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ABSTRACT: Baeyer—Villiger monooxygenases (BVMOs), mostly flavoproteins, were shown to be powerful
biocatalysts for synthetic organic chemistry applications and were also suggested to play key roles for the
biosyntheses of various natural products. Here we present the three-dimensional structure of MtmOIV, a 56
kDa homodimeric FAD- and NADPH-dependent monooxygenase, which catalyzes the key frame-modifying
step of the mithramycin biosynthetic pathway and currently the only BVMO proven to react with its natural
substrate via a Baeyer— Villiger reaction. MtmOI'V’s structure was determined by X-ray crystallography using
molecular replacement to a resolution of 2.9 A. MtmOIV cleaves a C—C bond, essential for the conversion of
the biologically inactive precursor, premithramycin B, into the active drug mithramycin. The MtmOIV
structure combined with substrate docking calculations and site-directed mutagenesis experiments identifies
several residues that participate in cofactor and substrate binding. Future experimentation aimed at
broadening the substrate specificity of the enzyme could facilitate the generation of chemically diverse
mithramycin analogues through combinatorial biosynthesis.

Baeyer—Villiger monooxygenases (BVMOs)' were described
and classified as a relatively new subclass of flavoprotein mono-
oxygenases (/—4). BVMOs are powerful biocatalysts for syn-
thetic organic chemistry applications (5—7), were also suggested
to play key roles in the biosyntheses of various natural products
(8—13), and are involved in prodrug activation (14, 15) as well as
in biodegradation reactions (/16—18).

Mithramycin (MTM, also known as aureolic acid, mithracin,
LA-7017, PA-144, and plicamycin) is an aureolic acid-type
polyketide anticancer antibiotic produced by the soil bacterium
Streptomyces argillaceus (ATCC 12956) and various other strep-
tomycetes. The small distinct group of aureolic acid-type antic-
ancer antibiotics includes MTM, chromomycin, olivomycin,
UCHY, and durhamycin. All of these drugs contain the same
polyketide-derived tricyclic aromatic core with a highly functio-
nalized pentyl side chain attached at C-3 but vary with respect
to their position 7 side chains and their saccharide patterns.
MTM exhibits anticancer activity by inhibiting replication and
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transcription via cross-linking of DNA strands, affecting pre-
dominantly GC-rich regions normally used by Sp promoters
(19—23). MTM has been used clinically to treat certain cancers,
such as testicular carcinoma (24), and bone diseases, such as
Paget’s disease (25), and particularly to address cancer-related
hypercalcemia (26). MTM was also recently identified as a lead
drug for a potential therapy for Huntington’s disease (27).
However, the clinical use of MTM is currently limited because
of its high toxicity, which potentially could be reduced with the
generation of new analogues. MTM consists of a polyketide-
derived tricyclic core with a highly functionalized pentyl side
chain attached at position 3 and five deoxysugars linked as
trisaccharide and disaccharide chains at positions 2 and 6,
respectively (28) (Figure 1). The MTM biosynthesis (Figure 1)
proceeds through the polyketide-derived tetracyclic premithra-
mycinone, to which five sugar moieties and one C-methyl group
at position 9 are added leading to premithramycin B (29). Then,
MtmOIV oxidatively cleaves the fourth ring via a Baeyer—
Villiger reaction, generating MTM’s characteristic tricyclic agly-
cone core and highly functionalized pentyl side chain at position
3. The Baeyer—Villiger reaction precedes lactone opening, dec-
arboxylation, and the final step of MTM biosynthesis, reduction
of the 4'-keto group catalyzed by ketoreductase MtmW (30).

The function of MtmOIV as a BVMO was proven through
studies with the isolated and overexpressed enzyme, allowing the
isolation and characterization of key reaction intermediates, such
as premithramycin B-lactone, the product mithramycin DK, and
various shunt products (317).

© 2009 American Chemical Society
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FIGURE 1: Biosynthetic pathway to mithramycin. The reaction catalyzed by BVMO MtmOIV yields premithramycin B-lactone, validating the
BV mechanism, and premithramycin B-lactone is further converted to mithramycin DK (presumably spontaneously). The ketoreductase MtmW

catalyzes the final step of mithramycin biosynthesis.

Only a few crystal structures of Baeyer— Villiger reaction-
performing enzymes are available to date, including pheny-
lacetone monooxygenase from the thermophilic bacterium
Thermobifida fusca and the oxygenating component
of 3,6-diketocamphane monooxygenase (32, 33). Various
BVMOs were described and studied, and most of these
seem to be involved in oxidative degradation pathways,
with substrates ranging from simple ketones, such as
acetone or cyclohexanone, to steroids, such as progesterone
(34, 35). However, in many cases, it remains unclear whether
the used substrates are the true natural substrates of such
BV reaction-performing enzymes, and one could argue
in several cases that the enzymes have no other choice
but to perform a BV reaction when confronted with
arelatively simple ketone substrate. In contrast, the MtmOIV
substrate premithramycin B is a highly functional and
decorated molecule and, so far, the most complex compound
to date converted by a BV reaction. Thus, MtmOIV might
be arguably the only BVMO that was investigated and
kinetically characterized with its proven natural substrate
(31, 36—38).

