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ABSTRACT: The enediyne antitumor antibiotic C-1027 contains an unusual (S)-3-chloro-4,5-dihydroxy-â-
phenylalanine moiety, which requires an aminomutase for its biosynthesis. Previously, we established
that SgcC4 is an aminomutase that catalyzes the conversion ofL-tyrosine to (S)-â-tyrosine and employs
4-methylideneimidazole-5-one (MIO) at its active site [Christenson, S. D., Liu, W., Toney, M. D., and
Shen, B. (2003)J. Am. Chem. Soc. 125, 6062-6063]. Here, we present a thorough analysis of the properties
of SgcC4.L-Tyrosine is the best substrate among those tested and most likely serves as thein ViVo precursor
for the (S)-3-chloro-4,5-dihydroxy-â-phenylalanine moiety. The presence of MIO in the active site is
supported by several lines of evidence. (1) Addition of ATP or divalent metal ions has no effect on its
aminomutase activity. (2) SgcC4 has optimal activity at pH∼8.8, similar to the pH optima of MIO-
dependent ammonia lyases. (3) SgcC4 is strongly inhibited by sodium borohydride and potassium cyanide,
but preincubation withL-tyrosine or 4-hydroxycinnamate largely prevents this inhibition. (4) The difference
spectrum between SgcC4 and its S153A mutant shows a positive peak at∼310 nm, indicative of MIO.
(5) The S153A mutation lowerskcat/KM 640-fold. The SgcC4-catalyzed conversion ofL-tyrosine to (S)-
â-tyrosine proceeds via 4-hydroxycinnamate as an intermediate. The latter also acts as a competitive
inhibitor with respect toL-tyrosine and serves as an alternative substrate for the production ofâ-tyrosine
in the presence of an amino source. A full time course for the SgcC4-catalyzed interconversion between
L-tyrosine,â-tyrosine, and 4-hydroxycinnamate was measured and analyzed to provide estimates for the
rate constants in a minimal mechanism. SgcC4 also exhibits aâ-tyrosine racemase activity, butR-tyrosine
racemase activity was not detected.

C-1027 is a natural product, isolated fromStreptomyces
globisporus, that has potent antitumor and antimicrobial
activities (1). Its biosynthesis is especially interesting because
of the complex molecular structure and the potential for
engineering novel C-1027 analogues for anticancer drug
discovery by combinatorial biosynthesis methods. One
fascinating feature is the uniqueâ-amino acid moiety, (S)-
3-chloro-4,5-dihydroxy-â-phenylalanine. This nonproteino-
genic amino acid is likely to be derived fromL-tyrosine. At
least three enzymatic activities are required for its formation
from L-tyrosine, including anR,â-amino migration step as
depicted in Figure 1.

Naturally occurringâ-amino acids are relatively rare and
fall into two metabolically distinct categories.â-Alanine,
â-leucine, andâ-lysine all appear as intermediates in primary
metabolism.â-Alanine occurs in the biosynthesis of panto-
theine, while the latter two appear in the catabolism of their
respective proteinogenic precursors (2-4). On the other hand,
â-arginine,â-tyrosine, andâ-phenylalanine have all been
isolated as building blocks in the biosynthesis of secondary
metabolites (5-7). In almost all cases, theâ-amino acid is
formed from an intramolecularR,â-migration of theR-amino
group. At least four distinct mechanisms for meeting this
chemical challenge have been previously demonstrated.

The first mechanistic class was initially isolated from
Clostridia in the 1970s. Three such enzymes areD-lysine
5,6-aminomutase (8), D-ornithine 5,4-aminomutase (9), and
leucine 2,3-aminomutase (3). An important mechanistic
feature shared by all three is a requirement for both
adenosylcobalamin and pyridoxal phosphate (3, 10, 11). The
generation of a 5′-deoxyadenosyl radical by homolytic
cleavage of the carbon-cobalt bond of cobalamin was
proposed and subsequently supported by the observation of
a Co(II) radical by electron paramagnetic resonance (12, 13).

Lysine 2,3-aminomutase, first isolated fromClostridium
subterminaleSB4 because of its ability to generate (S)-â-
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lysine fromL-lysine, is representative of the second mecha-
nistic class (4). It bears little sequence homology to
cobalamin-dependent aminomutases. Rather, it belongs to a
large, recently characterized family ofS-adenosylmethionine-
dependent enzymes (14). Lysine 2,3-aminomutase contains
an 4Fe-4S iron-sulfur cluster (15) and requires pyridoxal
phosphate andS-adenosylmethionine for catalytic activity
(4). In contrast to the cobalamin-dependent aminomutases,
the initial 5′-deoxyadenosyl radical is generated by interaction
with the iron-sulfur cluster (16).

A third mechanistic strategy for amino group shifts uses
only pyridoxal phosphate as a cofactor, without the involve-
ment of free radical intermediates. Glutamate 1-semialdehyde
aminomutase catalyzes the conversion of glutamate 1-semi-
aldehyde toδ-aminolevulinic acid, the universal precursor
for the biosynthesis of heme, chlorophyll, and other tetra-
pyrroles (17).

The fourth mechanistic class is represented by tyrosine
2,3-aminomutase, isolated from the Edeine A producer
Bacillus breVis Vm4 (6). The enzyme activity shows no
dependence onS-adenosylmethionine, adenosylcobalamin,
or pyridoxal phosphate; however, there is an absolute
requirement for ATP, implying that its mechanism is
fundamentally different from either the radical-dependent or
pyridoxal phosphate-dependent process.

