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C-1027, a chromoprotein natural product producedShepto-
myces globisporyshelongs to the enediyne family of antitumor
antibiotics!2 The C-1027 chromophord)is characterized by an
enediyne core, a deoxy aminosugar, a benzoxazolinate, ai8Fan (
3-chloro-4,5-dihydroxys-phenylalanine moiety2). We recently

cloned and characterized the C-1027 biosynthetic gene cluster from

S. globisporusand proposed that is derived fromL-tyrosine @),
implicating the involvement of an aminomutase in converting the
o-amino acid precursor into thamino acid intermediate (Figure
1).3 We now report that this reaction is catalyzed by SgcC4, a novel
tyrosine aminomutase that convestsito (S)-5-tyrosine @) during

the biosynthesis ofl. We also demonstrate that it employs the
4-methylideneimidazole-5-one (MIO) cofactor, of which dehy-
droalanine is a component.

Aminomutases characterized to date fall into four groups:
radical-based enzymes that use either cobalamiS-adenosyl-
methionine plus an ironsulfur clustert pyridoxamine phosphate-
dependent enzymésand ATP-dependent enzym&#n amino-
mutase exhibiting characteristics different from the above groups
has also been reported recently but was only in the form of cell-
free extractd;the exact nature of its catalytic mechanism remains
to be determined.

None of the genes identified within the C-1027 gene cluster
encode proteins with significant homology to known aminomutases.
Instead, we identifie@gcC4 whose deduced product shows high
homology, including the signature Ala-Ser-Gly motif, to a family
of ammonia lyases. These include the histidine ammonia lyase from
Streptomyces griseti$39% identity and 56% similarity) and the
phenylalanine ammonia lyase frdBtreptomyces maritim@i§38%
identity and 56% similarity). We inactivatexsyjcC4by replacing it
with a mutant copy in whictsgcC4was disrupted byaac(3)IV
according to published proceduf®$he resultantS. globisporus
SB1007 mutant lost its ability to produdeconfirming thatsgcC4
is essential for the biosynthesis bfOn the basis of these results,
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Figure 1. Structure of the C-1027 chromophoré) (and proposed

biosynthetic origin of the§-3-chloro-4,5-dihydroxy3-phenylalanine moiety
(2) from L-tyrosine Q).

Figure 2. Proposed mechanism of the SgcC4 tyrosine aminomutase that
catalyzes3-to-4 conversion and employs MIO at its active site.

100 mM Tris-HCI, pH 8.8, at 28C to test directly the aminomutase

we proposed that SgcC4 is a novel tyrosine aminomutase that acts,cjyity in vitro. The reaction was terminated by addition of HCI

via a,f3-elimination of 3 to yield enzyme-bound ammonia and
p-hydroxycinnamates), with subsequent Michael addition between
ammonia and5 to afford 4. This represents an unprecedented
mechanism for an aminomutase (Figure 2).

To validate this hypothesis, tleggcC4gene was amplified from
pBS1005%° by PCR, and the resultant product was cloned as an
Ndd-Hindlll fragment into the same sites of pET28a and sequenced
to confirm PCR fidelity, yielding the expression construct pBS1922.
Introduction of pBS1022 int&. coli BL-21(DE-3) resulted in the
overproduction of SgcC4 as a Hitagged fusion protein, which
was purified by affinity chromatography on Ni-NTA resihThe
purified SgcC4 (0.5 mg/mL) was incubated wiBh(0.5 mM) in
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to pH < 2. The quenched mixture was derivatized with
phthaldialdehyd€ and subjected to HPLC analys&Baseline
separation foB and4 aso-phthaldialdehyde derivatives aBdvas
achieved (Figure 3, inset). As shown in Figure>80% of 3 was
converted into4 with 5 as a minor product{10%) after 180 min

of incubation. The identities of and5 were verified by cochro-
matography with authentic standards and by characteristic UV
absorption patterns. HPLC analysis using a chiral coldnarith

both authentic9- and R)-4 as standards confirmed the enzymatic
product to be -4, as would be predicted from the stereochemistry
of 1. These results unambiguously establish SgcC4 as a tyrosine
aminomutase that catalyzes the conversioB tf 4. The fact that

5 was detected as a minor product provides direct evidence
supporting the hypothesis that the SgcC4 cataly&em4 conver-
sion proceeds vi& as an intermediate.

10.1021/ja034609m CCC: $25.00 © 2003 American Chemical Society
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Figure 3. HPLC analysis of in vitro synthesis oB)--tyrosine @) from
L-tyrosine @) catalyzed by SgcC4. Traces for samples taken after 0 and
180 min of reaction are shown. Authentic standards are shown in the inset.
The amino acids were analyzed agphthaldialdehyde derivatives and
p-hydroxycinnamate (HCA)5) in its underivatized form.

The active site of ammonia lyases was historically considered
to contain a simple dehydroalanine residue until recent X-ray
crystallographic studies provided very strong support in favor of
MIO that is formed autocatalytically from the conserved Ala-Ser-
Gly motif.** The MIO group is known to be inactivated by
borohydride and cyanid€.To ascertain that the ScgC4 aminomu-
tase utilizes MIO at its active site, we pretreated SgcC4 with either
10 mM NaBH, or 2 mM KCN. After removal of the excess reagents
by filtration, the treated enzyme was assayed for tyrosine amino-
mutase activity. Consistent with the presence of MIO, pretreatment
of SgcC4 with NaBH rendered the enzyme totally inactive, and
KCN treatment of SgcC4 resulted #98% loss of its aminomutase
activity. Inclusion of3 (1 mM) during KCN pretreatment largely
prevented the activity loss. In contrast, phenylalanine did not provide
any protection against KCN inhibition, nor did it serve as a substrate
for SgcC4. This implicates3 as the precursor fo2 in the
biosynthesis ofl.

Finally, to confirm that Ser153 from the conserved Ala-Ser-Gly
motif of SgcC4 plays a critical role in the MIO-mediated 2,3-
aminomutase activity, we replaced Ser153 with Ala by site-directed
mutagenesi& The S153A mutation resulted in a 340-fold decrease
in keafKy for SgcC4 as a tyrosine aminomutase. This compares
well with the 430-fold decrease ik.o/Kyv for phenylalanine
ammonia lyas¥ and the 1170-fold decreasekg/Ky for histidine
ammonia lyas€ engendered by the analogous mutation. The
difference UV spectrum of SgcC4 and its S153A mutant exhibited
a discrete absorption maximum around 308 nm, characteristic for

MIO.1® Taken together, these results strongly support the hypothesis (14)

as the end products, as do ammonia lyases (Figure 2, path b), SgcC4
subsequently catalyzes a Michael addition of ammonia to the
[-position of5 (Figure 2, path a), acting overall as an aminomutase
catalyzing the net 2,3-ammonia migration (Figure 2). The detection
of 5 as a minor product apparently results from a competition
between the Michael addition of ammonia3@nd the release of

the intermediates from the enzyme complex. It remains to be
determined if this phenomenon is biologically relevant in vivo.
Given the high sequence homology between SgcC4 and MIO-
dependent ammonia lyases, one wonders what the evolutionary
relationship between SgcC4 and ammonia lyases is and whether
the aminomutase activity could be engineered into ammonia lyases
(and vice versa). One also wonders how widely MIO-dependent
aminomutases are distributed in other organisarsd what the
metabolic advantages of having yet another type of aminomutase
are* 6
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