Combinatorial biosynthesis produces new natural product drug
analogues by recombining biosynthetic gene clusters with genes
from other pathways and has been used recently to generate new
MTM analogues, some with improved biological activities (20,
39—42). Recent efforts were directed toward the design of new
MTM analogues with altered saccharide patterns. However,
despite some success, the number of such analogues is limited,
partly due to restrictions imposed by the bottleneck enzyme
MtmOIV, as the accumulation of various premithramycins sug-
gested (41, 42).

The crystal structure of MtmOIV was expected to provide
insight into the intriguing enzymatic BV mechanism and pave
the way for altering the substrate specificity of MtmOIV
necessary for the generation of further mithramycin analogues.
In its current state, MtmOIV appears to tolerate only some
changes to the substrate, and compounds with a drastically
altered, complete saccharide pattern cannot be converted
and remain biologically inactive premithramycins. We hypothe-
sized that if the binding properties of substrate premithramycin B
in MtmOIV’s active site were better understood, it would
be feasible to engineer selected changes to residues involved
in substrate binding, potentially leading to an enzyme with
altered substrate specificity useful for the generation of
further new bioactive analogues of MTM. To this end, we
report here the crystal structure of MtmOIV, its putative sub-
strate binding cavity, and residues likely involved in substrate
binding.

On the basis of function and sequence similarity, MtmOIV was
previously characterized as a member of the GR, subfamily
of FAD-dependent enzymes (37, 43). Recent additions to this
family include PgaE and CabE, hydroxylases involved in
angucycline biosynthesis pathways that have a high degree of
sequence similarity (>45%) to MtmOIV. The crystal structures
of PgaE and CabE were recently reported (44), and given
the high level of sequence conservation, we were able to
use these structures as models for molecular replacement.
Previously, we reported the overexpression, crystallization, and
preliminary structure determination of MtmOIV (37). Here, we
present the refined 2.9 A crystal structure of MtmOIV
enabling characterization of the FAD binding site and
identification of the putative substrate binding pocket. Mutations
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to residues thought to be involved in FAD binding reduced
the activity of the enzyme, as expected. Furthermore, cocry-
stallization and docking experiments with substrate premithra-
mycin B provide some preliminary insight into the substrate
binding, for which further evidence was gathered from selected
mutations.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization.
The cloning, overexpression, purification, crystallization, and
initial data collection have previously been reported (37). Briefly,
the mtmOIV coding sequence (1.5 kb) was amplified and sub-
cloned into pRSETb and expressed with an N-terminal Hisg
fusion tag for purification. This construct was then transformed
into BL21(DE3)pLysS cells. A 1 L culture of NZCYM medium
(Fisher) supplemented with 1 mM ampicillin and 1 mM chlor-
amphenicol was grown at 37 °C until the ODg reached 0.5—0.7,
and then IPTG was added to a final concentration of 1 mM and
the culture grown at 20 °C for an additional 12 h, which led to a
higher protein yield of 14 mg/L of culture. Protein concentrations
were determined by a Bradford assay (Sigma) for crystallization
studies and a BCA assay (Pierce) for kinetic studies. Usinga 1 mL
well solution volume and drops consisting of 1 uL of protein
and 1 uL of well solution, crystallization of MtmOIV was
accomplished at room temperature using the hanging drop
vaporization method with protein at 8§ mg/mL and a well
solution consisting of 0.1 M Na-HEPES (pH 7.5), 10% (v/w)
PEG 8000, and 8% (v/v) ethylene glycol. The best crystals
typically grew within 3—5 days, were harvested directly from
the crystallization drop, and then were plunged into liquid
nitrogen for storage until data collection. Cocrystallization was
performed by preincubation of protein with premithramycin B
(2:1 molar ratio with protein) for at least 1 h before crystallization
trays were set.

Data Collection and Structure Determination. Crystals
were initially screened using an in-house X-ray source (Rigaku
Cu rotating anode X-ray generator, R-AXIS 4+ + detector,
CrystalClear software) with final data collected on the SER-
CAT (ID-22) beamline at the Advanced Photon Source of the
Argonne National Laboratory. The data were processed using
HKL2000 (45) to space group C2 with the following cell
dimensions: @ = 14527 A, b = 11444 A, ¢ = 138.56 A,
a = 90.00° § = 103.03°, and y = 90.00°. Initial cell content
analysis using CCP4 (46) suggested four molecules per ASU
with a solvent content of 51% (37). However, we observed only
three molecules in the ASU, yielding a relatively high solvent
content of 64%. Initial phases were determined by mole-
cular replacement with PHASER within CCP4 (46) using
PgaE (PDB entry 2QA1) as a search model where ClustalW
(47) was used to create a sequence alignment between
MtmOIV and PgaE which was then input into Chainsaw/
CCP4 (48) to create an initial model. Model building was
performed using PHENIX (49), and subsequent rebuilding
and refinement, as well as water assignments, were perfo-
rmed using COOT(50), CNS (57), and PHENIX (49) with
restrained NCS averaging and TLS refinement. The final
structure of MtmOIV was refined to 2.9 A resolution with
final R and Ry values of 0.24 and 0.29, respectively, with 494
of 533 residues. The N-terminal Hisq tag was not observed
within the crystal structure and assumed to be disordered since
it was not removed during purification. The final structure was
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analyzed using Molprobity (52), and figures were created using
PyMOL (53). rmsd analysis was performed using STRAP (54).