Interestingly, none of the genes identified within the
C-1027 gene cluster encodes proteins that are significantly
homologous to known aminomutases. On the other hand,
sgcC4 encodes a protein that is homologous to several
members of a well-described family of ammonia lyases. The
homology includes a highly conserved ASG motif required
for formation of the 4-methylideneimidazole-5-one (MIO)1

cofactor (Figure 2). Ammonia lyases catalyze the elimination
of ammonia fromR-amino acids to yieldR,â-unsaturated

acids and ammonia as products (18). They are divided into
two subfamilies on the basis of substrate specificity for either
histidine or phenylalanine (19). It is unprecedented for an
MIO-dependent enzyme to act as an aminomutase. However,
R,â-elimination of ammonia from an amino acid substrate,
the reaction catalyzed by MIO-dependent ammonia lyases,
accomplishes the more difficult half of the overall amino-
mutase transformation. Instead of releasing the resultant
ammonia and theR,â-unsaturated acid as free products,
Michael addition between them affords theâ-amino acid as
an end product.

From the structure of the (S)-3-chloro-4,5-dihydroxy-â-
phenylalanine moiety found in C-1027, tyrosine appears to
be a likely primary precursor. Although some PALs from
monocotylic plants are capable of using tyrosine, its occur-
rence as a preferred ammonia lyase substrate is rare. A single
example of a tyrosine specific ammonia lyase has only been
reported recently fromRhodobacter capsulatus, where it
producesp-hydroxycinnamic acid, the chromophore of a
photoactive yellow protein (20).

Ammonia lyases face the difficult task of removing a
nonacidicâ-proton for elimination to occur in either an E2-
or E1cb-type process. The first clue to the mechanism was
provided in 1967 when Abeles and co-workers observed
enzyme inactivation by several carbonyl reagents such as
hydroxylamine and hydrazine. They correctly concluded a
catalytically essential electrophile was necessary for activity
(19, 21). Later studies proposed dehydroalanine as the
essential residue and confirmed its origin as Ser143 through
an autocatalytic process (22-24). X-ray analysis of the HAL
from Pseudomonas putidashowed the true electrophile to
be 4-methylideneimidazole-5-one (MIO), formed from a
cyclization of the conserved Ala142-Ser143-Gly144 motif,
that contains dehydroalanine as a component (25).

The role of the catalytic electrophile in promotingâ-
elimination has been a source of controversy. Hanson and
Havir first proposed a mechanism in which the electrophile
is attacked by the nucleophilicR-amino group (23). A more
satisfying model was described by Retey and co-workers,
in which MIO acidifies theâ-proton by covalent attachment
to the aromatic ring of the substrate (26). An illustration of

1 Abbreviations: MIO, 4-methylideneimidazole-5-one; TAL, tyrosine
ammonia lyase; PAL, phenylalanine ammonia lyase; HAL, histidine
ammonia lyase; CHES, 2-(cyclohexylamino)ethanesulfonic acid; Tris,
tris(hydroxymethyl)aminomethane; DTT, dithiothreitol; EDTA, ethyl-
enediaminetetraacetate; HCA, 4-hydroxycinnamic acid; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; OPA,o-phthaldialde-
hyde; PCP, peptidyl carrier protein.

FIGURE 1: Proposed biosynthetic pathway for the (S)-3-chloro-4,5-dihydroxyphenylalanine moiety (boxed) of the C-1027 chromophore.
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the Retey model is given in Figure 3, using tyrosine as a
substrate. A tertiary carbocation forms, increasing the acidity
of theâ-proton and facilitating its removal by an enzymatic
base.

In a preliminary report, we demonstrated that SgcC4 does
indeed possess tyrosine aminomutase activity (27). It was
further demonstrated that the enzyme employs MIO as an
obligatory cofactor, as do the histidine and phenylalanine
ammonia lyases. This report extends those findings to provide
a full kinetic analysis of this novel enzyme, including
cofactor requirements, substrate specificity, kinetic constants,
pH dependence, and product stereochemistry. In these last
experiments, an unanticipatedâ-tyrosine racemase activity
was observed.

MATERIALS AND METHODS

General. Escherichia coliDH5R (28) was used as a
general host for cloning.E. coli BL21(DE3) (Novagen) was
used as a heterologous expression host. pGEM-3zf(+) was

from Promega and pET-28a(+) from Novagen. Kanamycin,
L-R-tyrosine, D-R-tyrosine, and HCA were from Fisher
Scientific. (R)- and (S)-â-tyrosine were from Peptech Corp.
L-3,4-Dihydroxyphenylalanine ando-phthaldialdehyde were
from Sigma.L-3-Chlorotyrosine was synthesized according
to a literature procedure (29). Plasmid preparation, PCR
purification, and DNA extraction were carried out using
commercial kits (Qiagen). T4 DNA ligase and all restriction
enzymes were obtained from New England Biolabs. Cloned
Pfu polymerase was obtained from Stratagene. DNA ma-
nipulations, including heat-shock transformations, were car-
ried out according to standard methods (28). All initial rate
kinetic data were fitted directly to the Michaelis-Menten
equation using nonlinear regression to obtain steady-state
kinetic parameters. This yields kinetic parameters slightly
different from those obtained previously from Lineweaver-
Burk plots (27). Kaleidagraph 3.0 was used for this purpose.

Cloning of sgcC4.The sgcC4gene was amplified from
pBS1005 (30) by PCR using a 5′-TGA ATT CCA TAT

FIGURE 2: Amino acid sequence alignment of SgcC4 (GenBank entry AAL06680) with known HALs fromS. griseus(HAL, GenBank
entry JC1172) andP. putida(HutH, GenBank entry P21310), as well as the PAL fromP. crispum(PAL1, GenBank entry P24481). The
conserved ASG motif and Arg312 are shown in bold with asterisks under them.
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GGC ATT GAC TCA AGT CGA GAC-3′ forward primer
(the EcoRI site is underlined and theNdeI site is shown in
bold) and a 5′-AAT AAG CTT TCA GCG CAG CTG GAT
GTC CGT CTC-3′ reverse primer (theHindIII site is shown
in bold). The resultant product was cloned into theEcoRI-
HindIII sites of pGEM-3zf(+) to yield pBS1023 and
sequenced to confirm PCR fidelity. ThesgcC4gene was then
moved as a 1.7 kbNdeI-HindIII fragment from pBS1023
into the same sites of pET28a to afford pBS1022. The latter
resulted in the production of SgcC4 as an N-terminal His6-
tagged fusion protein.

