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The SgcC5 condensation enzyme catalyzes the attachment of SgcC2-tethered (S)-3-chloro-5-hydroxy-(-tyrosine (2) to the enediyne core in C-1027
(1) biosynthesis. It is reported that SgcC5 (i) exhibits high stereospecificity toward the (S)-enantiomers of SgcC2-tethered [-tyrosine and
analogues as donors, (i) prefers the (R)-enantiomers of 1-phenyl-1,2-ethanediol (3) and analogues, mimicking the enediyne core, as acceptors,
and (iii) can recognize a variety of donor and acceptor substrates to catalyze their regio- and stereospecific ester bond formations.

C-1027, a chromoprotein enediyne antitumor antibiotic
produced by Streptomyces globisporus, consists of an
apoprotein and the C-1027 chromophore (1).! In vivo
and in vitro characterization of the C-1027 biosynthetic
machinery has unveiled a convergent strategy for produc-
tion of 1, in which the central enediyne core is appended
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with three peripheral moieties of a deoxy aminosugar, a
benzoxazolinate, and an (.S)-3-chloro-5-hydroxy-S-tyrosine.>
We have previously shown that the (S)-3-chloro-5-hydroxy-
[-tyrosine moiety is derived from r-tyrosine and activated
in the form of (S)-3-chloro-5-hydroxy--tyrosyl-S-SgcC2
(2) before its incorporation into 1 and these steps are
catalyzed by the SgcC4 aminomutase,’ the SgcCl adenyla-
tion enzyme [as well as the SgcC2 peptidyl carrier protein
(PCP)],* the SgcC3 halogenase,” and SgcC hydroxylase,®
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Figure 1. (A) Structures of the enediyne chromophore of C-1027 (1) and engineered analogues 7”-desmethyl-C-1027 (4), 20-deschloro-
C-1027 (5), 20-deschloro-22-deshydroxy-C-1027 (6), and 22-deshydroxy-C-1027 (7) and biosynthesis of the (.S)-3-chloro-5-hydroxy-f-
tyrosine moiety and its activation by tethering to SgcC2 (2) and incorporation into 1. (B) The SgcC5-catalyzed ester bond formation
between 2 and (R)-1-phenyl-1,2-ethanediol (3) as a substrate mimic of the enediyne core. The (S)-3-chloro-5-hydroxy-f3-tyrosine moiety
and the enediyne cores of 1 and 4—7 are highlighted in blue and red, respectively. The nascent ester product resulting from the coupling

between 2 and 3 can undergo spontaneous rearrangement, affording a pair of regioisomer.”

respectively (Figure 1A). We further demonstrated that the
incorporation of the (S)-3-chloro-5-hydroxy-f-tyrosine moi-
ety of 2 into 1 was catalyzed by the SgcC5 condensation
enzyme.” Using (R)-1-phenyl-1,2-ethanediol (3) as an ene-
diyne core substrate mimic, we have revealed that SgcCS5
absolutely requires the tethering of (S)-3-chloro-5-hydroxy-
B-tyrosine to SgeC2 to recognize it as a donor substrate and
catalyzes regiospecific ester bond formation to the C-2
hydroxyl group of 3 (Figure 1B).’

As a hallmark structural feature for the enediyne family
of antitumor antibiotics, the enediyne core is directly re-
sponsible for its potent cytotoxicity, whereas the peripheral
moieties are known to be critical in fine-tuning bioactivity
and enhancing the stability. These structural features have
been exploited by manipulating the C-1027 biosynthetic
machinery to generate the new C-1027 analogues 7”-des-
methyl-C-1027 (4), 20-deschloro-C-1027 (5), 20-deschloro-
22-deshydroxy-C-1027 (6), and 22-deshydroxy-C-1027 (7),
all of which indeed exhibited varying activities or altered
modes of action (Figure 1A).* Intriguingly, the isolation of 5
and 6 from the AsgeC3 mutant strain SB1008* and 7 from
the AsgeC mutant strain SB1006 also suggested that
SgcC5 must have exhibited some degree of substrate pro-
miscuity as long as the S-tyrosyl moiety is tethered to SgcC2.

