZSN (Table 1).

By contrast, M-V, also orthogonally oriented in the F286V
mutant (PDB code 4AW3), revealed a second alternative con-
formation for the mycinose sugar (conformation B in Fig. 6D).
In this new conformation, mycinose has swung toward Val-286,
thus pointing to the buried cavity previously shown to accom-
modate desosamine of M-III in the parallel binding mode.
Assuming that M-V would advance further in this direction to
enter the cavity, its macrolactone portion could turn to adopt

TABLE 2

"H resonance assignments for M-IV

Measurements were performed at 298 Kin D,0O, pH 7.4, with R, .., relaxation rates
extracted using Equation 1 and distance restraints calculated with Equation 2 for
modeling of the M-IV complex with MycG. Relaxation rates and distance restraints
were calculated using a K, for the complex of 700 nm.

Proton o R, (para) Fe-H restraint
ppm st A
2 5.92 10.15 13.9
3 6.57 9.71 14.0
4 2.74 6.75 14.9
8 2.48 8.98 14.2
10 6.50 8.21 14.4
11 7.05 10.21 13.9
12 6.23 9.84 13.9
13 5.99 7.88 14.5
14 2.61 10.52 13.8
17 0.82 8.94 14.2
21 3.64 11.69 13.6
22 4.37 7.09 14.7
24 3.35 4.76 15.7
25 145 1.51 19.1
26 3.69 6.63 14.9
27 1.07 4.87 15.7
30 4.53 10.50 13.8
31 3.10 9.30 14.1
33 3.26 9.35 14.1
34 3.65 9.07 14.1
35 1.15 5.20 15.5
36 3.47 10.90 13.7
37 3.39 8.33 14.3

35

Substrate Binding by X-ray Crystallography and NMR

an orientation parallel to the heme, exposing the reactive C-H
and the double bond to the iron center.

Modeling of the Solution Complex and Comparison with
Crystallographic Results—Longitudinal (R,) relaxation rates of
the assigned 'H resonances of M-IV in the presence of sub-
stoichiometric amounts of oxidized MycG can be interpreted in
terms of relative distances between the paramagnetic center
(the heme iron) and the individual protons of M-IV. There are
anumber of approximations involved in such calculations, per-
haps the most important being the assumption that the
unpaired electron spin is localized on the heme iron. Second,
the calculated paramagnetic contribution R, to the
observed relaxation rate depends upon the K, value of the
enzyme-substrate complex, so the accuracy of the calculated
distances depend in turn upon the accuracy of the K, value
used. Nevertheless, even the availability of relative distances is
valuable, as these restraints can provide evidence of the pre-
ferred orientation of the substrate when bound in the active site
of the enzyme.

Table 2 provides 'H resonance assignments, R (para) €Xtracted
from titration data and calculated distances from the heme iron
that were used as modeling restraints. Fig. 7 highlights the posi-
tions of M-IV 'H resonances that show the greatest sensitivity
to paramagnetic effects on R,. Qualitatively, 'H relaxation
patterns indicate that in the presence of excess substrate, the
preferred binding orientation of M-IV places the mycinose and
macrolide ring closer than the desosamine to the heme iron
(mycinose-in desosamine-out orientation). Also, the orien-
tation of the macrolactone places the sites of hydroxylation
(C-14) closest to the heme. Protons on the desosamine ring
were either unaffected or only modestly affected by the metal
center (see Table 2).