MtmOIV Mutagenesis. The putative FAD binding site
mutants FI80A and F272A were prepared and analyzed
(Table 2). Due to high GC content (>80%), the Stratagene
QuikChange kit was utilized with primers designed for site
saturation (55) with a slow down PCR technique incorporated
in the design of the temperature cycles (56). The mutagenesis
primers used for F180A were (forward) 5'-GAT CGG GCT CCC-
GGC ACC GAG GCC ACC GTC CGC GCC-3 and (reverse)
5-GGT GCC GGG AGC CCG ATC CGA GGC CAG CCG-
CCA CAC-3 and for F272A were (forward) 5-TCC CGG GCA-
GGA GAC GCG AGC CGC CAG GCG AAG CGC TAC¥
and (reverse) 5-CGC GTC TCC TGC CGC GGA GAG CCA-
CGA CAC CGA TTC-3'. Substrate binding site mutants and
R52A were prepared with the Stratagene QuikChangeXL kit
following the standard protocol. Mutagenesis primers used for
F89A were (forward) 5'-C TTC GCC GGG ATC GCC ACC-
CAG GGC CTG-3 and (reverse) 5-CAG GCC CTG GGT-
GGC GAT CCC GGC GAA G-3, for L107A were (forward)
5'-C CCG TAC ACG GGC GCG GTG CCG CAG TCG-3 and
(reverse) ¥-CGA CTG CGG CAC CGC GCC CGT GTA CGG-
G-3, for R204A were (forward) 5'-GAG GTG CCG CGC GCC-
TGG GAG CGC AC-3 and (reverse) 5-GT GCG CTC CCA-
GGC GCG CGG CAC CTC-3, and for R52A were (forward)
5'-C GGC CAC GAC GCG GCG GGG GCC-3 and (reverse) 5'-
GGC CCC CGC CGC GTC GTG GCC G-3.

FAD Content. Each protein preparation of wild-type and
mutant MtmOIV enzymes contained noncovalently bound FAD
molecules demonstrated by the bright to faint yellow color of the
preparations following purification. The concentration of FAD
was determined using a Shimadzu UV-1800 spectrophotometer.
Initially, approximately 100 ug of protein (100 L) was diluted
1:3in 20 mM potassium phosphate (pH 8.25), and 25 uL of 50%
trichloroacetic acid (TCA, Fisher) was added to bring the final
concentration of the solution to 3% TCA. The protein was
precipitated on ice for 30 min and spun at 10000g for 5 min.
The supernatant was removed, and its absorbance was measured.
The FAD content was determined by absorbance at 450 nm
(6450 = 11300 M~ em ™).

Kinetic Analysis of MtmOIV. A kinetic assay has been
previously reported (3/). Briefly, we monitored the conversion
(pH 8.25, 30 °C, 10 min) of premithramycin B by MtmOIV in a
continuous assay measuring the oxidation of NADPH at 340 nm
(8340 = 6220 M !'em™) in the presence of FAD and O, (0.25
mM NADPH/NADH; 0.1 mM FAD added; open cuvette). The
reactions were initiated by addition of 1 uM wild type or mutant
MtmOIV. Kinetic parameters were determined by fitting with
Kaleidagraph 4.0 (Synergy).

Uncoupling Assays. To estimate reaction uncoupling, pro-
duction of hydrogen peroxide was measured. At the termination
of a 10 min kinetic reaction (1 uM enzyme, 102 uM substrate,
250 uM NADPH, 100 uM FAD, open cuvette), a 100 uL sample
was withdrawn and used in the following assay. Briefly, 700 4L of
5 mM 4-aminoantipyrene, 10 mM vanillic acid, and 40 units/mL
horseradish peroxidase in 0.2 M sodium chloride and 0.2 M
MOPS (pH 7.5) was combined with 100 uL of enzyme reaction
mixture. In this assay, horseradish peroxidase uses hydrogen
peroxide to oxidize 4-aminoantipyrene, creating a product that
condenses with vanillic acid to produce a red quinone imine dye.
The dye has a broad absorbance spectrum peaking at ~490 nm.
A 30% (w/w) H,O, stock (Mallinckrodt) was used to create a
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FIGURE 2: (A) Overall structure of MtmOIV. The FAD binding domain is colored gold, the middle domain blue, and the C-terminal domain green.
The FAD cofactor is shown as spheres. The Rossman-type fold and the substrate/cofactor binding cavity are indicated accordingly. (B) View of
FAD binding with FAD shown in stick format and simulated annealing omit |F, — F,| electron density (3.50) for FAD in green mesh. The FAD
binding domain is colored gold and the middle domain blue. (C) Superposition of the crystal structures of MtmOIV (gold) and PgaE (green). The
FAD cofactor is shown as spheres. (D) FAD binding with involved residues and distances. This figure was created using LIGPLOT (62).

standard curve from 0 to 1 mM, and the absorbance at 490 nm
was measured to determine the hydrogen peroxide content in
reaction samples (57, 58).

Premithramycin B Docking Experiments. The structure
of premithramycin B was created using the PRODRG2
Server (59, 60), and docking experiments were performed using
AutoDock 4 (67) and an Autogrid starting location based on
difference density observed in a low-resolution cocrystal struc-
ture from a MtmOIV—premithramycin B cocrystallization at-
tempt (data not shown).

