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Sequence analysis of the biosynthetic gene cluster for the enediyne antitumor antibiotic C-1027 from
Streptomyces globisporus has previously suggested that the sgcA1 gene encodes a R-D-glucopyranosyl-
1-phosphate thymidylyltransferase (Glc-1-P-TT) catalyzing the first step in the biosynthesis of the 4-deoxy-
4-(dimethylamino)-5,5-dimethyl-D-ribopyranose moiety by activating R-D-glucopyranosyl-1-phosphate
(Glc-1-P) into deoxythymidine diphosphate-R-D-glucose (dTDP-Glc). Here we report the overexpression
of sgcA1 in E. coli, purification of the overproduced SgcA1 to homogenetity, biochemical and kinetic
characterization of the purified SgcA1 as a Glc-1-P-TT, and yield improvement for C-1027 production by
overexpression of sgcA1 and its flanking gene in S. globisporus. These findings provide biochemical
evidence supporting the genetics-based hypothesis for C-1027 biosynthesis, set the stage for further
investigation of the deoxysugar biosynthetic pathway, and demonstrate the utility of sugar biosynthesis
genes in natural product yield improvement via combinatorial biosynthesis methods. In contrast to the
homotetrameric quaternary structure known for Glc-1-P-TT enzymes from primary metabolic pathways,
Glc-1-P-TT enzymes such as SgcA1 from secondary metabolic pathways are monomeric in solution.
Sequence differences between the two subclasses of Glc-1-P-TT enzymes were noted. The monomeric
structural feature of the latter enzymes could be exploited in engineering Glc-1-P-TT enzymes with broad
substrate specificity for structural diversity via the glycorandomization strategy.

The enediynes as a family contain some of the most
powerful antitumor agents in existence today.1-7 C-1027,
produced by Streptomyces globisporus, is the most potent
member of the enediyne family.8-10 C-1027 belongs to the
nine-membered enediyne core subcategory that are chro-
moproteins consisting of an apo-protein and the enediyne
chromophore.3,4,7 Other members of this subcategory in-
clude neocarzinostatin, kedarcidin, maduropeptin, and
N199A2, with the latter as the only exception that was
isolated as a chromophore alone. The enediynes exert their
antitumor activities by undergoing an electronic rearrange-
ment (Bergman or Myers rearrangement) to furnish a
transient diradical that damages DNA by abstracting
hydrogen atoms from the deoxyribose moiety on both
strands. Subsequent reactions of the resultant deoxyribose
carbon-centered radicals with molecular oxygen initiate a
process that leads to both single-strand and double-strand
DNA cleavage. Most of the enediynes also contain one or
multiple deoxygenated and often functionalized sugars.
While not directly involved in DNA cleavage, these sugar
moieties imbue unusual hydrophobic and hydrophilic mo-
tifs to the enediynes, playing essential roles in various
molecular recognition events for enediynes’ in vivo biologi-
cal activities.1,3,5,6

As a model system to study enediyne biosynthesis, we
have recently cloned and sequenced the C-1027 biosyn-
thetic gene cluster from S. globisporus.11-14 Genetic analy-
sis of the 85-kb C-1027 gene cluster revealed (1) an iterative
modular polyketide synthase for enediyne core biosynthesis
and (2) a convergent biosynthetic strategy for the C-1027
chromophore (1) from four building blocks, one of which is
the 4-deoxy-4-(dimethylamino)-5,5,-dimethyl-D-ribopyran-
ose (2) (Figure 1A).12 Among the genes identified within
the C-1027 gene cluster are seven deoxy aminosugar
biosynthesis genes, sgcA, sgcA1, sgcA2, sgcA3, sgcA4,
sgcA5, and sgcA6, that are loosely clustered in two loci near
the upstream boundary (Figure 1B). On the basis of
sequence analysis of the deduced gene products, we have
previously proposed a biosynthetic pathway for 2 from R-D-
glucopyranosyl-1-phosphate (Glc-1-P, 3) and predicted that
SgcA1 catalyzed the first step for 2 biosynthesis by activat-
ing 3 into nucleotide diphosphate (NDP)-R-D-glucose (NDP-
Glc), thereby diverting the sugar precursor into secondary
metabolite biosynthesis (Figure 1C).12 We now report the
heterologous expression of sgcA1 in E. coli and functional
confirmation of SgcA1 as a R-D-glucopyranosyl-1-phosphate
thymidylyltransferase (Glc-1-P-TT). Biochemical and ki-
netic analysis of SgcA1 represents the first complete
characterization of a Glc-1-P-TT involved in secondary
metabolite biosynthesis in Streptomyces. Overproduction
and characterization of SgcA1 also allow for the facile
preparation of deoxy thymidine diphosphate (dTDP)-R-D-
glucose (dTDP-Glc, 4) in vitro, setting the stage for further
investigation of the deoxysugar biosynthetic pathway.
Overexpression of sgcA1 in the S. globisporus wild-type
strain results in a significant increase in C-1027 produc-
tion, demonstrating the utility of sugar biosynthesis genes
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in natural product yield improvement via combinatorial
biosynthesis methods.