Construction of S153A and S153C Mutants of SgcC4.The
Quikchange site-directed mutagenesis protocol (Stratagene)
was used to introduce mutations into putative active site
residue Ser153 of SgcC4. This method gives a complete
mutant construct by PCR without the need for subcloning.
The S153A mutation was introduced with the following
primer pair: 5′-CGG GTC ACT CGG GGC GGC TGG
CGA CCT GGC TCC-3′ and 5′-GGA GCC AGG TCG
CCA GCC GCC CCG AGT GAC CCG-3′ (with the Ala
codon underlined). The S153C mutation was introduced with
the following primer pair: 5′-GGA GCC AGG TCG CCG
CAC GCC CCG AGT GAC CCG-3′ and 5′-CGG GTC ACT
CGG GGC GTG CGG CGA CCT GGC TCC-3′ (with the
Cys codon underlined). Several modifications to the pub-
lished Quikchange protocol were necessary to generate
successful mutations in SgcC4. Successful reaction mixtures
consisted of 100 ng of pBS1022 as template DNA, each
primer at 5 ng/µL, 200 µM dNTPs, 5% (v/v) DMSO, 1×
buffer, and 1 unit of clonedPfupolymerase in a final volume
of 100 µL. The PCR program was as follows: initial
denaturing at 95°C for 5 min, followed by 35 cycles at 95

°C for 30 s, 62°C for 45 s, and 72°C for 8 min, and
completed by an additional 8 min at 72°C. Upon completion,
20 units ofDpnI was added directly to the PCR mixture and
digested at 37°C for 2 h. Fifty microliters of the digested
reaction mixture was cleaned using a Qiagen PCR purifica-
tion kit and then cyclized in an overnight incubation with
400 units of T4 DNA ligase at 16°C. Following ligation,
the mixture was directly transformed into BL21(DE3) and
plated on LB supplemented with 25µg/mL kanamycin. The
mutant constructs were confirmed by sequencing the full
SgcC4 coding region.

Expression and Purification of SgcC4 and Its S153A and
S153C Mutants.For overproduction of the His6-tagged
SgcC4 (pBS1022) and its S153A (pBS1024) and S153C
(pBS1025) mutants, 50 mL of LB broth containing 25µg/
mL kanamycin (in a 250 mL baffled flask) was inoculated
with 1 mL of an overnight culture ofE. coli BL21(DE3)/
pBS1022, pBS1024, or pBS1025. This was grown to an
OD600 of 0.7. Expression was induced by the addition of
IPTG to a final concentration of 100µM and proceeded
overnight at 25°C and 200 rpm. Cells were harvested and
resuspended in 5 mL of lysis buffer [50 mM sodium
phosphate, 300 mM NaCl, and 10 mM imidazole (pH 8.0)]
containing lysozyme (2 mg/mL) for 1 h at 37°C, and then
the solution was stored overnight at-20 °C. Once thawed,
cell suspensions were sonicated, and cell debris was removed
by centrifugation. SgcC4 and its S153A and S153C mutants
were purified by affinity chromatography using Ni-NTA
Superflow resin (Qiagen), following the batch procedure
recommended by the manufacturer. Collected elutions were
dialyzed against 100 mM Tris-HCl (pH 8.5), 1 mM DTT,
and 16% glycerol or against 50 mM CHES (pH 9.0) and 50

FIGURE 3: Proposed mechanism of the MIO-dependent ammonia lyase activity and its extension to include aminomutase activity through
Michael addition of ammonia to theR,â-unsaturated acid prior to their release.
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mM KCl. The dialyzed protein was flash-frozen in liquid
nitrogen and stored at-80 °C. Protein concentrations were
determined with the Bradford assay (31). This procedure
afforded purified SgcC4 and its S153A and S153C mutants
with an average final yield of∼65 mg/L of culture.

Spectrophotometric Assay of Ammonia Lyase ActiVity. The
elimination of ammonia from tyrosine forms HCA. The
absorbance spectrum of HCA, when compared to that of
tyrosine, has a shoulder between 310 and 350 nm that allows
spectrophotometric monitoring of the reaction. A progress
curve of lyase activity was obtained at 310 nm at 25°C.
The reaction mixture consisted of 0.2 mML-tyrosine, 100
mM Tris-HCl (pH 8.8), and 0.25 mg/mL protein in a total
volume of 1 mL.

HPLC Assay of Aminomutase ActiVity. The R- and
â-tyrosines cannot be distinguished by their absorbance
spectra. It was therefore necessary to separate the two isomers
by HPLC for analysis. Standard reaction mixtures consisted
of 1.0-0.5 mM L-R-tyrosine, 50 mM CHES (pH 9.0), 50
mM KCl, and 0.3-0.7 mg/mL enzyme. Reactions were
initiated by addition of enzyme, mixtures left at 25°C, and
reactions terminated by addition of HCl to pH<3.0. SgcC4
was removed by filtration using Microcon YM-10 filters
(Millipore). The filtrate was returned to pH 9 by the addition
of KOH. Modifications to this standard assay procedure were
used and are noted in Results.

