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ABSTRACT: Inactivation and initial interrogation of key oxygenase CmmOIV of the biosynthetic pathway of
chromomycin A3 in Streptomyces griseus ssp. griseus revealed that a completely methylated and acetylated
prechromomycin is the preferred substrate of this enzyme. This suggests that the three sugar decoration reactions,
two O-acetylations and an O-methylation, which were previously believed to occur as the final steps of
chromomycin A3 biosynthesis, indeed take place prior to the CmmOIV reaction. Upon inactivation of CmmOIV,
four new compounds accumulated; the fully decorated prechromomycin and its incompletely acetylated precursor
along with a diketoprechromomycin-type compound were fully characterized and assayed with CmmOIV.

Chromomycin A3 9 (Scheme 1) is a member of the aureolic
acid family of antitumor antibiotics that also includes mithra-
mycin (7), olivomycin, durhamycin A, UCH9, and chromo-
cyclomycin (1, 2). Aureolic acids act on Gram-positive bacteria
and inhibit the growth and multiplication of several cancer cell
lines by interacting in a Mg2þ-dependent manner with GC-rich
regions of theminor groove of DNA (3, 4). DurhamycinA is also
an inhibitor of HIV1 Tat transactivation (5). Additionally,
chromomycin and mithramycin are strong inducers of erythroid
differentiation in K562 cells and potent inhibitors of neuronal
apoptosis, making these compounds candidates for therapeutics
of hematological diseases and neurological disorders, respec-
tively (6). Chromomycin A3 and mithramycin can also inhibit
Zn2þ metalloenzymes, including alcohol dehydrogenase (ADH),
by binding at the zinc centers and disrupting the quaternary
structure of the metalloenzyme complex. This activity makes
chromomycin A3 and mithramycin potential therapeutics for
metal dyshomeostasis and neurodegenerative disorders (7).

Chromomycin A3 9 and all other aureolic acid compounds
(except chromocylomycin) contain a tricyclic chromophore with
two oligosaccharide chains attached via O-glycosidic bonds at
positions C-2 andC-6 of the aglycone as well as two aliphatic side
chains at C-3 and C-7 (Scheme 1). The aglycone is formed by

condensation of one acetyl-CoA and nine malonyl-CoA units
and belongs to the polyketide group of natural products (8-11).
In each aureolic acid compound except UCH9 and durhamycin
A, the oligosaccharides at C-2 and C-6 are di- and trisaccharide
chains, respectively, and contain unique deoxyhexose sugars for
each of the aureolic acid compounds. The disaccharide chain of
chromomycin A3 contains 4-O-acetyl-D-oliose (sugar A) and
4-O-methyl-D-oliose (sugar B), while the trisaccharide chain
contains two D-olivoses (sugars C and D) and 4-O-acetyl-L-chro-
mose B (sugar E). Four glycosyltransferase enzymes (CmmGI,
-GII, -GIII, and -GIV) encoded in the chromomycin A3 gene
cluster glycosylate the aglycone precursor premithramycinone,
starting with the buildup of the trisaccharide chain followed by
the generation of the disaccharide (10). Two tailoring enzymes
are responsible for the transfer of acetyl andmethyl groups to the
sugars, CmmA and CmmMIII, respectively (8). Both the sugars
and their acetyl groups contribute to the biological activity of
chromomycin A3 (3, 4, 12-25).

The biosyntheses of mithramycin and chromomycin A3 pro-
gress through common intermediates, up to premithramycin A1