RESULTS

Overall Structure. MtmOIV crystallized in space group C2.
The structure was refined to a resolution of 2.9 A with three
molecules in the asymmetric unit. The final structure contains
residues 14—508 of 533 total residues for MtmOIV, including the
FAD cofactor (Figure 2A). The FAD cofactor was found
noncovalently bound in the crystal structure (Figure 2B). Ad-
ditionally, the N-terminal Hisq tag used for purification and the
last 25 residues of the C-terminus were found to be disordered,
and not present. Approximately 15% of the side chains were not
visible in the electron density maps and were therefore left out of
the final structure. This observation is likely attributed to both
the high solvent content of the crystals (64%) and the low

resolution of the crystal structure. There is an absent loop along
residues 218—226 in the MtmOIV structure which corresponds to
a previously reported disordered surface loop in PgaE, likely
attributed to mobility and shown to be involved in the association
with NADPH (44), which also is a cofactor of MtmOIV.

As expected, on the basis of a high level of sequence identity
(~43%), the structure of MtmOIV is very similar to the structure
of PgaE with an rmsd of 2.38 A for 463 aligned residues
(Figure 2C). In total, 98.3% of the MtmOIV residues were in
the Ramachandran allowed regions with 78% in the most favored
regions. Final data collection and refinement statistics are sum-
marized in Table 1. Figure 2A shows that MtmOIV contains
three domains: the FAD binding domain (residues 14—183 and
276—394), the middle domain (residues 184—275), and the
C-terminal domain (residues 395—508). The FAD binding domain
contains two Rossman-like fof folds (G19—G24 and G162—
G167) and forms the central hub of the enzyme’s structure.

Within MtmOIV, FAD can potentially adopt one of two
structural conformations (IN or OUT) on the basis of the solvent
accessibility of the moiety and its orientation toward the putative
substrate binding pocket. In contrast to the current literature, the
FAD cofactor appears to be stabilized in the IN conformation.
Thirteen direct hydrogen bonds could be identified within the
binding pocket stabilizing the FAD moiety and promoting



4480  Biochemistry, Vol. 48, No. 21, 2009

Table 1: MtmOIV Data Collection and Refinement Summary

space group 2
no. of molecules per asymmetric unit 3
2 (A) 1.0
Matthew’s coefficient 391
solvent content (%) 68.34
a(A) 145.24
b (A) 114.48
c(A) 138.61
o (deg) 90.00
p (deg) 103.03
y (deg) 90.00
resolution (A)“ 2.9-30(2.9-3.0)
completeness (%)* 96.3 (91.7)
redundancy” 3.5(2.5)
Rygm™® 6.8 (46.1)
Ijo" 22.4(2.1)
R/ Rpyee” 0.24/0.29
no. of unique reflections 47403
Wilson B-factor (/QXZ) 79.08
average B-factor (A?) 92.3
rmsd for bond lengths (A) 0.005
rmsd for bond angles (deg) 0.908
no. of water molecules 6
Ramachandran plot
most favored region (%) 78.0
additionally allowed region (%) 17.3
generously allowed region (%) 3.0
disallowed region (%) 1.7
PDB entry 3JFMW

“Statistics in the last resolution shell shown in parentheses. 4 Rym =
Skt it = Tne) )/ 3wt Inies, Where (I is the average intensity for a set of
j symmetry-related reflections and () is the value of the intensity for a
single reflection within a set of symmetry-related reflections. © R-factor =
S| Fol = [Fel)/> milFol, where F, is the observed structure factor
amplitude and F, is the calculated structure factor amplitude. 4 Rivee =
St (1 Fol = [Fel[)/> nirtlFols where a test set, T (5% of the data), has been
omitted from the refinement.

solvent inaccessibility to the FAD molecule (Figure 2B,D). R52A
is involved in a hydrophobic interaction and a hydrogen bond
interaction (3.07 A) with the isoalloxazine ring of FAD. These
interactions place R52 in a reasonable position to perform its
chemistry. With RebC, it was recently demonstrated that FAD
adopts an IN conformation when substrate is bound or FAD is
reduced and remains in an OUT conformation in substrate-free
and nonreduced FAD states (63). Although a secondary structure
of MtmOIV in the substrate-bound state is needed to confirm the
orientation of FAD, from this single-state structure, FAD appears
to be in the IN conformation.

In the structural alignment, the elements are numbered the
same as PgaE for reference (Figure 3). MtmOIV is a known dimer
(Figure 4) in solution (37), and the dimer interface can be
observed within the crystal structure, stretching along both the
FAD binding domain (involving residues R345, 1.348, N349,
R351, A352, L354, A355, L356, R358, D360, E361, Q362, H363,
T304, P366, L367, F370, E373, L374, T377, E379, Y383, F384,
and M387) and the middle domain (involving residues T183,
E184, T186, V187, T232, and D274). Using the PISA Server (64),
the buried surface area between the dimers was calculated to be
~1200 A%, which is ~5.7% of total surface area for each
monomer.