HPLC analysis of reaction products employed precolumn
derivatization of amino acids with OPA. The resulting
isoindole improves the resolution of theR- and â-isomers
of various amino acids, including tyrosine (32). OPA
derivatives of reaction samples were made by combining the
neutralized filtrates of SgcC4 reactions with an equal volume
of OPA reagent for 1 min at room temperature. Reactions
were terminated by adding 1% (v/v) glacial acetic acid.
Because of degradation, the OPA reagent was prepared fresh
daily by adding 4.0 mg of OPA in 50µL of ethanol to 4.5
mL of 0.1 M sodium borate (pH 10.4) containing 15µL of
Brij 35 (30%, w/v) and 11µL of mercaptoethanol.

A 20 µL aliquot of the derivatized mixture was im-
mediately loaded onto an Alltech Adsorbosphere C-18
column (5µm, 150 mm× 4.6 mm). The solvents that were
used were 50 mM sodium acetate (pH 5.7) and 5% THF
(A), methanol (B), and acetonitrile (C). The elution gradient
was formed as follows: from 90:10:0 to 35:65:0 from 0 to
15 min, 35:65:0 from 15 to 20 min, from 35:65:0 to 0:50:50
from 20 to 25 min, 0:50:50 from 25 to 30 min, and from
0:50:50 to 90:10:0 from 30 to 35 min. The flow rate was 1
mL/min. Solvent delivery and UV detection at 330 nm were
performed with an Agilent 1100 series chromatography
system. A Perkin-Elmer 650-15 detector measured fluores-
cence (excitation at 340 nm and emission at 455 nm). The
OPA derivatives ofR- and â-tyrosine had indistinguish-
able UV absorption and fluorescence properties. The initial
rates were fitted to the Michaelis-Menten equation using
Kaleidagraph software to obtain the kinetic parameters.

Stereochemical Analysis of Production of (R)- and (S)-â-
Tyrosine by Chiral HPLC. Standard reaction mixtures
consisted of 1.0 mML-R-tyrosine, 50 mM CHES (pH 9.0),
50 mM KCl, and 0.3-0.7 mg/mL enzyme. Reactions were
initiated by addition of enzyme, mixtures left at 25°C, and
reactions terminated by addition of acetic acid to pH 4.
Finally, the enzyme was removed by filtration. A 20µL

sample of the acidified filtrate was loaded onto a Chiro-
biotic-T column (250 mm× 4.6 mm) from Astec. Com-
pounds were eluted isocratically with methanol, acetic acid,
and triethylamine (100:0.1:0.1) delivered at a flow rate of 1
mL/min. Tyrosine isomers were detected by UV absorbance
at 280 nm.

pH Dependence ofâ-Tyrosine Formation.Single-time
point assays of aminomutase activity were used to determine
the pH dependency of SgcC4. HEPES buffer was used at
pH 7.0, 7.5, and 8.0, and CHES buffer was used at pH 8.5,
9.0, 9.5, and 10.0. Reaction mixtures included 0.63 mg/mL
SgcC4, 0.5 mML-R-tyrosine, 50 mM KCl, and 100 mM
buffer in a total volume of 0.5 mL. Reactions were quenched
after 60 min by the addition of glacial acetic acid to pH 3
and mixtures analyzed by HPLC using OPA derivatization
as described above.

RESULTS

Enzyme Properties, Expression, and Purification. The
sgcC4gene encodes a protein of 539 amino acid residues
with a calculatedMr of 58 138 Da. A high level of sequence
homology is shared with the histidine/phenylalanine family
of ammonia lyases, such as the HALs fromStreptomyces
griseus(JC1172, 39% identical and 55% similar) andP.
putida(P21310, 34% identical and 52% similar) and the PAL
from Pseudomonas crispum(P24481, 32% identical and 47%
similar) as shown in Figure 2. Motifs related to binding of
adenosylcobalamin, iron-sulfur clusters, or pyridoxal phos-
phate are absent from the primary sequence.

SgcC4 and its S153A and S153C mutants were over-
produced inE. coli BL21(DE3) as N-terminal His6 fusion
proteins from pBS10022, pBS10024, and pBS10025, re-
spectively, in high yields (∼63 mg/L). Approximately 20%
of the overproduced enzymes were soluble, and were purified
to near homogeneity with Ni-NTA affinity chromatography.
The purified proteins migrate on SDS-PAGE with the
expected size of 58.1 kDa.

pH Dependence of Aminomutase ActiVity. Single-time
point assays were carried out as a function of pH. They were
quenched after 60 min, and the mixtures were derivatized
with OPA and separated by HPLC. A plot of the initial rate
versus pH shows the optimal pH to be∼9 (Figure 4), similar
to those of other aromatic amino acid lyases (20, 33). These

FIGURE 4: Effect of pH on the initial rate of SgcC4-catalyzed
formation ofâ-tyrosine fromL-R-tyrosine.
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data were fitted to eq 1 to obtain the pKa values controlling
the activity.

whereVpH-indep is the initial rate that would be observed for
the optimally protonated form of the enzyme. The pKa values
were 7.4( 0.1 and 10.2( 0.1.

Cofactor Requirements.Several authors have reported a
stimulatory effect of divalent cations on ammonia lyase
activity (22, 34, 35). Therefore, various cations and other
potential activators were tested in the SgcC4 reaction. ATP
was included since an ATP-dependent aminomutase activity
was reported from extracts ofB. breVis (6). None of these
additions had any stimulatory effect on SgcC4 activity over
the course of 70 min (Figure 5). Ni2+, Cu2+, Zn2+, and Cd2+

were inhibitory.
Kinetic Parameters.The relative order of reaction steps

in the biosynthesis of the C-1027 amino acid remains to be
established (Figure 1) (40). Therefore, several potential
intermediates were tested as substrates for SgcC4. These
included L-tyrosine, L-phenylalanine, L-3,4-dihydroxy-
phenylalanine,L-3-chlorotyrosine, andL-3-chloro-5-hydroxy-
tyrosine, L-alanine, andL-histidine. All substrates were
present at 1 mM, and reactions were carried out at 25°C
with aliquots taken 0 and 90 min after the addition of SgcC4.