Results

Overproduction and Purification of SgcA1. To
biochemically characterize SgcA1 in vitro, we overex-
pressed sgcA1 (pBS1027) in E. coli and purified the
overproduced SgcA1 as an N-terminal His6-tagged fusion
protein to homogeneity in two steps using affinity and gel-
filtration chromatography. Introduction of pBS1027 into
E. coli BL-21 (DE3) under standard overexpression condi-
tions recommended by the manufacturer resulted in an
excellent overproduction of SgcA1 but in almost completely
insoluble form, as judged by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Solubility
of the overproduced SgcA1 was improved by lowering the
fermentation temperature to 18 °C and increasing the
incubation time (48 h). Under these conditions, approxi-
mately 5% of the overproduced SgcA1 was soluble, from
which SgcA1 was partially purified (∼95% pure) by affinity
chromatography using Ni-NTA. Further purification by gel-
filtration chromatography on a TSK-Gel G300 SWXL
column finally afforded pure SgcA1, as judged by SDS-
PAGE, where it migrated as a single band with the
expected size of 42 kDa (calculated 40 709 Da) (Figure 2).
The purified SgcA1, when stored at -80 °C in 50 mM
potassium phosphate buffer, pH 7.0, containing 1 mM DTT
and 20% glycerol, is stable for several months with minimal
loss of activity.

Molecular Weight Determination. The molecular
weight for the native form of SgcA1 was determined by gel-

filtration chromatography on a TSK-Gel G300 SWXL
column, precalibrated with molecular weight standards.
The purified SgcA1 was eluted as a single peak with an
apparent molecular weight of 48 kDa.

In Vitro Assay of SgcA1 as a Glc-1-P-TT. We adopted
an HPLC method using a Sphereclone SAX column with
UV detection at 254 nm to assay SgcA1 as a Glc-1-P-TT
by following the formation of 4 from dTTP and 3 (Figure
1C).15-18 Under the optimized HPLC conditions, the sub-
strate (dTTP with retention time at 15.8 min) and product
(4 with retention time at 8.3 min) were well resolved
(Figure 3). The identity of 4 was initially established by
coelution with an authentic standard and subsequently
confirmed by electrospray-ionization mass spectrometry

Figure 1. (A) Structure of the C-1027 chromophore (1) and a proposed convergent assembly model for its biosynthesis. (B) Partial C-1027 biosynthetic
gene cluster showing the biosynthesis genes (shaded in black) for the deoxy aminosugar moiety (2). (C) Proposed biosynthetic pathway for 2 from
Glc-1-P (3). The SgcA1 Glc-1-P-TT-catalyzed formation of dTDP-Glc (4) from 3 is highlighted (boxed).

Figure 2. Overexpression and purification of SgcA1 as analyzed by
SDS-PAGE: lane 1, total proteins; lane 2, insoluble proteins; lane 3,
soluble proteins; lane 4, Ni-NTA-purified protein; lane 5, gel-filtration-
chromatography-purified protein; lane 6, molecular weight markers.
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(ESIMS) and 1H NMR analyses: 4 showed a (M - H)- ion
at m/z 563, consistent with the molecular formula C16O16-
N2P2H26 (calculated 564) and 1H NMR data identical to
those of dTDP-R-D-glucose standard.

pH Dependence. SgcA1 displays a broad pH optimum
of 6.0-9.0 for the Glc-1-P-TT activity and shows essentially
no dependence on pH for its enzyme activity within the
tested pH range of 6.0-9.0.

Metal Ion Requirements. SgcA1 shows an absolute
requirement for a divalent metal ion for Glc-1-P-TT activ-
ity, as shown in Table 1. The relative reactivity of SgcA1
with various divalent metals was as follows: Mn2+ >
Mg2+ . Zn2+ > Cu2+ > Fe2+ > Ni2+ > Co2+. Although the
enzyme is most effective with Mn2+ or Mg2+, it demon-
strates a small but measurable activity with all other
divalent metals tested. Experiments that measure 4 pro-
duction as a function of the [Mn2+]/[dTTP] ratio indicated
that the M2+ and dTTP likely form a complex with a 1:1
ratio (Figure 4). This ratio is consistent with the M2+‚UTP
complex utilized by the R-D-glucopyranosyl-1-phosphate
uridylyltransferase enzymes.19-21 Recent X-ray structural
analyses of several Glc-1-P-TT enzymes for L-rhamnose
biosynthesis also indicate a 1:1 stoichiometry between
nucleotide and Mg2+ for this family of enzymes.18,22,23

Substrate Specificity. The substrate specificity of the
purified enzyme was examined for the production of a

dNDP-D-hexose or an NDP-D-hexose using various dNTP
or NTP and D-hexose-1-phosphates as substrates, respec-
tively. As summarized in Table 2, while SgcA1 exhibits
somewhat relaxed substrate specificity toward the nucleo-
tides, accepting dTTP, UTP, and dUTP, it is highly specific
toward the D-hexose-1-phosphates, accepting essentially
only R-D-glucose-1-phosphate. A minute amount of dTDP-
R-D-mannose was detected only when the assay was
performed with a large excess of both substrates and SgcA1
and prolonged incubation time.