A comparison between the crystallographic structure PDB
code 2Y98 (green) and a structure resulting from NMR model-
ing using paramagnetic restraints (blue) is shown in Fig. 8. Fig.
8A shows superimposition of the backbones of both structures,
whereas Fig. 8B highlights differences in the position of M-IV in
the two structures. The paramagnetic restraint model was
found to have no violations of distance restraints and provides a
plausible model for the solution complex that rationalizes the
observed pattern of paramagnetic effects on M-IV. The deeper
penetration of M-IV into the active site required a number of
secondary structural features to be displaced (Fig. 84). The
largest displacements are to residues in the B helix and B-C loop

B C-14 hydroxylation site

macrolactone

~ desosamine

C12-C13 epoxidation site

FIGURE 7. Structural distribution of maximum contributions of paramagnetism to R, relaxation in M-IV. A, proton numbering scheme. Proton numbers
refer to the carbon atoms to which the proton is bound. B, protons (dark red) that are affected so as to yield calculated restraint distances <14 A from the heme

iron are highlighted with dotted dark red spheres.
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A

B3-sheet
(285-307)

BC-loop (72-86)

FIGURE 8. X-ray structure compared with the relaxation-derived NMR
model. A, superposition of crystallographic structure 2Y98 (in green) with the
NMR model (in blue) that shows no violations of relaxation-based distance
restraints. The largest differences are seen in the B helix, the 83-sheet (includ-
ing residues 284 -286), and the B-C and F-G loops. Heme is in light pink sticks;
M-IV is in magenta light lines. B, expansion of superposition displayed in
Ashowing repositioning of the M-IV NMR model (green, heavy lines) relative to
the x-ray structure (magenta light lines). Also shown are the positions of Phe-
286 side chains, the B-C loop (residues 72-86), and the heme (magenta light
lines). Distances shown (8.9 A in 2Y98 and 6.8 A in NMR model) are from the
hemeiron atom to C-14, the site of hydroxylation on M-IV. This corresponds to
a distance of 6.25 A in 2Y89 and 4.15 A in the NMR model between the distal
iron ligand water oxygen (not shown) and the abstracted hydrogen at C-14.
See text for further details.

(residues 63—88) and the F-G loop (residues 169-176), the
most inherently flexible P450 regions, with smaller displace-
ments of the F and G helices capping the active site and the 83
sheet. These displacements enlarge the active site sufficiently so
that mycinose moves laterally in the active site toward the B-C
loop, away from the buried cavity gated by Phe-286. This serves
to draw the macrolactone ring (including the C-14 proton) con-
siderably closer to the heme iron in the solution model com-
pared with the crystallographic structure.

DISCUSSION

Specificity in P450 catalysis is dictated by the local chemical
environment of the enzyme active site, which results in precise
positioning of the substrate with respect to the iron catalytic
center. Within bonding distances of the activated oxygen spe-
cies, steric and stereoelectronic factors, rather than chemical
reactivity of the reaction sites, determine regio- and stereo-
selectivity of the oxidative reactions (49, 54, 55). To determine
whether the MycG substrates consecutively bind in two dis-
crete positions while progressing through the hydroxylation/
epoxidation cascade, the binding modes of M-IV and M-V and
their biosynthetic precursor M-1II were extensively explored in
this study using the x-ray and NMR techniques. A complex
recognition pattern has emerged from this analysis.

The orthogonal mycinose-in desosamine-out substrate-
binding mode consistently observed in multiple co-structures
reported in this work could represent a preliminary step en
route to a catalytically productive orientation. In favor of this
hypothesis is the large void volume in the active site, the con-
formational ambiguity of the Thr-284 —Ala-285 fragment and
the patches of scattered electron density that suggest the pos-
sibility of alternative substrate-binding modes. Toward this
end, the binding behavior of the biosynthetic precursor M-III
demonstrates a very different desosamine-in javose-out orien-
tation that is parallel to the heme co-factor. Finally, the NMR
relaxation data indicate that in solution M-IV may penetrate
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the active site sufficiently to place the abstracted hydrogen
atom at C-14 within 6 A of the heme iron. However, the para-
magnetic relaxation model did not reveal the basis for epoxida-
tion across the C12—C13 double bond.