As a part of our continuing efforts to biochemically
characterize the C-1027 biosynthetic machinery, we now
report that SgcCS5 (i) exhibits high stereospecificity toward
the (S)-enantiomers of SgcC2-tethered [-tyrosine and
analogues as donor substrates, (ii) prefers the (R)-enantio-
mers of 1-phenyl-1,2-ethanediol and analogues as acceptor
substrates, and (iii) can recognize a variety of donor and
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acceptor substrates to catalyze their regio- and stereospe-
cific ester bond formations (Tables 1—3). These findings
further motivate our ongoing effort to engineer new
C-1027 analogues by manipulating the C-1027 biosyn-
thetic machinery via combinatorial biosynthesis strategies.

We first determined the enantiospecificity of SgcC5 to-
ward both the S-tyrosine donor substrates (2, 8, 9, and 10)
and the 1-phenyl-1,2-ethanediol acceptor substrates (3 and
11) (Table 1). We have previously developed the synthesis of
2 and determined its pseudo-first-order kinetic parameters
for the SgcC5-catalyzed ester bond forming reaction with 3
as the acceptor substrate mimicking the enediyne core.” The
(R)-enantiomer of 2 (8) was similarly synthesized and
evaluated as a potential donor substrate for SgcC5 with 2
as a positive control [see Supporting Information (SI)].
Strikingly, we did not detect any coupling between 8 and 3
even with 150-fold more SgcC5 (150 uM) and an 18-fold
longer incubation time (3 h) than those used for the positive
control of 2. This finding indicates that SgcC5 is highly
stereospecific for the (S)-enantiomer of the 3-chloro-5-hy-
droxy-f3-tyrosyl-S-SgcC2 donor substrate.

We then selected S-tyrosine to examine the stereospeci-
ficity of SgcC5 toward alternative donor substrates since
production of 6 by the AsgeC3 mutant strain SB1008
clearly suggested that it can be utilized. Both (S)- and
(R)-p-tyrosine were then tethered to SgcC2, affording 9
and 10, respectively, and tested as donor substrates for
SgcCS5 (see SI). After incubation of 9 (100 uM) with 3
(5 mM) in the presence of SgcC5 (100 uM) at 25 °C for
30 min, the reactions were quenched and analyzed by
HPLC. Two new products, similar to those obtained from
the assays with 2 as a positive control, were formed with
either 9 or 10, which were collected and characterized, res-
pectively. High resolution matrix-assisted laser desorption-
ionization mass spectroscopy (HR-ESI-MS) analyses of the
two compounds yielded the same [M + H]" ion at m/z
302.1391, consistent with the molecular formula C;7H;gNOy4
of the predicted ester products (caled for C;7HgNOy,
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302.1386) (Table S1). This result agreed with our previous
observations that coupling occurred regiospecifically at the
C-2 hydroxyl group of 3, but subsequent nonenzymatic
rearrangement yielded the benzylic ester derived from 3
(Figure 1B). We subsequently determined the pseudo-first-
order kinetic parameters of SgcC5 toward 9 and 10, using the
same HPLC assay previously applied using substrate 2,” with
a fixed concentration of 3 (5 mM) and variable concentra-
tions of 9 and 10, respectively (Table 1) (Figure S1). The
catalytic efficiency of SgcC5 for 9 vs 10 was ~45-fold greater,
consistent with the (S)-stereochemistry of the -amino acid
moiety present in 1. These findings also support the early
assignment of engineered analogues 5—7 as having the same
(S)-configuration at the f-amino moieties as 1.4

Table 1. Enantiospecificity of SgcC5-Catalyzed Ester Bond
Formation between Selected Donor and Acceptor Substrates

OH
i OH HoN (o) | N
) v’\@ See05. o 4
x Y
I(1R) OH
11(15)
Km kcat kcat/Km
substrates (uM) (min™1) (M~ min~h)
2(at5mM3) 7149 22 + 2 31x10!
8 (at 5 mM 3) - no reaction -
9(at5mM3) 3648 0.14 + 0.01 3.9x1073
10(at5mM3) 79+ 12 (6.7+1.7) %103 84x107°
3(at200M 2)” (1.2 +0.1) x 10° 27+2 2.3 %1072
11 (at 200 uM 2) (3.5 +0.2) x 10° 0.15 = 0.02 43x107°