Initial studies showed thatL-alanine, L-histidine, and
L-phenylalanine have no detectable activity under these
conditions. Tyrosine was the best substrate;L-3,4-dihydroxy-
phenylalanine was the second best, andL-3-chlorotyrosine

was the third best.L-3-Chloro-5-hydroxytyrosine was not
available for testing as a substrate.

Table 1 presents the kinetic parameters for the amino-
mutase reactions of the three substrates that exhibited
significant activity. Thekcat/KM value forL-tyrosine is∼100-
fold higher than that of eitherL-3,4-dihydroxyphenylalanine
or L-3-chlorotyrosine. This suggests thatL-tyrosine is the
natural substrate for SgcC4. Table 2 presents kinetic param-
eters for the ammonia lyase activity of SgcC4.

Time Courses of Full Aminomutase and Ammonia Lyase
Measured by HPLC.OPA derivatization and HPLC separa-
tion were used to determine a full time course for the SgcC4-
catalyzed reaction. Retention times for authentic standards
of R-tyrosine,â-tyrosine, and HCA were found to be 13.7,
14.8, and 8.2 min, respectively (Figure 6A, inset). A
comparison of chromatograms for various time points shows
that in the initial stages of the reaction tyrosine is rapidly
depleted. A majority of the absorbance appears in a new peak
that coelutes with authenticâ-tyrosine. This peak reaches a
quasi-equilibrium with R-tyrosine after 2-3 h, with a
maximum of ∼60% of the initial substrate concentration
showing up asâ-tyrosine (Figure 6A).

HCA formation during this initial period occurs at a much
slower rate. Onceâ-tyrosine andR-tyrosine reach equilib-
rium, there is an increase in the rate of HCA formation. This
observation agrees with spectrophotometric time courses in
which HCA formation was monitored at 310 nm (data not
shown). HCA formation occurs at the expense of bothR-
andâ-tyrosine.

The time course presented in Figure 6B was analyzed
using global data analysis with the program DYNAFIT (36).
The model used to describe the SgcC4-catalyzed reaction is
shown in Figure 6C. The best-fit rate constants obtained from
the global analysis are shown above the corresponding
reaction arrows. The predicted concentration profiles for
tyrosine, â-tyrosine, and HCA are shown as solid lines
plotted on the data in Figure 6B. The fit to the data is
remarkably good. The bimolecular association rate constants
have the largest estimated errors, as expected since the
substrate concentration was saturating throughout most of
the time course. The calculatedkcat value for the tyrosine
aminomutase activity is 0.022 s-1, in reasonable agreement
with the observed value of 0.010 s-1. The calculatedkcat for
the ammonia lyase activity is 0.004 s-1, also in reasonable
agreement with the measured value of 0.0012 s-1. The fitted
rate constants allow one to determine that HCA is released
from the intermediate∼4-fold faster than it is formed from
R-tyrosine. It also shows thatâ-tyrosine is produced as the
initial major product fromR-tyrosine due to the rate of
formation of theâ-isomer from the HCA intermediate (i.e.,

Table 1: Kinetic Parameters for the SgcC4 Aminomutase Activity and Comparison to Those of Other Aminomutasesa

organism enzyme substrate Km (µM) kcat (s-1) kcat/KM (M-1 s-1) ref

St. globisporus TAM L-tyrosine 28 0.010 360 this work
(2) (0.001) (44)

L-3,4-dihydroxyphenylalanine 1540 0.0067 4.4 this work
(140) (0.0003) (0.4)

L-3-chlorotyrosine 6070 0.0048 0.79 this work
(550) (0.0003) (0.09)

B. breVis TAM L-tyrosine - 0.0023 - 6
C. subterminale LAM L-lysine 6600 30 4500 4
a Standard errors from nonlinear regression are given in parentheses.

FIGURE 5: Effect of various added reagents on the initial rate of
SgcC4-catalyzed formation ofâ-tyrosine fromL-R-tyrosine.

Vi )
VpH-indep

1 + 10pK1-pH + 10pH-pK2
(1)
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Michael addition of ammonia) being 14-fold higher than the
rate of release of HCA.

EVidence for MIO in the ActiVe Site.A defining charac-
teristic of the HAL/PAL family of aromatic ammonia lyases

is the presence of the 4-methylideneimidazole-5-one pros-
thetic group, arising from the post-translational modification
of a conserved ASG sequence motif (18). Both chemical and
genetic alterations of this active site cofactor were performed
to confirm its presence in SgcC4.

Previous studies have shown that cyanide and borohydride
react with the MIO electrophile and render HAL inactive
(24, 26, 37). A 30 min treatment with either KCN or NaBH4
prior to the addition of substrate caused a dramatic loss of
SgcC4 activity (Figure 7). The inclusion of HCA or
L-tyrosine during incubation with either reagent resulted in
partial protection against inactivation.L-Phenylalanine, previ-
ously shown to be a poor substrate for SgcC4, provided no
similar protection. These results suggest that chemical
inactivation is specific to the active site.

The results of site-directed mutation of Ser153 support
the conclusion from chemical modification and implicate it
as a catalytically important residue. Ser153 was replaced with
both alanine and cysteine. The aminomutase activity of the
S153A and S153C mutants was determined, and the kinetic
parameters are given in Table 3, along with results from
similar mutations in the HAL/PAL enzyme family.