Cofactor Binding. To further probe the FAD binding site,
interactions with residues F180 and F272 were tested by mutation
of these residues to alanine. Both phenylalanine residues seem to
be involved only in more or less distant hydrophobic and/or steric
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interactions with the aromatic rings of FAD. F272 appears to
interact with the isoalloxazine moiety of FAD and F180 rather
distantly with FAD’s adenine moiety. Thus, both mutations were
designed to decrease the level of FAD binding, but not to
completely inactivate the enzyme (Figure 5A). Unfortunately,
FAD binding was not maintained with these mutations, activity
almost completely lost, and turnover so limited that kinetic and
catalytic parameters were not able to be determined within the
substrate concentration range tested, up to 200 uM (Table 2).
Kinetic activity was compared to that of the native enzyme by
monitoring the oxidation of the NADPH cofactor in the presence
of FAD and O,.

Substrate Binding. The substrate binding site for MtmOIV
was partially identified by a low-resolution (3.6 A) crystal
structure from an MtmOIV—premithramycin B cocrystallization
experiment (data not shown). While difference density, presum-
ably for premithramycin B, was observed in the cocrystal
structure when compared to the native structure, the density
was poor and not large enough to accommodate the entire ligand,
possibly due to disorder in the structure of the compound, the low
resolution of the crystal structure, and/or the low occupancy in
the crystal structure (Figure 6). Since we could not determine the
interactions between MtmOIV and premithramycin B directly
from the crystal structure, we used the partial information
gathered from the difference density in the cocrystal structure,
along with what is already known about FAD-dependent
enzymes, to estimate a starting location for modeling premithra-
mycin B into the MtmOIV crystal structure using Autodock
4 (61). An Autogrid template was centered along the region of
observed difference density in our crystal structure, and the
cluster of conformations with the lowest docking energy was
analyzed to determine the best docking solution.

The estimated free energy of binding for premithramycin B
was —3.57 kcal/mol, which is within acceptable limits (65). Other
Autodock model data statistics were as follows: estimated K; =
2.41 mM, final intermolecular energy = —6.04 kcal/mol, vdW +
H-bond + desolvation energy = —5.88 kcal/mol, electrostatic
energy = —0.17 kcal/mol, final total internal energy = —6.24
kcal/mol, torsional free energy = +5.76 kcal/mol, and unbound
system’s energy = —2.95 kcal/mol. The modeled substrate sits in
the putative active site cleft (Figures 5B and 7A) and suggests an
~5.3 A distance between C1 of premithramycin B and C4a of
FAD, to which the hydroperoxy group is known to be bound
(Figures 2A and 7B). This distance agrees well with reports of
other FAD-dependent enzymes, the distance typically ranging
between 4.5 and 5.5 A (66). It is known that the FAD cofactor is
essential for the enzyme function within the GR, subclass (43) of
FAD-dependent enzymes and that FAD’s role is to transfer an
oxygen molecule from O, to the premithramycin B, subsequently
releasing H,O (36). Therefore, the FAD binding site must be in
the proximity of the enzyme’s active site for the oxygen transfer,
which is consistent with the observations of our modeling studies.

To gather supporting evidence for the suggested substrate
binding site, we generated mutants F89A, L107A, and R204A.
Figure 5B shows these three residues are possibly involved in
substrate binding through interactions with the tetracyclic agly-
cone (L107) and the mycarose moiety (sugar E) of the trisacchar-
ide chain (F89 and R204), respectively, of premithramycin B. The
latter two of these three selected residues seem distant from the
FAD binding site, and although an effect on FAD binding is
possible, the mutations should more directly affect substrate
binding.



Biochemistry, Vol. 48, No. 21, 2009 4481
Sé H2
cabE m\.HHEHHHHEsuAs I -. PORT GLGFT
PgaB  ---------- VERT GLGFT
MTMOIV mmsrmmu 'r'r VEPY GRLHI

Article

81 H1 32

Locissas

LEGAHYEVERA
LEGAWORART
TRHPYTGL

cabB Tz GP?BTETQ RE ===
Pgal I n wnvs:rsm P---
MTHOIV mevu LP FTQ

SB ....’b

cabB
Pgag

cabE
Pgag
MTMOIV

CabE
Pgal
MTMOIV

cabRi
Pgak

CabB V \IR!D
FPgakg \IQII
MTHMOIV QHT GTD

—}

1
- HT

nn
DDH
MTMOIV EIP S PY G
5” ﬁ
R BLAD I ITPRPI LGDEWDR-IIVCE APARRRT
LAD QFEMI LPG TR=IIVCE TPPFQORRE
h REVPRH G?G“SSSS HSPEADE

Illlllllllllllllllllllll
napaa FLSG
s FLSG
MTMOIV MRPD

-2>

Cabg nmml:rs DD 3 TASLH APPQGPLSDAR
Pgal RETS - o DNPRL TAVPG VEATSGLROTT
MTHOIV !! EPVPV I ! EL'I‘RF nlgn:rvzpp-,—uunq

52?

ﬂﬁ—

CabB “ V] ISP--GSRA

PgaB WV h F--G5H

MTHOIV Vi SPA-AID S PPJLNRBPVGHQEREGRRGRPLSJ\LKPB
530

481......49

............

----------------------

FIGURE 3: Sequence alignment of MtmOIV, PgaE, and CabE. Green shading indicates residues that are completely conserved, yellow residues
that are partially conserved, and cyan residues that are similar. Secondary o-helix structures are labeled as orange blocks above the residues and
[-sheets with purple arrows. Structural labels have the same numbering as the PgaE structure (44).