Kinetic Characterization. Double-reciprocal plots of
initial velocity as a function of either constant concentra-
tions of dTTP at various levels of 3 or constant concentra-
tions of 3 at various levels of dTTP were used to determine
the kinetic mechanism of this reaction.15,16,18,23 As exempli-
fied in Figure 5A, the double-reciprocal plots of initial
velocity against 3 concentration at various levels of dTTP
afforded intersecting lines converging at the y-intercept.
This pattern is indicative of a sequential mechanism for a
bimolecular reaction according to eq 1 (Experimental
Section), and the reciprocal of the y-intercept value yields
Vmax ) 4.2 ( 0.2 µmol min-1 mg-1 and kcat ) 2.9 ( 0.2 s-1.
Re-plotting of the slopes against the reciprocal of dTTP
concentrations resulted in a straight line (Figure 5B),
further supporting a sequential mechanism, and the y-
intercept [Km(for 3)/Vmax] and x-intercept [-1/Km(for dTTP)]
values afford the apparent Km(for 3) ) 0.33 ( 0.04 mM
and Km(for dTTP) ) 0.20 ( 0.04 mM, respectively.

Expression of sgcA1 in S. globisporus. The effect of
sgcA1 on C-1027 production was tested in the wild-type S.

Figure 3. HPLC analysis of the formation of dTDP-Glc (4, b) from
Glc-1-P (3) and dTTP ([). Samples were taken after reaction for 15 s
(A), 15 min (B), and 1 h (C), respectively. Trace amount of dTTP is
hydrolyzed into dTDP (1) under the assay condition.

Table 1. Effect of Metal Ions on SgcA1 as
R-D-Glucopyranosyl-1-phosphate Thymidylyltransferase

metal ion (400 µM) activity (%)a

Mn2+ 100
Mg2+ 86.4 ( 2.4
Zn2+ 23.1 ( 1.1
Cu2+ 21.3 ( 0.7
Fe2+ 18.9 ( 0.4
Ni2+ 11.9 ( 0.6
Co2+ 6.4 ( 0.6
no metal (negative control) 0

a Initial velocity relative to Mn2+.

Figure 4. Effect of [Mn2+]/[dTTP] ratio on the SgcA1 Glc-1-P-TT
activity.

Table 2. Substrate Specificity of SgcA1 as a
R-D-Glucopyranosyl-1-phosphate Thymidylyltransferase

substrate activity (%)a

Nucleotides
dTTP 100
UTP 6.2 ( 0.7
dUTP 1.3 ( 0.4
ATP 0
GTP 0
CTP 0
ITP 0

D-Hexose-1-phosphates
R-D-glucose-1-phosphate 100
â-D-glucose-1-phosphate 0
R-D-mannose-1-phosphate 0b

R-D-galactose-1-phosphate 0
R-D-lactose-1-phosphate 0
R-D-maltose-1-phosphate 0

a Initial velocity relative to dTTP and R-D-glucose-1-phosphate.
b Small amount of dTDP-R-D-mannose was formed with a large
excess of both substrates and SgcA1 and prolonged incubation
time.
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globisporus strain. Four different expression vectors were
constructed, which harbored sgcA1 alone (pBS1031), sgcA1
in combination with its upstream gene sgcC3 (pBS1030),
sgcA1 with both the upstream gene sgcC3 and downstream
gene cagA (pBS1028), and the sgcC3 gene alone (pBS1032)
(Figure 6A). These constructs and the pKC1139 vector as
a control were each introduced by conjugation into S.
globisporus, and the resultant S. globisporus recombinant
strains were cultured and analyzed by HPLC for C-1027
production.11,12 While no apparent difference for C-1027
production was observed between the S. globisporus wild-
type and S. globisporus (pKC1139) control strains, a
significant increase in C-1027 production was consistently
observed for all strains overexpressing the sgcC3, sgcA1,
or cagA gene, ranging from 2- to 4-fold. Overexpression of
sgcA1 alone (pBS1031) resulted in at least a 2-fold im-
provement for C-1027 production over the wild-type S.
globisporus strain (Figure 6B).

