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ABSTRACT: Pyridoxal-5’-phosphate (PLP)-dependent pro-
teins constitute one of the largest and most important fami-
lies of enzymes in living organisms. These proteins partici-
pate in numerous biochemical processes, many of which 
have not been characterized, and transform substrates con-
taining an amino group through various reactions that share 
aldimine as a common intermediate. Herein, we report that 
the PLP-dependent enzymes CcbF and LmbF, which are 
highly related in phylogenesis, process cysteine S-conjugated 
intermediates in different ways and associate with individual 
downstream enzyme(s) toward distinct S-functionalization 
of the lincosamide antibiotics celesticetin and lincomycin A. 
CcbF catalyzes an unusual conversion that involves decar-
boxylation-coupled oxidative deamination of the cysteinyl 
group during the formation of a two-carbon alcohol linker, 
whereas LmbF is responsible for β-elimination, followed by 
S-methylation to produce a methylmercapto group. The two 
tailoring routes are variable and exchangeable to each other, 
allowing for in vitro combinatorial biosynthesis of a number 
of hybrid lincosamide antibiotics, including the natural 
product Bu-2545. These findings demonstrate the wide diver-
sity of PLP chemistry in enzymatic catalysis and its promis-
ing applicability in new molecule creation. 

Lincosamide antibiotics (Figure 1), characterized by an 
eight-carbon aminosugar central to an amino acid residue 
and a sulfur appendage, include the therapeutic anti-
infective agent lincomycin A and its naturally occurring ana-
logs celesticetin and Bu-25451. These antibiotics act on the 
50S large subunit of bacterial ribosome, where their octose-
based amide structures mimic the 3’-end of (de)acetyl-tRNA, 
and are therefore able to block protein synthesis at the initial 
stage of the elongation cycle2.  

The process through which nature produces lincosamide 
antibiotics remained poorly understood until recent insights 
were gained through investigations into the biosynthetic 
pathway of lincomycin A. Eight-carbon sugar formation pro-

ceeds via a transaldol reaction, using D-fructose 6-phosphate 
or D-sedoheptulose 7-phosphate as the three-carbon donor 
and D-ribose 5-phosphate as the five-carbon acceptor3a. The 
resulting octose is then activated by GDP, to initiate a modi-
fication process that yields GDP-D-α-D-lincosamide3b (Figure 
1). During the incorporation with a proline-like residue and 
S-functionalization at C-1, metabolic coupling of two bacteri-
al low-molecular-weight (LMW) thiols, mycothiol (MSH) 
and ergothioneine (EGT), plays a constructive role that is 
potentially common for all related antibiotics4. These thiols 
function through two unusual SN2 S-glycosylations to pro-
gram lincosamide transfer, activation and modification. Spe-
cifically, EGT is a cryptic carrier to mediate molecular as-
sembly, in contrast to MSH, which acts as a sulfur donor 
after thiol exchange (Figure 1). Mechanistically analogous to 
the thiol-mediated detoxification process5, hydrolysis of the 
MSH S-conjugate produces an N-acetyl-cysteinyl mercaptur-
ate intermediate, thereby indicating that the downstream 
route toward lincomycin maturation would center on pro-
cessing the remaining cysteinyl group following N-
deacetylation (Figure 1). 

The further conversion of mercapturate derivatives to ex-
cretive thiomethyl products has previously been established 
as an extended detoxification pathway in thiol-mediated 
metabolism6. This pathway relies on the PLP-dependent ac-
tivity of cysteine S-conjugate β-lyases to cleave the C-S bond 
and expose the sulfhydryl group. In fact, several sulfur-
containing natural products, e.g., gliotoxin and leinamycin, 
share cysteinyl-based β-elimination chemistry during their 
biosyntheses7, and lincomycin A is no exception. In its path-
way, LmbF has recently been demonstrated to be a protein 
that possesses PLP-associated β-lyase activity8; however, the 
candidate for S-methylation of the thiol intermediate re-
mains to be determined. Here, we targeted CcbF, which is a 
LmbF homolog (40 % identity) involved in the biosynthesis 
of celesticetin9 (Figure S1 and S2), a lincosamide antibiotic 
different from lincomycin A primarily in S-substitution1. Our 
efforts focused on elucidating whether a cysteine S-conjugate 
exists in the pathway and how CcbF, in association of its  

Page 1 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 

Figure 1. LMW thiols-programmed biosynthesis of lincosamide antibiot-
ics, including lincomycin A, celesticetin and desalicetin, and their hybrid 
Bu-2545. The common cysteine S-conjugated intermediate is shown in 
dashed rectangle. The exposed cysteinyl and related downstream func-
tional groups are colored (red).  

downstream enzymes, acts on this intermediate and initiates 
completely distinct tailoring to furnish a salicylated two-
carbon appendage of sulfur. Relevant studies included a 
comparative analysis with lincomycin maturation upon com-
pleting this process by characterization of the S-methylation 
step. 

To validate the necessity of CcbF for celesticetin biosyn-
thesis in Streptomyces caelestis, we inactivated the encoding 
gene ccbF. Under applied culture conditions, the wild-type 
strain produced celesticetin and its non-salicylic precursor, 
desalicetin10 (for both compounds, this study provides the 
complete 1D and 2D NMR spectral data for the first time) 
(Figure S4A and Supplementary Result). The △ccbF mutant 
strain failed to produce celesticetin and desalicetin; instead, 
it accumulated a new product (1), a trace of which was also 
examined in the wild-type strain (Figure 2 and S4A). A suffi-
cient quantity of 1 was prepared through fermentation on a 
large scale. Subsequent 1D and 2D NMR analyses revealed 
that this compound is a cysteine S-conjugate intermediate 
(Supplementary Result), supporting the notion that both 
celesticetin and lincomycin A share a common LMW thiol-
programmed biosynthetic route toward cysteinyl processing.  