The S153A mutation results in a 640-fold decrease inkcat/
KM. This is consistent with the observed decrease with the
HAL S143A mutant (1680-fold) (38) and PAL S202A
mutant (48-fold) (39, 40). In both HAL and PAL, the
replacement of the MIO-forming Ser with Cys gave nearly
wild-type (WT) activity. Thus, cysteine is capable of forming
MIO throughâ-elimination of hydrogen sulfide (39, 41). In
contrast, the analogous mutation in SgcC4 showed a 34-fold
loss of activity. TheKM values for SgcC4 and its S153C
mutant are similar, suggesting similar active site structures.
The observed partial loss of activity might arise from

Table 2: Kinetic Parameters for the SgcC4 Ammonia Lyase Activity and Comparison to Those of Other Ammonia Lyasesa

organism enzyme substrate Km (µM) kcat (s-1) kcat/KM (M-1 s-1) ref

St. globisporus TAL L-tyrosine 23 1.2× 10-3 50 this work
(0.9) (1× 10-4) (5)

R. capsulatus TAL L-tyrosine 16 27.7 1.7× 106 20
L-phenylalanine 1270 15.1 1.2× 105 20

P. crispum PAL L-phenylalanine 17 22 1.3× 106 49
L-tyrosine 2500 0.3 120 49

a Standard errors from nonlinear regression are given in parentheses.

FIGURE 6: (A) HPLC analysis, after OPA derivatization, of the
formation ofâ-tyrosine and HCA fromL-R-tyrosine catalyzed by
SgcC4. Traces for samples taken after reaction for 0, 90, and 360
min are shown. Authentic standards of the substrate and products
are shown in the inset. (B) Time course of the SgcC4-catalyzed
conversion ofL-R-tyrosine (9) to â-tyrosine (2) and HCA (b).
(C) Mechanism used in the global analysis of the three progress
curves presented in panel B, using the program DYNAFIT. The
fitted rate constants are given above the appropriate reaction arrows.
The predicted curves from the global fit are plotted with the data
in panel B.

FIGURE 7: Inhibition and protection against inhibition of SgcC4
activity. SgcC4 was incubated with either NaBH4 or KCN, both in
the presence and in the absence of potential substrates as active
site-protecting agents.
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incomplete MIO formation during enzyme production due
to thiol oxidation or a slow rate of MIO formation.

The S153A mutant is incapable of forming the MIO
cofactor since elimination of water from Ser153 is required
for formation of the dehydroalanine component of MIO. The
difference spectrum between SgcC4 and the S153A mutant
was measured in an effort to identify spectrally the MIO
cofactor, which has been shown to have an absorbance
maximum at∼310 nm (42). This spectrum is shown in
Figure 8. There is a clear peak at∼313 nm, indicative of
the MIO in the active site of SgcC4.

Formation ofR- and â-Tyrosine from HCA. The mecha-
nistic model for SgcC4 aminomutase activity proposes that
enzyme-bound HCA is an intermediate. SgcC4 activity was
measured in the presence and absence of HCA with variable
initial L-tyrosine concentrations to determine if HCA does
indeed bind to the enzyme. Plots of the initial rate versus
substrate concentration are shown in Figure 9. The inset
shows a double-reciprocal plot that suggests HCA is a
competitive inhibitor against tyrosine. TheKi was calculated
to be 92( 15 µM.

In the presence of an amino source, HCA also serves as
an alternative substrate for production of small amounts of
â- andR-tyrosine. In these experiments,L-3-chlorotyrosine
was used as an amino source because it was known to serve
as a substrate for SgcC4 and could be easily distinguished

from R- and â-tyrosine, resulting from amino transfer to
HCA. In the presence of 5 mML-3-chlorotyrosine and 10
mM HCA, 27 µM â-tyrosine was produced after 24 h.

Two separate pathways might account for this. Free
ammonia released from lyase activity withL-3-chlorotyrosine
might subsequently rebind in the active site and add to HCA.
Alternatively, ammonia removed fromL-3-chlorotyrosine
could be retained by the enzyme after abortive elimination,
and subsequently added to HCA that binds to the enzyme.
To distinguish between the two possible alternatives, a
similar assay using free ammonia was performed. A reaction
mixture containing 10 mM ammonium chloride and 10 mM
HCA resulted in the accumulation of 13µM â-tyrosine in a
24 h period. Thus, from half the initial concentration,L-3-
chlorotyrosine produced twice as muchâ-tyrosine as free
ammonia. These results suggest a slow release of ammonia
from the active site, and agree with previous studies on HAL
that reported ammonia release from the enzyme after release
of urocanate (43). These data also suggest that while
ammonia can be recruited from solvent, the more physio-
logically relevant aminomutase mechanism is an intra-
molecular transfer of the amino group.

Stereochemistry of the SgcC4 Aminomutase Reaction.The
stereochemistry of theâ-tyrosine product of SgcC4 was
initially investigated by assaying the reverse conversion of
either (R)-â-tyrosine or (S)-â-tyrosine toL-R-tyrosine, as-
suming that only one enantiomer ofâ-tyrosine would be

Table 3: Kinetic Parameters for SgcC4 and the S153A and S153C Mutants and Comparison to Those of Other MIO-Dependent Enzymesa

organism enzyme substrate Km (µM) kcat (s-1) (kcat/KM)WT/(kcat/KM)Mut ref

St. globisporus WT L-tyrosine 28 0.010 this work
(2) (0.002)

S153A 270 1.5× 10-4 640 this work
(35) (6.7× 10-6) (160)

S153C 49 5.1× 10-4 34 this work
(2) (2.6× 10-5) (2)

P. putida WT HAL L-histidine 5200 22 38
S143A 7500 0.019 1680 38
S143C 5400 20 1.2 41

P. crispum WT PAL L-phenylalanine 170 0.99 39
S202A 19 0.0023 48 40
S202C 170 0.93 1.1 39

a Standard errors from nonlinear regression are given in parentheses.

FIGURE 8: Difference absorbance spectrum between SgcC4 and
its S153A mutant. The S153A mutant is incapable of forming the
MIO cofactor in the active site. The 313 nm peak in the difference
spectrum indicates the presence of MIO in the active site of the
SgcC4 enzyme.