3, and then differ with regard to the assembly of their remaining
saccharide patterns (Scheme 1). Consequently, both compounds
share a commonaglycone but are each glycosylatedwith a unique
pattern of sugars. In addition, the decoration of the sugar moie-
ties of chromomycin A3 with two acetyl groups and one methyl
group distinguishes chromomycin A3 from mithramycin bio-
synthesis. To date, the exact timing of these decoration reactions
within the chromomycin A3 biosynthesis remains ambiguous.
Previously,we proposed the acetyl andmethyl transfers catalyzed
byCmmAandCmmMIII, respectively, were the terminal steps in
chromomycinA3 biosynthesis, based on gene inactivation studies
and the likelihood that CmmA was embedded in the cell mem-
brane (8, 26). The isolation of compounds from inactivation of
CmmA andCmmMIII yielded chromomycin A3 derivatives with
missing acetyl and methyl decorations, and the dideacetyl-
chromomycin A3 appears to be a substrate for the out-transpor-
ters CmrA and CmrB (26). On the other hand, mutants in which
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glycosyl transfer steps affecting sugar units B alone or both A
and B were inactivated and yielded still tricyclic tetrasaccharidal
and tetracyclic trisaccharidal prechromomycins with already O-
acetylated sugar moieties A and/or E (10). While these contra-
dictive results could be explained by substrate flexibility of the
sugar decorating enzymes, a potential substrate flexibility of key
oxygenase CmmOIV is an alternative. CmmOIV, in analogy to
MtmOIV (27) in the well-studied mithramycin biosynthesis, is
proposed to catalyze the oxidative rearrangement of a fully
sugar-decorated prechromomycin-type compound (5 or 6) into
a chromomycin-type compound (8 or 9) (9). A certain substrate
flexibility may allow this conversion to occur with or without the
O-acetyl and O-methyl sugar decorations in place, thus leaving
unanswered the question of whether the O-acetylation and/or the
O-methylation reactions occur prior to or after the CmmOIV
reaction (Scheme 1, either 5f 6f 9 or 5f 8f 9). In this study,
we aimed to further clarify these late steps of chromomycin bio-
synthesis by exploring oxygenase CmmOIV and its substrate
specificity.

EXPERIMENTAL PROCEDURES

Generation of the cmmOIV-Minus Mutant Strepto-
myces griseus C60O4. For the generation of a cmmOIV-minus
mutant, plasmid pABF10 was constructed as follows (Figure S1
of the Supporting Information). A 4.77 kbPstI-BspQI fragment
(blunt-ended) of cosGR60, containing cmmMI, cmmGI, cmmOIV,
cmmWI, and the 50-end of cmmLI, was subcloned into the SmaI

site of pIJ2925, generating pABF8. Then, a SmaI-EcoRV frag-
ment obtained from pEFBA (28), containing an apramycin resis-
tance cassette, was inserted into the uniqueBsmI site (blunt-ended)
of pABF8 located within cmmOIV, and in the same direction of
transcription, generating pABF9. Afterward, the whole insert was
rescued from pABF9 as a BglII fragment (using these sites from
the poly linker) and subcloned into the BamHI site of pHZ1358,
generating pABF10. This constructwas introduced by intergeneric
conjugation into S. griseus, and apramycin-resistant thiostrepton-
sensitive transconjugantswere selected for further characterization
by PCR analysis, using oligonucleotides cmmOIV-f (50-ATGG-
AGTACGACGTCGTCGTGGC-30) and cmmOIV-r (50-GGAA-
CGTCCTTCTCCGGAAGTGT-30). PCRwasperformed in 50μL
volumes containing 10mMTris-HCl, 50mMKCl, 1.5mMMgCl2,
2 mMMgSO4, NTPs (0.2 mM each), 0.2 mM primers, 1.5 units of
Taq polymerase (Roche Diagnostics), and 2 μL of DNA. The
amplification reaction was performed under the following con-
ditions: initial denaturation for 5 min at 98 �C; 35 cycles of 1 min
at 98 �C, 1 min at 50 �C, and 2 min at 72 �C; and an extra exten-
sion step for 5 min at 72 �C.
HPLC Analysis and Purification of the New Com-

pounds. Chromatographic analyses were performed by UPLC
or HPLC-MS as previously described (29), except that bidimen-
sional chromatograms were extracted at 280 nm. For the puri-
fication of new compounds produced by mutant C60O4, this
strain was inoculated from solid agar plates with R5A solid
medium into 500 mL of R5A liquid medium in 13 Erlenmeyer
flasks (2 L). A total of 7.5 L of medium was used for cultures,