Steady State Kinetics. Enzymatic turnover was correlated
with the consumption of NADPH and calculated by measuring
the decrease in absorption at 340 nm (349 = 6220 M~' ecm™).
Kinetic parameters were determined for each of the enzymes.
The K, for wild-type MtmOIV was similar to previous reports
of 31 uM (31, 36). In contrast, the V., (966 nmol min ! mgfl)
of MtmOIV was significantly increased and is attributed to
higher concentrations of NADPH in the assay, 0.25 mM
compared with 0.1 mM. Kinetic analysis of the FAD
and substrate binding site mutants confirms an important
dependency on FAD binding. Of the six mutant enzymes,
three (L107A, F180A, and F272A) were extremely deficient
in FAD binding with undetectable levels of FAD as measured
by absorbance at 450 nm. The FAD deficiency translated
into enzymatic inefficiency. Each of these enzymes had impaired
kinetics with  NADPH consumption curves lacking any
initial fast phase. Even at substrate concentrations 3-fold greater

than K, (102 uM premithramycin B), these three enzymes
exhibited marginally detectable activity.

Two substrate binding site mutants (F89A and R204A) and a
mutant (R52A) aimed at destabilizing an intermediate of the
BVMO reaction mechanism maintained varying amounts of
FAD binding (Table 2). From the purification experiments, it
seems that wild-type MtmOIV binds approximately one FAD
cofactor per two enzyme monomers, F89A has similar FAD
content, and R204A binds approximately half the FAD of the
wild type and F89A. R52A has 8-fold lower FAD content than
the wild-type enzyme and also shows the greatest reduction in
activity of the three mutants. R52A activity is reduced by > 10-
fold (comparison of k.,/K;, values between the two enzymes).
The increase in K, (R52A, 79 uM) from the wild-type value
suggests an additional consequence of the mutation aside from
FAD content reduction. Inefficiency at stabilizing a reaction
intermediate or a reduced affinity for the initial substrate could
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Ficure 4: Biological subunit of MtmOIV as a dimer, which has
~1200 A2 of buried surface area (5.7% of the total surface area for
each monomer) which is mediated along the FAD binding domain
and the middle domain.

Premith ramyciQ
(

FIGURE 5: (A) Residues F180 (green), close to the adenine moiety of
FAD, and F272 (green), close to the isoalloxazine moiety of FAD
(gray stick with N atoms colored blue, O atoms red, and P atoms
orange), were selected for mutagenesis to support the FAD binding
area in MtmOIV (gold/blue ribbon). (B) Residues L107, R204, and
F89 (all colored green) were chosen to support their involvement in
substrate (premithramycin B, gray stick, with O atoms colored red)
binding. The isoalloxazine moiety of FAD (gray stick with N atoms
colored blue, O atoms red, and P atoms orange) and the enzyme are
shown in gold/blue ribbons. The results (Table 2) show that residues
F89 and R204 possibly constrict the premithramycin B binding site,
while the L107A mutation reduces the level of substrate binding, and
also FAD binding.

explain the altered kinetics of R52A. Clearly, the mutation
negatively affects the kinetics of MtmOIV.

Both F89A and R204A mutants maintain high FAD content
compared to the other mutants, and the activity of these two
enzymes is increased from the wild-type value, with ke, /K,
values of 47 and 41 s' mM™', respectively, compared to

Beam et al.

355 ' mM™! for the wild type. Each enzyme accomplishes this
increase through a distinct mechanism. While F89A has a K,
comparable to that of the wild type and a significantly increased
kear value, R204A has a comparable k., but a decreased K,
effectively heightening the activity of each mutant with respect to
that of the wild type.

In addition to NADPH, NADH is also a functional coenzyme
in the MtmOIV reaction mechanism; however, the exact kinetic
parameters have not yet been defined (36). Within error, we
found a similar K, in the presence of 0.25 mM NADH, but k.,
was decreased, limiting the k.,/ K, value to ~70% of that of the
wild-type enzyme with NADPH as the cofactor.

DISCUSSION

The structure of BVMO MtmOIV has been determined,
revealing many similarities with other characterized FAD-de-
pendent enzymes. The structure contains an FAD molecule
noncovalently bound adjacent to a large substrate binding cavity
which is able to perfectly accommodate the substrate premithra-
mycin B. Bordering this cavity is MtmOIV’s active site, including
the flavin ring of the FAD cofactor, which is required for
catalysis.

MtmOIV does have a novel structure for a BVMO compared
to the only so far published structures of BVMOs, namely,
phenylacetone monooxygenase (PAMO) from the thermophilic
bacterium 7. fusca (PDB entry 1W4X) (33, 67) and 3,6-diketo-
camphane monooxygenase from Pseudomonas putida (by com-
parison with the shown structure, which is not deposited in the
PDB) (32). PAMO has significant differences compared to
MtmOIV with an rmsd of 5.78 A for only 282 aligned residues.
The differences may be explained by the enzyme substrates which
are vastly different in size, although the native functionality
of phenylacetone monooxygenase in 7. fusca is unknown.
However, there are also similarities regarding the active site.
Most importantly, MtmOIV possesses, like PAMO, an arginine
residue (Arg-52) that is located above the flavin ring (Figure 8A),
suited to stabilize both the negatively charged peroxyflavin and
Criegee intermediates involved in the BV reaction mechanism (/,
2, 33). However, while the corresponding R337 of PAMO is
located on the re side of the flavin ring (33), R52 of MtmOIV lies
on the si side (Figure 8A).