Discussion

Glc-1-P-TT enzymes catalyze the synthesis of 4 from 3
and dTTP, activating glucose to initiate the biosynthesis
of various primary and secondary metabolites. This family
of enzymes could be grouped into two subclasses according
to the pathways in which they participate. Those involved
in the biosynthesis of L-rhamnose or other components of
cell-surface structures include the RfbA enzymes from E.
coli K12 (accession no. NP_416543) and Salmonella en-
terica LT2 (accession no. CAD02458) and the RmlA en-

zymes from Streptococcus mutans (accession no. BAA11247),
Aneurinibacillus thermoaerophilus (accession no. AAO-
06356), Pseudomonas aeruginosa (accession no. CAC82197),
and Mycobacterium tuberculosis H37Rv (accession no.
NP_214848). Those involved in the biosynthesis of second-
ary metabolites are exemplified by TylA1 for tylosin
biosynthesis from Streptomyces fradiae (accession no.
AAA21343), OleS for oleandomycin biosynthesis from
Streptomyces antibioticus (accession no. AAD55453), MtmD
for mithramycin biosynthesis from Streptomyces argillaceus
(accession no. CAA07754), and UrdG for urdamycin bio-
synthesis from Streptomyces fradiae (accession no. AAL-
06657) (Figure 7). Detailed biochemical characterizations
of Glc-1-P-TT enzymes have primarily focused on those
involved in the L-rhamnose biosynthetic pathway.15,16,18,22,23

We initiated the present study of SgcA1 as a model to
garner an understanding of the role and mechanism of a
Glc-1-P-TT in secondary metabolite biosynthesis. We have
previously proposed SgcA1 as a Glc-1-P-TT on the basis of
its significant sequence homology to various known Glc-
1-P-TT enzymes such as RfbA, RmlA, TylA1, OleS, UrdG,
and MtmD (Figure 7). We now overexpressed sgcA1 in E.
coli, purified the overproduced SgcA1 to homogeneity

Figure 5. Determination of the steady-state kinetic parameters for
the SgcA1-catalyzed formation of dTDP-Glc from Glc-1-P. (A) Double-
reciprocal plots of initial velocity as a function of Glc-1-P concentration
at varying dTTP concentration: 50 µM ([), 100 µM (9), 200 µM (2),
400 µM (b), and 800 µM (O) and (B) re-plotting of the slopes at varying
dTTP concentration in part A as a function of the reciprocal of dTTP
concentration.

Figure 6. Effect of overexpression of sgcA1 and its flanking genes on
C-1027 production in S. globisporus. (A) Constructs for expression of
sgcA1 and its flanking genes and (B) HPLC analysis of C-1027
production by S. globisporus wild-type (I) and recombinant strains
harboring the overespression plasmid pBS1031 (II), pBS1032 (III),
pBS1030 (IV), or pBS1028 (V), respectively. [, C-1027 chromophore;
b, the aromatized C-1027 chromophore.
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(Figure 2), and demonstrated that SgcA1, as a Glc-1-P-TT,
catalyzes the synthesis of 4 from 3 and dTTP in vitro
(Figure 3). These results confirm that SgcA1 participates
in the biosynthesis of 2 from 3 by catalyzing the formation
of 4 as the first biosynthetic intermediate, setting the stage
for future characterization of 2 biosynthesis in vitro (Figure

1C). Increased production of C-1027 upon overexpression
of sgcA1 in S. globisporus demonstrates the feasibility of
improving enediyne production by rational manipulation
of genes governing deoxysugar biosynthesis (Figure 6).

SgcA1 absolutely requires a divalent metal for the Glc-
1-P-TT activity, with Mn2+ being the preferred metal (Table

Figure 7. Amino acid sequence alignment of representative Glc-1-P-TT enzymes from primary metabolic pathways (RfbA and RmlA) and secondary
metabolic pathways (TylA1, OleS, MtmD, UrdG, SgcA1) with their accession numbers given in parentheses. The conserved amino acid residues
are highlighted in bold, and the major sequence differences at the C-terminal regions between the two subclasses of enzymes are highlighted by
rectangular boxes.
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1 and Figure 4), and exhibits a broad pH optimum between
pH 6.0 and 9.0. These properties are well conserved among
Glc-1-P-TT enzymes characterized to date, although the
divalent metal preference varies from Mn2+ to Mg2+ and
even Co2+.15-18,22,23 SgcA1 shows somewhat relaxed sub-
strate specificity toward the nucleotides, accepting dTTP,
UTP, and dUTP as substrates, but it is highly specific
toward the D-hexose-1-phosphate, accepting only 3 (Table
2). This is in contrast to the RfbA Glc-1-P-TT from S.
enterica, which shows a broad substrate specificity, accept-
ing a variety of D-hexose-1-phosphate substrates.18,24,25 This
strict D-hexose-1-phosphate specificity was also observed
for ChlD involved in chlorothricin biosynthesis,17 the only
other Glc-1-P-TT from a secondary metabolic pathway
whose substrate specificity has been determined biochemi-
cally.