The high stereospecificity of SgcC5 toward the S-tyro-
sine donor substrates was striking, since the SgcC2 PCP
presumably provides the majority of the molecular recog-
nition elements, without which none of the donor sub-
strates can be recognized by SgcC5.” Inspired by this
exquisite molecular recognition feature, we further probed
the stereospecificity of SgcC5 toward the acceptor sub-
strates. The pseudo-first-order kinetic parameters for the
SgcC5-catalyzed ester bond forming reaction between 2
and (S)-1-phenyl-1,2-ethanediol (11) was similarly deter-
mined, with the concentration of 2 kept at 200 uM
(Table 1) (Figure S2); the identities of the resultant pro-
ducts were similarly confirmed by HPLC and high resolu-
tion MS analyses (Table S1). Remarkably, SgcC5 was
highly stereoselective for 3 over 11 with the enantioselec-
tivity (£ = 530) for the (R)-enantiomer (Table 1). Indeed,
when racemic 1-phenyl-1,2-ethanediol was used to explore
the use of SgcC5 for kinetic resolution, the coupling
product could only be detected from 2 and 3 if the reaction
was incubated with 10 uM SgcC5 (Figure S3).

The isolation of 5—7 from the AsgcC3* and AsgeC*
mutant strains SB1008 and SB1006 also implied that
SgcC5 should exhibit some degree of promiscuity toward
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the S-tyrosine donor substrates. By keeping the (S)-con-
figuration, we next investigated the donor substrate pro-
miscuity of SgcC5 by determining the relative rates of ester
bond formation between a panel of 3-substituted S-tyr-
osines and 3 (Table 2). The selected (S)-tyrosines with
varying 3-substitutions were synthesized and activated as
SgcC2-tethered donor substrates (12—17) following
the same procedure’ used for 2 and 9 (see SI). Under the
identical conditions used to assay 2 and 9 with 3 as the
acceptor substrate, SgcC5 remarkably recognized all of
the SgcC2-tethered 3-substituted (.S)-f3-tyrosine analogues
as donor substrates and catalyzed efficient formation of
the predicted ester products with 3, the identities of which
were confirmed by HPLC and high resolution MS analysis
(Table S2). Although most of these S-tyrosine analogues
were predictably poorer substrates than 2, they were as
good as or better substrates than 9, which has been
successfully incorporated into the engineered C-1027
analogue 6** (Table 2). Surprisingly, 17 was a signifi-
cantly better (~3-fold) substrate, and this is consistent
with the efficient production of the corresponding
C-1027 analogue 5 from the AsgecC3 mutant strain
SB1008.** These findings unveil the intrinsic promis-
cuity of SgcC5 toward the donor substrate in the
C-1027 biosynthetic machinery and will surely moti-
vate future efforts to engineer new C-1027 analogues by
incorporating these as well as other functional groups
into the fS-tyrosine moiety of C-1027 by manipulating
its biosynthesis.®

Table 2. Donor Substrate Promiscuity of SgcC5-Catalyzed
Ester Bond Formation between Selected S-Tyrosines and 3

HzN, S-PCP OH
) . ?H HaN. 0\/‘\@
" \/\© SgeCs (o] P
X Y
OH X Y
2,9,1217 3 OH

donor substrates (X, Y) relative activity

2 (Cl, OH) 100

9 (H, H) 2+1

12 (F, H) 9+2

13 (CL, H) 14+2
14 (Br, H) 27+3
15 (I, H) 2+1

16 (CH;, H) 4+1

17 (OH, H) 275 + 22

Inspired by the donor substrate promiscuity, we
finally explored the acceptor substrate specificity of
SgcC5 by expanding the enediyne core mimics from 3
to a variety of aromatic (18—26) and aliphatic (27—29)
alcohols and determined the relative rates of ester bond
formation of those that formed ester products with 2 as
the donor substrate (Table 3). Remarkably, under the
identical assay conditions used for 3 and with 2 at
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Table 3. Acceptor Substrate Promiscuity of SgcC5-Catalyzed
Ester Bond Formation between Selected Aromatic and Ali-
phatic Alcohols and 2