FIGURE 9: Inhibition of the SgcC4-catalyzed conversion ofL-R-
tyrosine toâ-tyrosine by HCA. At a concentration of 1 mM, there
is clear inhibition of the aminomutase activity. The double-
reciprocal plot in the inset shows that the inhibition is competitive
with respect toL-R-tyrosine.
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accepted as a substrate. Unexpectedly, overnight reactions
of both substrates produced nearly identical HPLC traces
(data not shown).

To investigate this stereochemical anomaly, the forward
SgcC4 reaction withL-R-tyrosine as the substrate was
monitored over time for product formation using a chiral
HPLC column capable of separating (R)-â-tyrosine and (S)-
â-tyrosine (Figure 10). This analysis showed that (S)-â-
tyrosine is the initial major product, in agreement with the
previously reported absolute stereochemistry of the C-1027
â-amino acid. (R)-â-Tyrosine production proceeds more
slowly but eventually reaches a 1:1 ratio with (S)-â-tyrosine
after 4-5 h. Thus, SgcC4 demonstratesâ-tyrosine racemase
activity.

When the enantiomericâ-tyrosines were used individually
as the substrate, (S)-â-tyrosine was converted to (R)-â-
tyrosine, and (R)-â-tyrosine to (S)-â-tyrosine at approxi-
mately the same rate. Interestingly, in these same reactions,
(S)-â-tyrosine formedL-R-tyrosine at more than double the
rate of (R)-â-tyrosine (Table 4). This apparent racemase
activity is specific forâ-tyrosine. No lyase or aminomutase
activity was observed withD-R-tyrosine as a substrate, and
no D-R-tyrosine-associated peaks were ever identified during
chiral separations.

DISCUSSION

The results reported herein establish that SgcC4 from the
C-1027 biosynthetic cluster ofSt. globisporuspossesses the
aminomutase activity required for the biosynthesis of the (S)-
3-chloro-4,5-dihydroxy-â-phenylalanine moiety of the C-1027
chromophore. In contrast with other aminomutases, SgcC4
requires no exogenous cofactors for full activity. It employs
MIO at the active site in a novel mechanism for achieving
aminomutase chemistry.

SgcC4 additionally possesses both ammonia lyase and
â-tyrosine racemase activities. The metabolic significance
of the latter is as yet unknown. The ammonia lyase activity
is a consequence of the evolutionary lineage of SgcC4 given
its use of the MIO cofactor for the first half of the
aminomutase mechanism (Figure 3). Theâ-tyrosine racemase
activity, on the other hand, may be a consequence of the
imperfect evolutionary conversion of an ammonia lyase into
an aminomutase.

MIO is the active cofactor in the HAL/PAL family of
ammonia lyases. It is formed from a conserved ASG
sequence motif. The currently accepted model of MIO action
was first presented by Retey and co-workers (26). It postu-
lates the electrophilic attack of the exocyclic methylidene
carbon of MIO on the aromatic ring of its substrate. This
dearomatizes the side chain ring, forming a carbocation at
the γ-C that consequently activates theâ-proton. Removal
of the â-proton leads to elimination of theR-amino group
as ammonia (Figure 3).

Several lines of evidence support an MIO-mediated
aminomutase mechanism at work in SgcC4. First, there is
high level of sequence homology between SgcC4 and MIO-
dependent ammonia lyases, and the conserved ASG motif
responsible for MIO formation is present in SgcC4 at the
appropriate location in the primary sequence (Figure 2).
Second, chemical modification of the cofactor (Figure 7) and
genetic alteration of the amino acid precursors to the cofactor
(S153A and S153C mutations) both resulted in significant
loss of activity. Third, the difference spectrum between
SgcC4 and the S153A mutant (Figure 8) has an absorbance
peak characteristic of the MIO chromophore. Finally, HCA,
the product of ammonia lyase chemistry, is an intermediate
in the migration of the amino group as evidenced by its
accumulation during turnover from either direction, by its
tight binding, and by its efficacy as an alternative substrate
in the presence of a suitable amino group donor.

SgcC4 extends the known repertoire of MIO-dependent
chemistry to include aminomutase activity by retaining
ammonia in the active site and transferring it to theâ-C of
HCA. This reaction presumably proceeds via a simple
Michael addition after generation of noncovalently bound
HCA in the active site.

Most investigations into aminomutase mechanisms have
shown that transfer of the amino group occurs in an
intramolecular process (5, 7, 16, 44). The conversion of HCA
to â-tyrosine in the presence of free ammonia indicates that
intramolecular transfer is preferred but not absolutely
required by SgcC4. The relatively high ammonia concentra-
tions required to observe activity with HCA combined with
the poor incorporation efficiency weigh in favor of an
intramolecular amino group transfer. This is also supported
by the observation that the amino group fromL-3-chloro-

FIGURE 10: Chiral HPLC analysis of the conversion ofL-R-tyrosine
to (S)-â-tyrosine and (R)-â-tyrosine. The inset shows the retention
times of authentic standards. After reaction for 90 min, the major
product that is formed is (S)-â-tyrosine with some (R)-â-tyrosine
appearing, both at the expense ofL-R-tyrosine. After incubation
for 280 min, the ratio of the enantiomers is nearly equal because
of the â-tyrosine racemase activity of SgcC4. Under these condi-
tions, HCA elutes at∼4 min and is not shown for clarity.

Table 4: Comparison of SgcC4 Activity with (S)-â-Tyrosine and
(R)-â-Tyrosine as Substratesa

substrate product
initial rate of formation

(nmol/min)

(S)-â-tyrosine (R)-â-tyrosine 8.2
L-R-tyrosine 9.1
HCA 0.32

(R)-â-tyrosine (S)-â-tyrosine 8.9
L-R-tyrosine 4.1
HCA 0.20

a The rates of product formation were determined by HPLC and
quantified by comparison with authentic standards. Reactions were
terminated when the product was 10-18% of the initial substrate
concentration, and initial rates were calculated by dividing the amount
of product by the reaction time.
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tyrosine could be transferred to exogenously added HCA
intermolecularly. This intermolecular exchange proceeds at
4 times the rate ofâ-tyrosine production using HCA and
ammonia as substrates.