Although an early study of the RfbA Glc-1-P-TT from S.
enterica suggested a “ping-pong bi-bi” mechanism,15 recent
X-ray structural analysis of several Glc-1-P-TT enzymes
from E. coli,23 P. aeruginosa,22 and S. enterica18 and
reevaluation of their kinetic mechanisms have unambigu-
ously established a sequential ordered bi-bi mechanism for
this family of enzymes. SgcA1 also proceeds through a
rapid equilibrium sequential ordered bi-bi mechanism
(Figure 5), suggesting that Glc-1-P-TT enzymes involved
in primary and secondary metabolite biosynthesis appar-
ently share a common kinetic mechanism.15,18,22,23

While the emerging experimental data clearly suggest
that Glc-1-P-TT enzymes involved in primary and second-
ary metabolite biosynthesis share common chemical and
kinetic mechanisms, they appear to differ in quaternary
structure. Recent X-ray structures of three Glc-1-P-TT
enzymes involved in L-rhamnose biosynthesis confirmed
that they are homotetramers.18,22,23 In contrast, the SgcA1
Glc-1-P-TT reported in this work as well as the ChlD Glc-
1-P-TT involved in chlorothricin biosynthesis,17 the only
two Glc-1-P-TT enzymes from secondary metabolic path-
ways whose quaternary structures have been determined,
are monomeric in solution. This quaternary structural
difference is consistent with sequence analysis of Glc-1-P-
TT enzymes from both primary and secondary metabolic
pathways using data obtained from the X-ray structures
of three Glc-1-P-TT enzymes involved in L-rhamnose bio-
synthesis.18,22,23 While all Glc-1-P-TT enzymes share the
same catalytic residues regardless of their quaternary
structures, several key differences exist (Figure 7). The
most obvious difference occurs in the C-terminus of the
proteins. Those from secondary metabolic pathways, such
as OleS, MtmD, UrdG, and SgcA1, contain 11 extra amino
acids around amino acid 250 and an elongated C-terminus
of approximately 50 amino acids (Figure 7, boxed). The
homology in this region is very weak compared to the rest
of the proteins. These sequence variations may contribute
to their quaternary structural differences because the X-ray
structures of the Glc-1-P-TT enzymes involved in L-rham-
nose biosynthesis revealed that the C-terminal region is
the dimerization subdomain. The interface between the
subunits of the tetrameric enzymes contains a nonspecific
secondary dTTP binding site, postulated to be involved in
allosteric regulation by dTDP-L-rhamnose. The C-terminus
of the monomeric proteins lacks conserved residues in-
volved in this secondary dTTP binding site, indicating
differences in the regulatory mechanism of these two
subclasses of proteins depending on the metabolic fate of
their products. It is interesting to note that the TylA1 Glc-
1-P-TT from the tylosin biosynthetic pathway contains
many features conserved within the Glc-1-P-TT enzymes

involved in L-rhamnose biosynthesis including the char-
acteristic C-terminal domain. TylA1 may be an evolution-
ary link between the tetrameric proteins involved in
primary metabolite biosynthesis and monomeric proteins
involved in secondary metabolite biosynthesis. Very re-
cently, the RfbA Glc-1-P-TT from S. enterica LT2 has been
successfully engineered to accept a broad range of hexo-
pyranosyl phosphates for the preparation of “unnatural”
UDP- and TDP-nucleotide sugars for natural product
structural diversity via the glycorandomization strat-
egy.18,24,25 It is tempting to propose that the monomeric Glc-
1-P-TT enzymes from secondary metabolic pathways such
as SgcA1 may hold equal or even greater potential than
their counterparts from primary metabolic pathways in
engineering of Glc-1-P-TT enzymes with a broad substrate
specificity, given their structural simplicity.

Experimental Section

Strains, Plasmids, Biochemicals, and Chemicals. Es-
cherichia coli DH5R and E. coli BL-21(DE3) (Novagen, Madi-
son, WI) were used as hosts for subcloning and heterologous
expression, respectively, E. coli S17-126 was used as the donor
strain for conjugation, and S. globisporus wild-type strain has
been described previously.11,12 Litmus 28 was from New
England Biolabs (Beverly, MA), pET28a(+) was from Novagen,
and pBS1004,11 pBS1008,11 and pKC113926 were described
previously. Ampicillin, kanamycin, nucleotide triphosphates,
hexose-1-phosphates, and metal salts were from Sigma (St.
Louis, MO) and used directly without further purification.
Unless specified, common chemicals, molecular weight stan-
dards, Ni-NTA resin, restriction enzymes, DNA ligase, and
other materials for recombinant DNA procedures were pur-
chased from standard commercial sources and used as pro-
vided.