Scheme 1: Biosynthetic Pathways towardMithramycin in Streptomyces argillaceus andChromomycinA3 in Streptomyces griseus ssp.
griseusa

aFor the chromomycin A3 specific pathway, ambiguity about whether the sugar unit decorating enzymes CmmMIII and CmmA act
before (5f 6f 9) or after (5f 8f 9) the oxidative breakage of the fourth ring through CmmOIV exists.
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whichwere incubated at 28 �C for 5 dayswith shaking at 250 rpm.
Culture broth was harvested and extracted three times with ethyl
acetate. The extract obtained after evaporation of the solvent was
dissolved in 25 mL of methanol, and the compounds of interest
were purified by preparative HPLC with a SunFire C18 column
(10 mm � 250 mm, Waters), using mixtures of acetonitrile and
0.2% formic acid in water as solvents, at a flow rate of 2.5 mL/
min. The solutions obtained were partially evaporated to reduce
the concentration of the organic solvent and finally lyophilized.
The final yields were 28.0, 2.4, 1.3, and 1.0mg of 6, 12, 11, and 10,
respectively (Figure 1).
Cloning of the cmmOIV Gene in pET28a. From plasmid

pABF8, cmmOIV was amplified via a two-round cloning proce-
dure. Primers were optimized using Primer Quest (IDT, Coral-
ville, IA) upstream and downstream of the start and stop codons
of the cmmOIV gene. Amplification of this product using Pfu
polymerase (Stratagene) yielded a template for a subsequent
amplification using Pfu (Stratagene) and primers with NdeI and
EcoRI restriction sites immediately upstream and downstream of
the start and stop codons, respectively (Table 1). The blunt-ended
amplification product was then ligated into the pCRBluntII-
TOPO vector with the TOPO cloning kit (Invitrogen), trans-
formed into TOP10 cells (Invitrogen), and plated on LBmedium
with 50μg/mLkanamycin sulfate overnight at 37 �C.The cmmOIV
gene was cut from pCRBluntII-TOPO with NdeI and EcoRI and
ligated into freshly digested pET28a (Novagen), resulting in pET-
CmmOIV with an N-terminal His6 tag, and then transformed into
XL1-Blue cells. Single colonies were grown in 5mLof LBmedium,
and plasmid DNA was isolated (Fermentas) and confirmed by
sequencing (SeqWright, Houston, TX). Finally, a transformation
of pET-CmmOIV intoEscherichia coliBL21(DE3) cells for protein
production was performed, and 50% glycerol was added for
storage at -80 �C.
Expression and Purification of CmmOIV.Glycerol stocks

of pET-CmmOIV in BL21(DE3) cells were grown in fresh LB
medium in the presence of kanamycin sulfate (50μg/mL); 250mL
flasks with 100mL of LBmediumwithKanwere inoculated with
3 mL of CmmOIV preculture and grown at 37 �C and 250 rpm
and then induced when the OD600 reached 0.5-0.7 with 1 mM
IPTG. Cultures were grown overnight at 18 �C and 250 rpm.
Harvested cultures were spun at 4000K rpm for 15 min at 4 �C.

Ten milliliters of lysis buffer [50 mM NaH2PO4, 300 mM NaCl,
and 10 mM imidazole (pH 8.0)] was added to ∼5 g of bacterial
cells and resuspended before being lysed by two passes through a
French press. Lysed cells were spun at 18000 rpm for 45 min, and
then the supernatant was filtered through a 0.45 μm syringe filter.
Purified protein was collected by being passed across IMAC
purification and P-6 desalting columns (Bio-Rad) using a Profi-
nia purification system (Bio-Rad) and a standard IMAC puri-
fication protocol. Approximately 10mg/L soluble CmmOIVwas
produced. Protein concentrations were determined by the Brad-
ford assay (Sigma).
Polyacrylamide Gel Analysis. Both native and denaturing

gels were run to validate the molecular weight and assay for
quaternary structure in solution. CmmOIV was run on a 10%
native gel in 1� TBE, while the 10 to 16%SDS-PAGE gel (Bio-
Rad) was run in 1� Tris/glycine/SDS buffer.
Gel Filtration Experiments. A molecular weight standard