As evidenced by the MycG-M-III structures, javose is less
preferable than mycinose as an initial recognition marker. The
unproductive desosamine-in javose-out orientation of M-III
likely results from the failure of javose to establish effective
interactions with the heme. For substrate to reach a catalytically
productive mode, mycinose instead of desosamine should lead
the way, which is consistent both with the x-ray structures and
the relaxation behavior of M-IV substrate in solution. This is
in turn consistent with desosamine being predominantly distal
to the heme iron in the M-IV complex.

Rapid binding of substrate in the surface-exposed recogni-
tion site apparently is followed by its translocation to the cata-
lytically competent orientation. Attainment of the latter state is
likely coupled with conformational fluctuations of the Thr-
284 —Phe-286 region, which demonstrates conformational
ambiguity across the structures and may depend on Phe-286
due to its central location and slower rate of fluctuation com-
pared with adjacent Thr-284 —Ala-285. Behavior of the Phe-286
mutants indicates that neither additional space in the active site
introduced by the Phe-286 substitutions to leucine, valine, or
alanine nor protein flexibility gained in F286G mutant facili-
tated M-IV relocation deeper in the catalytic pocket.

By contrast, mycinose in M-V has swung toward Val-286 in
the F286V mutant, in the direction opposite to the one pre-
dicted by the proton relaxation NMR model (Fig. 6D). This
suggests the possibility of translocation to the void space of the
buried cavity. Thus, opening access to the buried space might
be a necessary but not sufficient step en route to the epoxida-
tion-compatible binding mode that would place the double
bond parallel with respect to the heme iron. The possibility of
substrate relocation in two different directions assumed by the
NMR model and by the co-structure of the F286V mutant
might provide a plausible explanation for both catalytic func-
tions of MycG.

Interestingly, work in our laboratories has recently shown
that removal of substrate from CYP101A1 results in a signifi-
cant inward displacement of the 33 sheet, which is structurally
homologous to the Phe-286 region in MycG (56). The current
modeling results suggest that the same region is displaced out
of the active site to accommodate the substrate in an orienta-
tion conducive to the observed chemistry. However, it is likely
that further reorganization, perhaps driven by the binding of a
redox partner as is the case with CYP101A1 (57), is required to
reach the catalytically competent conformation of the enzyme.
Change in the heme redox state may be another plausible factor
gating access to a catalytically productive orientation.

Based on the combined efforts of crystallography and the
paramagnetic NMR relaxation data described in this report,
the hypothesis of sequential translocation of the substrate mol-
ecule from the recognition site to the catalytic site has emerged.
We interpret this translocation as a synergism between confor-
mational changes of MycG and limited flexibility of the sub-
strate molecule. Mycinose rotation around the bond connect-
ing it to the macrolactone appears significant for sampling
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conformations that eventually would enable the substrate mol-
ecule to translocate to the catalytic site. Transition of the sugar
moiety between the transient and catalytic binding pockets
resembles in principle the mechanism previously observed for
PikC substrates (47). In that system a single D50N mutation in
PikC releases electrostatic interactions in the transient site and
facilitates relocation of the desosamine sugar moiety to the bur-
ied catalytic pocket. This observation has found practical appli-
cation in a PikCp 5o, mutant fused to a surrogate electron trans-
porter (58), which has been developed as a highly effective C—H
bond activation catalyst for hydroxylation of diverse macrolide
and carbolide substrates with antibiotic properties (48). Based
on our knowledge of PikC, AurH, and now MycG, it would not
be surprising if a multistep progression to the catalytically pro-
ductive mode turns out to be a common feature of the bulky and
conformationally restrained substrates such as glycosylated
macrolactones. Evidence for multistep substrate binding has
also been suggested for other P450 enzymes, including drug-
metabolizing P450s from human liver, that feature large sub-
strate-binding sites (reviewed in Ref. 53). In cases where sub-
strate translocation is the limiting step, protein engineering
strategies could be applied to facilitate substrate progression to
the active site and thus enhance P450 catalysis.
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