DNA Isolation, Sequencing, Manipulation, and PCR
Conditions. Plasmid preparation was carried out using
commercial kits (Qiagen, Santa Clarita, CA). Automated DNA
sequencing was carried out on an ABI Prism 377 DNA
sequencer with an ABI Prism dye terminator cycle sequencing
ready reaction kit and AmpliTaq DNA polymerase FS (Perkin-
Elmer/ABI, Foster City, CA). Sequencing service was provided
by Davis Sequencing Inc. (Davis, CA), and the data were
analyzed by ABI Prism Sequencing 2.1.1 software and the
Genetics Computer Group software (Madison, WI). General
procedures for restriction digests, ligations, genetic manipula-
tions in E. coli and S. globisporus, conjugation between E. coli
S17-1 and S. globisporus, and selection of exoconjugants were
performed according to standard protocols27,28 or previously
described methods.11,12 PCR primers were synthesized at the
Protein Structure Laboratory, University of California at
Davis. PCR was carried out on a Gene Amp PCR System 2400
(Perkin-Elmer/ABI) with Pfu polymerase and buffer from
Stratagene (La Jolla, CA). The PCR mixture consisted of 5 ng
of S. globisporus cosmid DNA as a template, 25 pmol of each
of the primers, 25 µM deoxynucleoside triphosphates, 5%
dimethyl sulfoxide, 2 U of Pfu polymerase, and 1× buffer in a
final volume of 100 µL. The PCR temperature program was
as follows: initial denaturation at 97 °C for 5 min, 30 cycles
of 45 s at 97 °C, 45 s at 60 °C, and 4 min at 72 °C for extension,
and an additional 10 min at 72 °C for termination.

Overexpression of sgcA1 in E. coli and SgcA1 Purifi-
cation. The following primers were used to amplify sgcA1 from
pBS1004: 5′-CGGGATCCCATATGAAGGCACTTGTACTGTC-
3′ (the engineered BamHI and NdeI sites are in bold and italic,
respectively) and 5′-TGAATTCTCAGGCCGCGATCTCGAT-3′
(the engineered EcoRI site is italic). The resultant product was
cloned as a 1.1 kb BamHI-EcoRI fragment into the same sites
of Litmus 28 to yield pBS1026 and sequenced to confirm PCR
fidelity. The sgcA1 gene was then moved as a 1.1 kb NdeI-
EcoRI from pBS1026 into the same sites of pET28a(+) to afford
pBS1027. The latter resulted in the production of SgcA1 as
an N-terminal His6-tagged fusion protein.
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pBS1027 was introduced into E. coli BL21(DE3) for sgcA1
overexpression following the standard conditions recom-
mended by the manufacturer (Novagen). The cells were
initially grown at 37 °C until the cell density reached an OD600

of approximately 0.6, and sgcA1 expression was induced by
the addition of 0.1 mM IPTG followed by additional incubation
at 30 °C for 3-4 h. To improve SgcA1 solubility, the incubation
temperature after IPTG induction was lowered to 16-18 °C,
and cultures were grown overnight.

To purify the overproduced SgcA1 protein, cells were
harvested by centrifugation (6000g, 10 min, 4 °C), resuspended
in 50 mM potassium phosphate buffer, pH 8.0, containing 300
mM NaCl and 10 mM imidazole, and lysed by the addition of
lysozyme (1 mg/mL). This mixture was shaken for 15 min at
room temperature and then subjected to sonication (6 × 10 s
on ice with 30 s intervals, Microson Ultrasonic Cell Disruptor
XL 2000, Misonix, Farmingdale, NY). The cell-free extract was
isolated by centrifugation (12000g, 15 min, 4 °C). The soluble
fraction of the overproduced SgcA1 was mixed with Ni-NTA
resin for 1 h and purified according to the protocol provided
by the manufacturer (Qiagen) to afford an approximately 95%
pure SgcA1 preparation. The latter was further purified to
homogeneity by gel-filtration chromatography on a TSK-Gel
G3000 SWXL column (5 µm, 7.8 × 300 mm, TOSOH Bio-
sciences, Montgomeryville, PA), eluted with 50 mM potassium
phosphate buffer, pH 8.0, containing 300 mM NaCl. The final
pure SgcA1 protein was dialyzed into 50 mM potassium
phosphate buffer, pH 7.0, containing 1 mM DTT and 20%
glycerol and stored at -80 °C until used. Protein concentration
was determined by the Coomassie brilliant blue G-250 dye-
binding method of Bradford.29

Molecular Weight Determination. The molecular weight
of the native SgcA1 was determined by gel-filtration chroma-
tography on the TSK-Gel G3000 SWXL column, eluted with
50 mM potassium phosphate buffer, pH 8.0, containing 300
mM NaCl. The column was calibrated with blue dextran
[molecular weight 2 × 106 as the void volume (Vo) standard],
and â-amylase (200 000), alcohol dehydrogenase (150 000),
albumin (66 000), carbonic anhydrase (29 000), and cytochrome
C (12 400) as the molecular weight standards. The apparent
molecular mass of the SgcA1 enzyme was estimated from a
plot of the elution volume (Ve) divided by Vo against the
logarithm of the molecular weight of protein standards.