Nevertheless, the overall mechanism of the initial MtmOIV
reaction (for the likely sequence of events, see Figure 8B) should
be similar as described for PAMO (33), and R52 should play a
similar important role for MtmOIV as R337 for PAMO. Thus,
R52 mutagenesis was expected to significantly decrease the rate
of enzyme turnover by interfering with crucial interactions
between the enzyme and reaction intermediates. Indeed, mutant
enzyme R52A’s efficiency [13% of that of the native enzyme (see
Table 2)] decreased significantly but did not render the enzyme
inactive, possibly indicating a compensatory mechanism of
intermediate stabilization. In contrast, the analyzed R337A and
R337K mutants of PAMO, while still able to form and stabilize
the C-4a-peroxyflavin intermediate, were unable to convert the
substrate phenylacetone (67). However, since we monitored the
oxidation of NADPH, the activity of the R52A mutant found
remaining might also point to a biosynthetic shunt pathway,
through which NADPH is oxidized, e.g., an NADPH-triggered
reduction of premithramycin B. We are hopeful future studies on
MtmOIV will clarify some of these mechanistic questions.

MtmOIV and PgaE are highly similar both in sequence and in
structure, as seen in Figures 2C and 3. However, the reactions they
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Table 2: Comparison of Activity of MtmOIV, Substrate Binding Site Mutants F89A, L107A, and R204A (blue), and FAD Binding Site Mutants F180A,
F272A, and R52A (red) versus That of the Wild-Type Enzyme (WT) Using NADPH (preferred) or NADH (less preferred) as a Cofactor

FAD mole ratio uncoupling ratio (102 uM PreB,

K., (uM) for PreB keat 571 keat/ K s~ mM ™Y (mol of MtmOIV/mol of FAD) 10 min) (mol of product/mol of H,0,)

NADPH

WT 31+£10 1.10£0.11 35 0.56 15

F89A 27+9 1.2740.11 47 0.42 >80

LI107A - - - <0.01 -

R204A 18+3 0.73+0.02 41 0.24 >300

R52A 79+ 10 0.21£0.01 2.7 0.07 >50

F180A - - - <0.01 -

F272A - - - <0.01 -
NADH

WT 38+18 0.97+0.14 26 0.56 -

FIGURE 6: Stereoimage of the premithramycin B (gray stick) binding pocket with FAD (gray stick), based on the found density from
premithramycin B=MtmOIV cocrystallization and initial Autodock computational studies, prior to refinement (for the Autodock-refined
results, see Figures 5B and 7) . MtmOIV is shown as a gold (FAD binding domain) and blue (middle domain) ribbon.

b;emitﬁ;gmycin B

FIGURE 7: (A) Premithramycin B (green stick) binding pocket with FAD (gray stick). MtmOIV is shown in transparent gray surface
representation. (B) The dotted line represents the measured distance of 5.30 A from C4a of the flavin ring of FAD to C1 of premithramycin B.

catalyze are fundamentally different, although both are post-
polyketide synthase tailoring enzymes. PgaE is an aromatic
hydroxylase isolated from a cryptic gene cluster from Strepto-
myces sp. PGA64 involved in angucycline biosynthesis,
catalyzing the C12 hydroxylation of UWMG6 as an early post-
PKS tailoring step toward gaudimycin C (Figure 9) (68), which is

mechanistically an electrophilic aromatic substitution reaction,
while MtmOIV is a Baeyer—Villiger monooxygenase involved in
the biosynthesis of the aureolic acid class anticancer agent
mithramycin, which initiates its reaction sequence through
a nucleophilic attack of one of the four keto functions of
premithramycin B (Figures 1 and 8B) (31, 38).
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FIGURE 8: (A) View of the catalytically important arginine 52 (R52, green stick, N in blue, O in red) residue of MtmOIV above the flavin ring of
FAD (gray stick, Nin blue, O in red, P in orange). The measured distance (dotted line) between the N atoms of the guanidine residue of R52 and
the flavin ring surface is ~6.2 A in the shown conformation. The remainder of the enzyme (ribbon) is depicted in green. (B) Suggested Baeyer—
Villiger reaction mechanism of the MtmOIV reaction, involving the peroxyflavin and Criegee intermediates. R denotes deoxysugar chains.

FIGURE 9: PgaE reaction. PgaE is an early acting hydroxylase in the
biosynthesis of angucylinone gaudimycin C, catalyzing the 12-hydro-
xylation of UWMG6 (left) to 12-hydroxy-UWMG6 (right).

The reactions between the two enzymes do share the oxidative/
reductive property provided by the cofactors FAD and NADPH,
but the primary reaction is different. Like PgaE, MtmOIV
belongs to the p-hydroxybenzoate hydroxylase (PHBH) fold
family as well as the GR; subclass of FAD-dependent enzymes,
which previously contained no characterized BVMO (43, 69).
Both PgaE and MtmOIV process bulky tetracyclic polyketide-
derived substrates in their active site, in contrast to phenylacetone
monooxygenase (PAMO) that acts on a relatively small sub-
strate (33); however, the MtmOIV substrate is much more
complex, because it is highly decorated with deoxysugars, while
the PgaFE substrate lacks any sugar moiety.