kit (Sigma) was used to establish a standard curve. Molecular
weight standards (blue dextran, bovine serum albumin, cyto-
chrome c, alcohol dehydrogenase, β-amylase, and carbonic an-
hydrase) were run across a Superose 12 10/300 GL (Amersham
Biosciences) column by FPLC (Bio-Rad), and elution times were
monitored. Elution and void volumes were calculated from the
elution times, and a standard curve was plotted from the volumes
and molecular weights of these proteins. CmmOIV was also run
across the column, and an elution time was recorded and used for
the determination of the molecular weight of the enzyme. Each
protein (∼200 μL) was run across the column in crystallization
buffer [20 mM Tris (pH 7.5) and 200 mMNaCl] at a flow rate of
0.5 mL/min.
CmmOIV Activity Assays. CmmOIV assays were con-

ducted as described previously for MtmOIV (27). In brief,
1 μM enzyme was combined with 250 μM NADPH, 100 μM
FAD, 100 mM Tris (pH 8.25) (unless otherwise noted), and
0-200 μMsubstrate in a 120 μL reactionmixture. Reaction turn-
over was assessed by NADPH oxidation and was monitored by
continuous absorbancemeasurements at a λ of 340 nm and 30 �C
for up to 30 min.

RESULTS

Insertional Inactivation of cmmOIV. Analysis of the
chromomycinA3 gene cluster of S. griseus subsp. griseus revealed
significant similarity to the relatedmithramycin gene cluster. One
of these genes, cmmOIV, is highly similar in sequence tomtmOIV,
which encodes a FAD-dependent Baeyer-Villiger monooxygen-
ase responsible for the oxidative cleavage of the fourth ring of
premithramycin B (9). To determine its specific role in chromo-
mycin A3 biosynthesis, we inactivated cmmOIV. A construct in
unstable plasmid pHZ1358 was generated (pABF10), in which
the cmmOIV gene was interrupted by an apramycin resistance
cassette inserted in the direction of transcription of the targeted
gene (Figure S1A of the Supporting Information). This construct
was introduced into S. griseus by intergeneric conjugation from

FIGURE 1: HPLC chromatogram traces of wild-type (A) andmutant
(B) strains measured at 420 nm.

Table 1: Oligonucleotide Primers for cmmOIV Cloning

primer name sequence

cmmOIV_reverse 50-TTCGAGACCTTCACGGACGTGTTT-30

cmmOIV_forward 50-TGGACATGTTCCTGGTCCCGA-30

cmmOIV_NdeI 50-AATTATCATATGGAGTACGACGTCG-30

cmmOIV_EcoRI 50-AATGAATTCTACCTCCCGTCCTGG-30
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E. coli; transconjugants were selected for resistance to apramycin
and then tested for their susceptibility to thiostrepton as a con-
sequence of a double crossover. One mutant (C60O4) was select-
ed and characterized by PCR analysis to verify the occurrence of
the double recombination event (Figure S1B of the Supporting
Information). Using specific oligonucleotide primers, a 0.57 kb
fragment of cmmOIVwas amplified in the wild-type strain, while
a 2.17 kb fragment was amplified in the mutant C60O4, con-
firming the replacement.

The mutant was further characterized for production of chro-
momycin A3 (or derivatives) by UPLC and HPLC-MS analysis.
No chromomycin A3 was detected in extracts of the mutant,
indicating the involvement of cmmOIV in chromomycin A3

biosynthesis. Analysis by HPLC of cultures of C60O4 showed
onemajor peak and three minor peaks. The peaks were identified
as tetracyclic prechromomycin-type compounds based on a hall-
mark UV absorption spectrum.
Isolation and Elucidation of Structures of Novel Com-

pounds That Accumulate in the CmmOIV-Minus Mutant.
The new compounds produced by mutant C60O4 were purified
by preparative HPLC from cultures grown in liquid R5A medi-
um. HRMS analysis of each of the four mutant products yielded
molecular weights that allowed preliminary identification of the
compounds (Figure 2). The HRMS of 10, a minor compound of
which ∼1 mg was isolated, yielded a mass that indicated a
molecular formula of C51H66O23, which corresponds to a pre-
chromomycin-type compound with only four sugars rather than
the normal five. The mass difference compared to the fully deco-
rated 4B-O-methyl-4A,4E-di-O-acetyl-prechromomycin B 6 (see
below and Figure 2) indicated that the O-methylated sugar B is
missing, which in fact is the last sugar attached during chromo-
mycin A3 biosynthesis. Thus, its structure is likely 4A,4E-di-O-
acetyl-3A-des-(4B-O-methyl-D-oliosyl)-prechromomycin B 10.