H,N s-PCcP
H,N O.
) R
+ HO Seecs ©
cl OH
OH cl OH
2 3,18-29 OH
no. acceptor substrate relative activity
H
3 @j\/o’* 100
NH,
18 gkzo“ 842
Hy
19 @/LO“ 48+2
OH
20 @N 56+ 3

21 ©/\/\°” 28+2
OH
2 @A/\’ 62+4

200 uM, SgcCS5 utilized a variety of alcohols possessing
a phenyl group as acceptor substrates (11 and 18—22),
but not alcohols lacking a phenyl group (27-29),
suggesting that the phenyl moiety is necessary for
substrate recognition (Table 3). However, product
was not detected from phenyl-containing acceptor sub-
strates if the hydroxyl group was located at the C-1
position (24 and 25), further supporting the previously
observed regiospecificity of SgcC5 for the C-2 hydroxyl
of 3. Interestingly, 26 was not a substrate for SgcC5
despite its closer structural similarity to the putative
enediyne core. Also surprising was the ability of SgcC5
to catalyze the coupling of 2 with both 21 and 22 with
activities comparable to that observed with 3, although
21 and 22 possess a far less structural resemblance to
the putative enediyne core substrate. Overall, while 3
was the best acceptor substrate examined, SgcC5 ap-
parently exhibits significant substrate promiscuity to-
ward the enediyne core mimics and can catalyze
efficient coupling between 2 and a variety of aromatic
alcohols as exemplified by 18—22 in this study. The
enzymatic reaction between 19 and 2 was finally
scaled up to isolate the product for complete 'H and
13C NMR analysis to definitively confirm ester forma-
tion between the donor and acceptor (SI). The identi-
ties for all other ester products were similarly con-
firmed by HPLC and high resolution MS analyses
(Table S3).
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In summary, we have previously unveiled a convergent
strategy for 1 biosynthesis, in which coupling between the
(S)-3-chloro-5-hydroxy-g-tyrosine and the enediyne core
moieties is catalyzed by SgcC5, an unusual free-standing
condensation enzyme that absolutely requires the SgcC2
PCP to activate donor substrates and regiospecifically
catalyzes both ester and amide bond formation between
the donor and acceptor substrates.” We now demonstrated
that SgcC5 is highly enantioselective toward both donor
and acceptor substrates, and its respective (S)- and (R)-
specificities are consistent with the stereochemistry of
C-1027 (Table 1, Figure 1). The relaxed enantioselectivity
of SgcC5 toward 9 and 10 indicates that the binding site is
optimized for the physiological substrate (e.g., 2 but not the
(R)-enantiomer 8) but smaller substrates (e.g., 9 and the
(R)-enantiomer 10) may be accommodated with a relaxed
stereospecificity as has been observed in the fourth con-
densation domain in tyrocidine biosynthesis.” Together
with the results obtained for SgcC4,> SgcCl/SgeC2,*
SgcC3,> and SgeC.° the current study provided additional
experimental evidence supporting the proposal that SgcC5
catalyzes the incorporation of the fully modified (S)-3-chloro-
5-hydroxy-p-tyrosine moiety into C-1027 (Figure 1A).>’

Finally, SgcC5 is capable of accepting a variety of
3-substituted S-tyrosine analogues as donor substrates
(Table 2) and a variety of aromatic alcohols as acceptor
substrates (Table 3). Although new C-1027 analogues with
structural alterations at the enediyne core moiety have not
been generated to date, the intrinsic substrate promiscuity
of SgcC5 toward the enediyne core mimics revealed in the
current study suggests that SgcC5 should not be a limiting
factor preventing new enediyne cores from being incorpo-
rated into new C-1027 chromophores. In light of the
substrate promiscuity of other enzymes in the C-1027
biosynthetic pathway, together, these findings will surely
inspire future efforts in engineering new C-1027 analogues
by applying combinatorial biosynthesis methods to its bio-
synthetic machinery, an endeavor that has already resulted in
new analogues with altered activity, mode of action, or both.®
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