The structure of MtmOIV presented here can now be used to
guide mutations that can allow different substrates to access the
active site cavity and to be converted potentially into additional
active anticancer drug compounds. The generation of analogues
MTM SK (40), MTM SDK (20), and demycarosyl-3D-$-n-
digitoxosyl-MTM (41) (Figure 10), which all possess increased

efficacy in some aspects compared to MTM, shows that an
improvement of the biological activity of the natural product
MTM is realistic.

While MTM SK and MTM SDK differ from MTM with
respect to their three-side chain, demycarosyl-3D-f-p-digitoxo-
syl-MTM is an example in which an improvement was achieved
through modification of the saccharide pattern, a strategy we
want to further exploit but is currently hampered by substrate
specificity restrictions of MtmOIV. Demycarosyl-3D-3-p-digi-
toxosyl-MTM was one of only three fully glycosylated MTM
analogues with modified sugar moieties that could be generated
through combinatorial biosynthesis involving the native
MtmOIV. However, it differs from MTM only with respect to
the E-sugar moiety, which is p-digitoxose instead of p-mycarose;
Le., it lacks only the 3E-CHj residue (Figure 10).

We hoped that the MtmOIV structure would provide clues
about how to reengineer the enzyme to accommodate and
process premithramycin B analogues with significantly different
saccharide patterns, particularly with modified E-sugar moieties,
because this terminal sugar of the trisaccharide chain plays a
crucial role in MTM'’s interaction with the DNA (70, 71). The
L107A mutant shows that a residue seemingly involved in the
binding of the disaccharide chain of the substrate, Leu-107, seems
to be crucial in anchoring both the substrate and FAD in the
active site, and its mutation to alanine led to loss of FAD binding
and loss of activity (Table 2). Interestingly, the here described
F8A and R204A mutants showed significantly increased
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CHj; CHj HsCO O

HO [e] (0]

F1GURE 10: Chemical structures of mithramycin (MTM) analogues mithramycin SK (MTM SK) (40), mithramycin SDK (MtmSDK) (20), and
3D-demycarosyl-3D-digitoxosyl-mithramycin (Demyc-Dig-MTM) (41), all generated by combinatorial biosynthesis, which have increased
efficacy compared with that of MTM. The structural differences compared with MTM are highlighted in blue.

efficiency versus that of the wild-type enzyme, based on the
kea/Km values. Thus, both of these bulky residues may be
important for the stabilization of the trisaccharide chain of
substrate premithramycin B in the substrate binding pocket,
interacting particularly with sugar E of this chain. These two
mutants show that Phe-89 and Arg-204 in MtmOIV are possibly
involved in the substrate specificity of the enzyme binding pocket.
This specificity could constrict the binding pocket, designed to
house the specific substrate premithramycin B in a biological
environment where many possible substrates are present, e.g.,
premithramycin-type intermediates of the msm pathway that are
not yet completely glycosylated (29, 72). However, such specific
binding could decrease even the level of binding of the natural
substrate, and consequently, reduction of these more bulky
residues to a less space-filling alanine residue may in fact relax
the binding pocket to allow greater binding of the natural
substrate and possible binding of non-natural substrates as well.
Consequently, the in vitro kinetic assays exhibit an increased
rate of turnover due to a relaxation of the spatial limitations
of this binding region in mutants F89A and R204A. Our future
work will further focus on using the MtmOIV crystal structure
to perform systematic mutagenesis along the substrate binding
cavity.

In summary, we presented the crystal structure of MtmOIV, a
BVMO catalyzing the key step of the biosynthesis of the antic-
ancer agent mithramycin. Following a useful new classification
system (2), MtmOIV appears to be an example of an atypical class
A flavoprotein monooxygenase catalyzing a Baeyer—
Villiger oxidation. The crystal structure provides supporting
evidence for a flavin-catalyzed BV reaction involving a peroxy-
flavin intermediate for its nucleophilic attack, in contrast to
typical class A flavoprotein monooxygenases that form a reactive
hydroperoxyflavin instead and perform electrophilic attacks.
The crystal structure of the atypical BVMO MtmOIV was
determined by X-ray crystallography using molecular replace-
ment, for which we took advantage of the crystal structure data of
the structurally similar monooxygenase PgaE, a hydroxylase,
which is, considering the hydroxylation reaction it catalyzes,
a typical class A flavoprotein requiring a hydroperoxyflavin
intermediate for its electrophilic aromatic substitution
reaction (Figures 1, 8B, and 9). Given the low degree of

similarity of MtmOIV with other BVMOs (e.g., only 8%
sequence identity with PAMO) and the fact that MtmOIV lacks
the typical sequence motif of type I BVMOs and is not related to
type I BVMOs (4), MtmOIV represents a new class of BVMO.

Using the structural information and substrate modeling
results, MtmOIV mutants that support the conclusions drawn
regarding the FAD binding and also provide further evidence
regarding residues involved in the substrate binding site, which
were identified by computational substrate docking experiments,
were engineered. The MtmOIV crystal structure may assist in
combinatorial biosynthetic efforts to generate new MTM analo-
gues with drastically altered saccharide patterns, since structure-
inspired MtmOIV mutants might accommodate different
premithramycin-type substrates and convert them into new
mithramycin analogues with potentially increased activity or
decreased toxicity.
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