This minor compound is possibly a shunt product derived from
the tetrasaccharidal prechromomycin intermediate of chromo-
mycin biosynthesis.

The HRMS of product 6, consistent with a molecular formula
of C58H78O26, indicates a fully decorated prechromomycin deri-
vative, with all five sugars and both theO-methyl and the twoO-
acetyl groups attached at sugars B, A, and E, respectively. Thus,
HRMS putatively identified compound 6 as 4B-O-methyl-4A,
4E-di-O-acetyl-prechromomycin B, and 28.0 mg of 6 was
isolated from the major peak of the CmmOIV-minus mutant
strain (Figure 1).

HRMS analysis of 11 indicated a molecular formula of
C53H68O24, consistent with a diketo-prechromomycin B struc-
ture. The structure of 11 matches earlier discussions that con-
cluded that CmmGIV, the glycosyltransferase responsible for the
transfers of both sugars A and E, actually transfers 4-keto
sugars, which are reduced after the attachment, presumably
by CmmTIII (10). Thus, compound 11 might indeed be an
(unstable) intermediate of the chromomycin A3 biosynthetic
pathway.

Product 12was separated as a veryminor “contaminant” from
the main product peak (2.4 mg). The HRMS of 12, consistent
with a molecular formula of C56H76O25, indicates a monoacetyl-
ated, methylated prechromomycin B product and was putatively
identified as 4B-O-methyl-4E-O-acetyl-prechromomycin B 12.
Similar to compounds 6 and 11, 12 is possibly an intermediate of
chromomycin A3 biosynthesis, an immediate precursor of 6. This
is consistent with earlier conclusions in that the 4E-O-acetyl
transfer occurs prior to the 4A-O-acetyl transfer (8).

For NMR analysis, we could isolate only compounds 6, 11,
and 12 in sufficient quantities.
4B-O-Methyl-4A,4E-di-O-acetyl-prechromomycin B (6).

Compound 6 was obtained as an UV-absorbing yellow solid of

FIGURE 2: Suggested chemical structures of the four isolated products of the CmmOIV-minus mutant, C60O4.
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medium polarity. The physicochemical properties are summar-
ized in Table 2. The molecular weight was determined by ESI-
MS: one quasi-molecular ion peak in negative ESI-MS mode
confirmed the molecular weight of 6 as 1190, and negative mode
HRESI-MSdelivered themolecular formulaC58H78O26. TheUV
data and 1H NMR spectrum indicated similarity with premi-
thramycin B 4 (30) with respect to the aglycone moiety and with
chromomycin A3 9 (9) with respect to the sugars (Table S1 of the
Supporting Information).

The comparison of NMR data revealed that the polyketide-
derived aglycone moiety of 6 is identical to that of premithra-
mycin B, while its sugar pattern is the same as that found in chro-
momycin A3. Comparing the aglycone data to those of chromo-
mycin A3 showed that the oxymethines in chromomycin A3 at δ
4.96 (2-H, d, J=12Hz) and δ 4.85 (40-H, dq, J=6.5, 3Hz) were
missing and replaced with two quaternary carbons (δ 78.0 and
201.3) of C-12a andC-10 in 6. Furthermore, the doubletmethyl at
δ 1.60 (C-50, d, J= 6.5 Hz) of chromomycin A3 was replaced by
the singlet at δ 2.72 (C-20), indicating its attachment at an sp2

carbon in compound 6. From the HMBC and 1H-1H COSY
correlations of 6 (Figure S2 of the Supporting Information), the
final structure was deduced and named 4B-O-methyl-4A,4E-O-
diacetyl-prechromomycin B 6. The absolute stereochemistry of 6
was deduced on the basis of NOESY experiments (Figure S3 of
the Supporting Information) and coupling constants and in com-
parison with the related chromomycin A3 (9) and premithramy-
cin B (30). The coupling constants of the anomeric protons in
sugars A, C, and D (J=9.6-10.1 Hz), indicating its axial orien-
tation, as in chromomycin A3, and the anomeric protons of the
remaining two sugars B and E (J = 2.9-3.2 Hz) indicated their
equatorial orientations. Thus, the sugar residues were linked as in
chromomycin A3.
4C,4E-Diketoprechromomycin B (11). Compound 11 was