Enzyme Assaays. The Glc-1-P-TT activity of SgcA1 was
determined by monitoring the conversion of 3 and dTTP to 4
and pyrophosphate (PPi) by HPLC according to a previously
described method with modifications.15-18 A typical assay
solution (50 µL), containing 400 µM MnCl2, 200 µM 3, 200 µM
dTTP, and variable amounts of enzyme (0.05-50 µg) in 50 mM
potassium buffer, pH 7.0, was incubated at 37 °C for 10 min.
Aliquots were boiled for 2 min to stop the reaction and
centrifuged (14000g, 5 min) to pellet the denatured enzyme.
The supernatant was collected and stored at -20 °C until
analysis by HPLC. Samples (20 µL) were analyzed by HPLC
on an Sphereclone SAX column (5 µm, 4.6 × 250 mm,
Phenomenex, Torrance, CA), developed with a linear gradient
of 60 to 240 mM potassium phosphate buffer, pH 5.0, over 15
min at a flow rate of 1.0 mL/min with UV detection at 254
nm. The identity of 4 was first established by HPLC coelution
with an authentic standard. The assay mixture was then
subjected to a semipreparative Sphereclone SAX column (5 µm,
10 × 250 mm, Phenomenex, Torrance, CA), eluted with a
linear gradient from 0 to 250 mM ammonium formate buffer,
pH 3.5, in 20 min at a flow rate of 2.0 mL/min, to isolate 4 for
ESIMS and 1H NMR analyses. The purified 4 was adjusted to
pH 7.0 using NH4OH, subsequently lyophilized, and stored at
-20 °C until needed. ESIMS was performed on a LCQ Decca
instrument (Thermo-Finningan, San Jose, CA) in a negative
ion mode, giving a (M - H)- ion at m/z 563. 1H NMR was
carried out on a Varian Unity Inova 400 spectrometer (400
MHz, D2O): nucleotide base, δ 1.91 (3H, br s, Me-5′′), δ 7.73
(1H, d, J ) 1.4 Hz, H-6′′); ribose, δ 6.33 (1H, t, J ) 7.0 Hz,
H-1′), δ 2.36 (2H, m, H′s-2′), δ 4.61 (1H, m, H-3′), δ 4.16 (3H,
m, H-4′ and H′s-5′); hexose, δ 5.58 (1H, dd, J ) 7.4 and

3.6 Hz, H-1), δ 3.4-3.6 (2H, m, H-2 and H-4), δ 3.7-3.9
(4H, m, H-3, H-5, H′s-6).

pH Dependence. A series of assays were carried out in
buffers with 0.5 pH unit increments according to the conditions
outlined in the Enzyme Assay section. Potassium phosphate
buffer (50 mM) was used for measurements ranging from pH
6.0 to 7.5, and Tris-HCl buffer (50 mM) was used for measure-
ments ranging from pH 7.5 to 9.0.

Metal Ion Requirement and Substrate Specificity. To
study the metal ion requirement for SgcA1, MgCl2, ZnCl2,
CuCl2, FeCl2, NiCl2, or CoCl2, was substituted for MnCl2,
respectively, according to conditions outlined in the Enzyme
Assays section. Determination of the optimal metal ion and
nucleotide ratio was carried out under the same conditions as
outlined in the Enzyme Assays section but with variable ratios
of Mn2+ to dTTP. The dTTP concentration was kept at a
constant 200 mM while the Mn2+ concentration was varied
from 0 to 600 mM, yielding [Mn2+]/[dTTP] ratios of 0, 0.5, 1,
2, and 3. To investigate the nucleotide specificity for SgcA1,
UTP, dUTP, ATP, GTP, CTP, or ITP was substituted for dTTP,
respectively, according to conditions outlined in the Enzyme
Assays section. To examine the hexose-1-phosphate specificity,
â-D-glucose-1-phosphate, R-D-mannose-1-phosphate, R-D-ga-
lactose-1-phosphate, R-D-maltose-1-phosphate, or R-D-lactose-
1-phosphate was substituted for 3, respectively, according to
conditions outlined in the Enzyme Assays section.

Kinetics. Measurements of kinetic data were performed
using the HPLC methods as outlined in the Enzyme Assays
section. The assay solution consisted of 50 mM KH2PO4,
pH 7.0, 1.8 mM MnCl2, 50-800 µM dTTP, 25-800 µM 3, and
1.8 µg of enzyme in 100 µL total volume. Excess Mn2+ at this
concentration does not inhibit the enzyme. HPLC analysis on
the Sphereclone SAX column was expedited by a linear
gradient of 180-240 mM KH2PO4, pH 5.0, in 8 min at a flow
rate of 1.0 mL/min with UV detection at 254 nm. Under the
latter conditions, dTTP and 4 were eluted with retention times
of 8.5 and 4.9 min, respectively. The experiments were
designed with a variation of one substrate in the presence of
a constant concentration of the second substrate. Determina-
tion of the kinetic mechanism and constants was carried out
as described by Segel.30 The experimental data were plotted
according to

where [A] and [B] represent the concentration of dTTP and 3,
respectively, for a rapid equilibrium sequential ordered bi-bi
mechanism to estimate the apparent Michaelis-Menten con-
stants.