On the basis of sequence analysis of the C-1027 biosyn-
thetic gene cluster, we have previously proposed that the
(S)-3-chloro-4,5-dihydroxy-â-phenylalanine moiety of C-1027
is derived fromL-tyrosine, requiring minimally three trans-
formations: R,â-amino migration, chlorination, and hydroxyl-
ation (45). However, these studies fell short of establishing
the order of these steps. Depending on the timing of theR,â-
amino migration step, eitherL-tyrosine, L-3,4-dihydroxy-
phenylanine,L-3-chlorotyrosine, orL-3-chloro-5-hydroxy-
tyrosine could be the substrate for SgcC4 (Figure 1). The
kinetic parameters presented in Table 1 clearly showL-
tyrosine to be the best substrate among the three that were
tested; it is∼100-fold better than eitherL-3-chlorotyrosine
or L-3,4-dihydroxyphenylalanine. AlthoughL-3-chloro-5-
hydroxytyrosine was unavailable for comparison, we propose
that it would be a poor substrate on the basis of the poor
reactivity of bothL-3-chlorotyrosine andL-3,4-dihydroxy-
phenylalanine. The current studies therefore implicateL-
tyrosine as the preferred substrate for SgcC4 and suggest
that the SgcC4-catalyzedR,â-amino migration precedes both
the chlorination and hydroxylation steps in the proposed
biosynthetic pathway.

SgcC4 acting onL-tyrosine as a substrate gives akcat of
0.010 s-1. This value is lower than those of most other known
ammonia lyases or aminomutases (Tables 1-3). This raises
the question of whether a substrate better than freeL-tyrosine
exists. Walsh and co-workers recently reported that several
heme-dependent monooxygenases utilize aminoacyl-PCPs,
not the free amino acids, as substrates for amino acid
â-oxidation (46). They further speculated that conjugating
proteinogenic amino acids to PCPs could be a general
mechanism for sequestering, and thus diverting, a fraction
of these to provide building blocks for secondary metabolite
biosynthesis (46). In a mechanistic analogy, the actual
substrate for SgcC4 could potentially be tyrosyl-PCP. The
sgcC1andsgcC2genes, flankingsgcC4in the C-1027 gene
cluster, are consistent with this hypothesis. They appear to
encode anR-amino acid specific adenylation enzyme (SgcC1)
and a PCP (SgcC2), respectively, which are potential
candidates forL-tyrosine activation and conjugation (45).
However, we have overproduced and purified both SgcC1
and SgcC2 but have not been able to demonstrate the SgcC1-
catalyzed activation ofL-tyrosine and formation of tyrosyl-
SgcC2in Vitro (L. Du and B. Shen, unpublished results).

The aminoacyl-PCP specific monooxygenases have no
detectable activity toward the free amino acid substrates (47).
On the other hand, SgcC4 does utilize freeL-tyrosine as a
substrate. Moreover, the affinity of SgcC4 for freeL-tyrosine,
as measured by itsKM value, is similar to that observed for
other PALs and HALs binding to their cognate free amino
acid substrates (Table 3). Additionally, X-ray structural
analysis shows a conserved arginine residue interacting with
the negatively charged carboxylate group of the substrate
(25). This residue is conserved in SgcC4 (Arg312, Figure
2), arguing against a tyrosyl-PCP substrate for SgcC4.

The incomplete formation of MIO during the overproduc-
tion of the enzyme in the heterologousE. coli host could
also partially account for the low activity of SgcC4. The

difference spectrum presented in Figure 8 allows one to
calculate that only∼18% of the purified SgcC4 has MIO
present. This assumes that the ammonia lyases analyzed by
Rother et al. (42) contained MIO in 100% of the enzyme
active sites. Thus, the truekcat for SgcC4 should be∼0.05
s-1.

A surprising observation made in this work is theâ-
tyrosine racemase activity of SgcC4. When either (R)-â-
tyrosine or (S)-â-tyrosine was added to SgcC4 reaction
mixtures, both reached nearly identical equilibria following
overnight incubation. Chiral HPLC analysis clearly showed
that (S)-â-tyrosine is the kinetically preferred substrate for
formation of L-R-tyrosine, in agreement with the observed
stereochemistry of (S)-3-chloro-4,5-dihydroxy-â-phenyl-
alanine in C-1027 (48). The racemase activity is specific for
â-tyrosine.D-R-Tyrosine was not observed as a product from
either enantiomer ofâ-tyrosine, nor does it serve as a
substrate for SgcC4 forâ-tyrosine production. In the context
of the mechanism presented in Figure 3, one can speculate
that the enzyme can readily add ammonia to either face of
the planar HCA intermediate to give the stereoisomeric
products. The physiological significance of this racemase
activity is at present not clear.

In summary, the SgcC4 protein is truly an enzymological
marvel. It is produced as a pro protein that autocatalytically
processes itself, forming the complex MIO cofactor from a
simple tripeptide at the active site. It is then capable of at
least three additional catalytic activities. Its evolutionary
heritage is clearly displayed in the ammonia lyase activity,
which forms HCA from eitherR- or â-tyrosine. The enzyme
has acquired the ability to extend this core catalytic activity
to include catalysis of the Michael addition of ammonia to
form â-tyrosine, although this is as yet imperfect since HCA
production is significant. Last, and perhaps most remarkably,
SgcC4 is as efficient as aâ-tyrosine racemase as it is as an
aminomutase. The diversity of the reactions catalyzed by this
enzyme is a testament to the extreme prowess that protein
catalysts are capable of garnering through evolution.
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