isolated as yellow solid and exhibits physicochemical properties
similar to those of 6 and 12 (Table 2). The molecular formula
C53H68O24 determined byHRESI-MS (m/z 1087.4028 [M-H]-)
differs from that of 6 byC5H10O2. Comparison of the 1H and 13C
NMR spectra of 6 and 11 (Table S2 of the Supporting Infor-
mation) revealed that the signals of the two acetyl groups and
of the sugar-Bmethoxy signal in compound 6weremissing in the
spectra of 11. The remaining 4H difference was due to the
oxidation at positions of 4C and 4E of the sugar residues, which
also can be observed in the NMR spectra (Table S2 of the Sup-
porting Information), which lack the 4-H signals of sugars C and
E.Note that the carbonyl signals could not be observed in the 13C
NMR spectrum of 11 because of the small quantities that can be
isolated. In summary, compound 11 was identified as 4C,4E-
diketoprechromomycin B.
4B-O-Methyl-4E-O-acetyl-prechromomycin B (12). In

the same way, 12was obtained as an UV-absorbing yellow solid,
slightly more polar than 6 (Table 2). The molecular weight was
determined by negative mode ESI-MS as 1148; negative mode

HRESI-MS delivered the molecular formula C56H76O25 (42 amu
lower than that of 6), indicating a loss of one of the two acetyl
groups. The 1H NMR spectrum of 12 was very similar to that of
6, the sole difference being the absence of the singlet methyl at δ
2.09 (4A-OAc) found in 12. Thus, the 4-O-acetyl-β-D-oliose (sugar
A) of 12 was replaced with β-D-oliose, and the structure was
identified as 4B-O-methyl-4E-O-acetyl-prechromomycin B.
Initial Characterization of CmmOIV. CmmOIV is homo-

logous to the well-studied MtmOIV oxygenase from the mithra-
mycin biosynthetic pathway (27, 31, 32). Both enzymes are FAD-
and NADPH-dependent and require molecular oxygen. Crystal-
lography studies of MtmOIV showed the enzyme acts as a dimer
with both FAD binding sites filled with an FADmoiety, although
the biochemical studies showed a 2:1 protein:FAD ratio (27). Like
MtmOIV, CmmOIV catalyzes the insertion of an oxygen atom
into the fourth ring of a so far not clearly identified prechromo-
mycin B-type compound, which eventually converts a tetracyclic
substrate into a tricyclic product. This breakage of the fourth ring
catalyzed by CmmOIV is a key reaction, because it goes hand in
hand with the establishment of the antitumor activity found for
chromomycin.

The molecular weight of CmmOIV was calculated to be
54211.9844. Figure 3A shows purified CmmOIV, with the His6
tag removed running at approximately 55000 on a 10 to 16%
SDS-PAGE gradient gel (Bio-Rad). In all further experiments,
the His6 tag was left uncleaved, and a separate molecular weight
calculation indicated a molecular weight of 56012.9023 for the
His6-tagged enzyme. A dimer of the His6-tagged protein was
calculated to have a molecular weight of 112026. To verify that
CmmOIV, like MtmOIV, also acts as a dimer, we ran purified
CmmOIV under native conditions on a 10% native PAGE gel,
and the protein ran at amolecularweight of approximately 120000,
indicative of the dimer (Figure 3B). To confirm that CmmOIV is in
fact a dimer, we also ran the protein across a gel filtration column
under native conditions (Figure 3C,D), using a series of five pro-
teins as molecular weight standards (see Experimental Procedures)
and blue dextran to estimate the void volume. Gel filtration experi-
ments indicated a molecular weight of 118111, further confirming
the dimeric nature of CmmOIV.
CmmOIV Reaction Optimization. Prior to characteriza-

tion of CmmOIV, we first needed to optimize the reaction con-
ditions used to assay enzymatic activity. The CmmOIV reaction
was first tested in the presence or absence of 100 μMFAD (data
not shown). At pH 8.5 and 100 μM substrate, approximately
30% of the amplitude was lost without addition of FAD to the
reaction mixture (data not shown). This result indicates that the
FAD binding is noncovalent and the FAD binding sites on
CmmOIV are not completely filled prior to initiation of the
reaction. Further experiments measuring the FAD concentration
following enzyme purification resulted in an FAD:CmmOIV
ratio of only 1:2 to 1:4. Incubation of CmmOIVwith FADon ice
increased the FAD:CmmOIV ratio, but not consistently to 1:1.