Overexpression of sgcA1 in S. globisporus and C-1027
Production, Isolation, and Analysis. Sequence analysis of
the C-1027 biosynthetic gene cluster has previously identified12

promoter regions upstream of the cagA, sgcA1, or sgcC3 gene,
respectively, and four different expression constructs were
made in pKC1139 for expression in S. globisporus. pBS1028
was constructed by cloning a 4.2 kb EcoRI-HindIII fragment
containing sgcC3, sgcA1, and cagA and their promoter regions,
from pBS1008 into the same sites of pKC1139. To make
pBS1030 for sgcC3 and sgcA1 expression, pBS1008 was first
digested with XhoI and XbaI to remove the cagA gene. The
resultant 6.5 kb XhoI-XbaI fragment was purified, blunt-ended
by treatment with mung bean nuclease, and self-ligated to
yield pBS1029. A 3.2 kb EcoRI-HindIII fragment containing
sgcC3, sgcA1, and their promoter regions was then cloned from
pBS1029 into the same sites of pKC1139 to yield pBS1030.
To express sgcA1 alone, the sgcA1 gene and its promoter region
was amplified by PCR from pBS1004 with the following pair
of primers: 5′-AGAGAATTCCAGAGGTTGCTCCTG-3′ (the
engineered EcoR1 site is italic) and 5′-GCGCTTGCGCAG-
GATCCGGGG-3′ (the native BamHI site is italic). The result-
ant product was sequenced to confirm PCR fidelity and cloned
as a 2.2 kb EcoRI-BamHI fragment into the same sites of
pKC1139 to afford pBS1031. To express sgcC3 alone as a
control, the sgcC3 gene and its promoter region was amplified
by PCR with the following pair of primers: 5′-AGAGAAT-

ν ) Vmax [A][B]/(KAKB + KB[A] + [A][B]) (1)
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TCAGCAGGATCTGGTCG-3′ (the engineered EcoR1 site is
italic) and 5′-CGCGGATCCAAGTCGTACACGGGC-3′ (the
engineered BamHI site is italic). The resultant product was
sequenced to confirm PCR fidelity and cloned as a 1.9 kb
EcoRI-BamHI fragment into the same sites of pKC1139 to
afford pBS1032. The expressions of sgcA1, sgcC3, and cagA
in pBS1028, pBS1030, pBS1031, and pBS1032 are all under
the control of their respective native promoters.

pBS1028, pBS1030, pBS1031, and pBS1032, as well as
pKC1139 as a control, were introduced into S. globisporus by
conjugation as described previously.11,12 Selection for apramy-
cin resistance resulted in the isolation of the recombinant S.
globisporus strains harboring various expression vectors.
Fermentation of S. globisporus wild-type and recombinant
strains for C-1027 production and C-1027 isolation and
analysis were carried out as previously reported.11,12 Briefly,
S. globisporus fermentations (typically cultured at 28 °C in a
shaker incubator at 250 rpm for 96-120 h) were filtered
through cheesecloth to remove the mycelia, and the broth was
adjusted to pH 4.0 with 0.1 N HCl and centrifuged to remove
any precipitate. To the resultant supernatant was added
(NH4)2SO4 to 50% saturation, and the precipitated C-1027
chromoprotein was collected by centrifugation and dissolved
in 0.1 M potassium phosphate, pH 8.0. The latter was
extracted with ethyl acetate (EtOAc), and the combined EtOAc
extracts were concentrated in a vacuum, redissolved in metha-
nol, and stored at -80 °C. The isolated yield from the wild-
type strain for the chromoprotein complex is between 50 and
100 mg/L, and that for the chromophore varies between 1 and
5.0 mg/L. For yield comparison, C-1027 chromophore was
isolated from 50 mL fermentations of the S. globisporus wild-
type and recombinant strains and was then dissolved in
methanol (120 µL) and analyzed (30 µL per injection) by HPLC
for quantitation. HPLC was carried out on a Prodigy ODS-2
column (5 µm, 4.6 × 150 mm, Phenomenex, Torrance, CA),
eluted isocratically with 20 mM potassion phosphate (pH 6.86)/
CH3CN (50:50, v/v) at a flow rate of 1.0 mL/min with UV
detection at 350 nm. The relative yield for C-1027 production
was estimated to be at least 200% (pBS1032), 200% (pBS1031),
300% (pBS1030), and 400% (pBS1028) in comparison with the
wild-type control harboring pKC1139 (100%).
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