Table 2: Physicochemical Characterization of the Four Isolated Compounds from CmmOIV-Minus Mutant Strain C60O4

10 6 11 12

appearance yellow solid yellow solid yellow solid yellow solid

Rf (CH2Cl2/5% MeOH) - 0.34 0.36 0.32

(-)-ESI-MS 1045 [M - H]- 1189 [M - H]- 1087 [M - H]- 1147 [M - H]-

(þ)-ESI-MS - 1213 [M þ Na]þ 1111 [M þ Na]þ 1171 [M þ Na]þ

(-)-HRESI-MS 1045.3926 [M - H]- 1189.4708 [M - H]- 1087.4040 [M - H]- 1147.4613 [M - H]-

calcd 1045.3922 for C51H65O23 1189.4708 for C58H77O2 1087.4028 for C53H67O24 1147.4603 for C56H75O2
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These data determined that supplementing each reactionmixture
with 100 μMFAD eliminated any artificial variations in enzyme

activity stemming from FAD concentration. The pH of the
CmmOIV reaction with 6 as the substrate was optimized using

FIGURE 3: CmmOIVmolecular weight under denaturing and native conditions. (A) CmmOIV runs at 56000 on standard SDS-PAGE. (B) On a
native gel, CmmOIV shifts to 120000, indicating CmmOIV is dimeric in solution. (C) Gel filtration column using five proteins as standards (9)
showing CmmOIV (b) with anEv/E0 ratio of 1.49, whereEv is the elution volume andE0 is the void volumemeasured by elution of blue dextran.
This ratio yields a molecular weight of 118111, confirming that CmmOIV is dimeric in solution. (D) FPLC chromatogram traces of protein
standards and CmmOIV measured at 280 nm: blue dextran (red), cytochrome c and β-amylase (blue), carbonic anhydrase and alcohol
dehydrogenase (green), CmmOIV (orange), and albumin (black).

FIGURE 4: pH optimization of the CmmOIV reaction. (A) Comparison of NADPH oxidation, measured by decreased absorbance at 340 nm,
fromCmmOIV turnover of 6 in 0.1 mMTris-HCl buffer at pH 7.25 (blue), pH 7.5 (red), pH 7.75 (green), pH 8.0 (purple), pH 8.25 (orange), and
pH 8.5 (cyan). Each line represents an average of three measured spectra. The blank (black) represents NADPH oxidation in the absence of
enzyme. (B) Initial rates of NADPH oxidation measured from the turnover of 6 by CmmOIV clearly indicate maximal turnover at pH 8.25.
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100 mM Tris buffers with varying pH (Figure 4). The initial rate
of these reactions was measured, and a maximumwas reached at
pH 8.25. Also, NADH and NADPH were both evaluated as
cosubstrates for the CmmOIV reaction by determining initial
rates in the presence of each cosubstrate. Like those ofMtmOIV,
CmmOIV reaction rates were greatly reduced in the presence of
NADH compared to NADPH, and overall reaction amplitudes
decreased up to 30% (data not shown). Additionally, KM,6 with
NADH as the cosubstrate decreased more than 10-fold com-
pared to KM,6 in the presence of NADPH, confirming that
NADPH is the preferred cosubstrate (Table 3).
CmmOIV Steady-State Kinetics. To identify the natural

substrate of CmmOIV and to delineate the sequence of the
terminal reactions of the chromomycin A3 biosynthetic pathway,
wedetermined the steady-state kinetic parameters of theCmmOIV
enzyme with three of the isolated compounds available from the
CmmOIV mutant strain: 6, 11, and 12. Surprisingly, CmmOIV
enzyme efficiency decreased when it reacted with 12 compared to
when it reacted with 6 and further decreased when it reacted with
11 (Figure 5 and Table 3). Although compounds 6 and 12 vary by
only a single acetyl group existing in sugarAof 6, the change in the
rate and amplitude of the reaction is significant. It appears that
both acetyl groups are required for full enzymatic activity of
CmmOIV and that the loss of one acetyl group negatively affects
the turnover rate. The diketo substrate 11 lost nearly all CmmOIV
activity compared to 6, suggesting either that the keto groups play
an inhibitory role or that the lack of decoration at the sugar
residues prevents substrate binding or CmmOIV turnover.

DISCUSSION

In summary, none of the compounds accumulated by the
CmmOIV-minus mutant were identified as the expected sub-
strate, prechromomycin B 5 (Scheme 1). This was surprising as

the MtmOIV-minus mutant strain from the sister mithramycin
biosynthetic pathway yielded predominantly premithramycin B 4
along with minor amounts of 3A-deolivosyl-premithramycin
B (30). The fact that 5 does not accumulate upon CmmOIV
inactivation indicates that the O-acetylation and O-methylation
reactions occur fast, possibly to stabilize an otherwise unstable
intermediate. Premithramycin B 4 was clearly identified as the
MtmOIV substrate and 3A-deolivosyl-premithramycin B as its
immediate biosynthetic precursor. Ignoring the minor products
10 and 11 of the CmmOIV inactivation, whichwere found in only
miniscule amounts, we found that accumulation of fully function-
alized 6 as the major compound accompanied by minor amounts
of the monoacetylated compound 12 suggests 6 is the CmmOIV
substrate and 12 is its immediate precursor, tomatch perfectly the
findings of the chromomycin pathway with those established for
the mithramycin biosynthetic pathway. Investigations with pur-
ified CmmOIVwere designed to further substantiate this possible
revision of the late chromomycin A3 biosynthetic pathway. The
previously favored CmmOIV substrate, prechromomycin B 5,
was never isolated and apparently does not accumulate upon
CmmOIV inactivation. Thus, although previous work suggested
a terminal role for the tailoring enzymes, CmmA and CmmMIII
(8), our findings here now suggest that it is more likely that
CmmOIV naturally acts on a fully O-acetyl- and O-methyl-
functionalized substrate.

Men�endez et al. (8, 26) previously showed that the acetyl
groups of chromomycin A3 contribute to its antitumor proper-
ties, and it was shown by Chakrabarti et al. (22) that the O-acetyl
groups help to stabilize theDNA interaction of the chromomycin-
Mg2þ complex. Our work presented here, the inactivation and
initial interrogation of CmmOIV, revealed the fully functional-
ized substrate 6 to be the major accumulating product of the
CmmOIV-minus mutant strain, followed by minor amounts of
the monoacetylated substrate 12, diketo compound 11, and four-
sugar compound 10. Fully characterizing the steady-state kinetics
of these accumulated compounds with CmmOIV clearly indi-
cates that a completely acetylated and methylated prechromo-
mycin 6 is preferred by this critical bottleneck oxygenase over its
nondecorated and incompletely acetylated precursors 11 and 12,
respectively. This in turn would suggest that the sugar decoration
(O-acetylation andO-methylation) reactions, previously believed
to occur at the very end of the chromomycin A3 biosynthesis,
indeed take place prior to the CmmOIV reaction. Thus, the
biosynthetic 5f 6f 9 sequence ismore likely than the previously
suggested 5 f 8 f 9 sequence (see Scheme 1). We are hopeful

Table 3: Steady-State Kinetic Parameters of CmmOIV with Various

Substrates

substrate KM (μM) kcat (s
-1) kcat/KM (mM s-1)

NADPH

6 5.74( 0.57 0.29( 0.01 50.5

12 30.21( 3.38 0.25( 0.01 8.3

11 nda 0.025( 0.004 nda

NADH

6 79.58 ( 25.27 0.29( 0.03 3.64

aNot determined.

FIGURE 5: CmmOIV reactions fitted with the Michaelis-Menten equation. Initial rates (micromoles per minute) of NADPH oxidation from
CmmOIV turnover of substrates: (A) 6, (B) 12, and (C) 11.
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crystallization of CmmOIV (currently under investigation) will
shed further light on this question.
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