We expressed and purified CcbF from Escherichia coli. The 
resulting recombinant proteins appeared light yellow in color 
and exhibited an absorbance spectrum characteristic of PLP 
binding (Figure S5). CcbF alone was capable of transforming 
intermediate 1 in vitro; however, the rate was largely im-
proved by supplementing exogenous PLP (Figure 2A). HPLC-
MS analysis of the product profile revealed a new compound, 
2 (Figure 2), which readily underwent hydration in solution 
(Figure S18). This compound was accordingly predicted to be 
a highly reactive aldehyde (the structure was further demon-
strated below through enzymatic transformations to desali-
cetin) that is derived from 1 as a result of the activity of CcbF 
to remove the terminal carboxylate and α-amino groups of 
the cysteinyl.  

We then examined the associated chemicals in CcbF- 

mediated conversion of 1 to 2. The omission of pyruvate (or 
α-ketoglutarate) from the mixture had no effect on the reac-
tion (Figure 2A and Figure S6), indicating that α-keto acid, 
which often serves as an ammonia (NH3) acceptor in various 
transamination reactions to recycle PLP from the resultant 
pyridoxamine-5’-phosphate (PMP), is unnecessary. No PMP 
was detected during a 1-h examination period (Figure S7); 
consistently, the derivatization of the reaction mixture with 
O-phthaldialdehyde (OPA)/mercaptopropionic acid (MPA) 
revealed the production of free NH3 (Figure S8). These re-
sults excluded the alternative that PLP is a co-substrate to 
accept NH3 from the cysteinyl group of 1 and supported that 
PLP acts as a cofactor in the process of 2 production. Intri-
guingly, oxygen (O2) was indispensable for CcbF-catalyzed 
conversion, which failed to occur under a strictly anaerobic 
condition (Figure 2A). Inspired by this finding, we further 
analyzed hydrogen peroxide (H2O2) in the reaction mixture. 
H2O2 was detected as anticipated, and over time, its produc-
tion was completely in line with both the consumption of 
substrate 1 and the generation of product 2 (Figure S9). Con-
sequently, CcbF catalyzes a PLP-dependent biotransfor-
mation of a cysteine S-conjugate to an aldehyde along with 
the co-production of carbon dioxide (CO2), H2O2 and NH3 
under an aerobic condition (Figure 2). 

A comparable PLP-dependent biotransformation is the 
well-established decarboxylation-transamination process 
that involves the activity of dialkylglycine decarboxylase 
(DGD)11. This bi-functional enzyme catalyzes the conversion 
of dialkylglycine to the ketone product, in which PLP is also 
a co-factor but mediates the transfer of NH3 onto pyruvate to 
generate alanine in an O2-independent manner. Mechanisti-
cally analogous to typical PLP-dependent decarboxylases, 
both CcbF and DGD could share the early catalytic steps, as 

 
Figure 2. CcbF-catalyzed decarboxylation-coupled oxidative deamination. 
(A) Conversion of substrate 1 (black) to product 2 (ocher) in vitro. The 
ESI m/z [M + H]+ modes of target compounds are indicated (left) and 
colored in the HPLC-MS traces (right). The transformations proceeding 
here derived from the reaction in which CcbF, 1, exogenous PLP and 
pyruvate were incubated under aerobic conditions during a 20-min incu-
bation period (i), and included those in which pyruvate (ii), PLP (iii), O2 
(iv) or CcbF (v, control) was selectively omitted. (B) Proposed catalytic 
mechanism of CcbF. The cysteinyl and related downstream groups are 
highlighted (ocher). Oxygen and associated products are indicated (blue). 
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the conserved lysine residue (e.g., Lys260 for CcbF) at the 
active site that covalently binds PLP through internal al-
dimine formation could be exchanged with a substrate to 
provide a common external aldimine and trigger decarboxy-
lation. Rather than the transamination occurring in DGD-
catalyzed conversion that requires no O2, the subsequent 
action of CcbF presumably involves an O2-originated radical 
chemistry for oxidative deamination: 1) in the presence of O2, 
single electron transfer may occur on external aldimine to 
produce a radical semiquinone intermediate and superoxide 
anion, combination of which at Cα would form hydroperoxy 
aldimine; and 2) after PLP release, the resulting intermediate 
might undergo H2O2 elimination and imine hydrolysis to 
produce aldehyde (Figure 2B). This mechanism of O2 activa-
tion and incorporation has previously been proposed for 
certain cofactor-free oxidases, such as urate oxidase12; how-
ever, its coupling with PLP chemistry that is common for 
carbanion stabilization are extremely rare. The only prece-
dents include a plant phenylacetaldehyde synthase and a 
dopa decarboxylase mutant, which have the activity similar 
to that of CcbF for decarboxylation-coupled oxidative deam-
ination, and Ind4, an enzyme that has been identified very 
recently for oxidation of an unactivated carbon-carbon bond 
in the biosynthesis of indomycin13. 

We next established the biosynthetic route downstream of 
aldehyde 2 in vitro through in situ enzymatic transformations 
producing desalicetin. The search for potential candidates 
was based on a comparative analysis of the biogenesis of 
celesticetin and lincomycin A, which led to the identification 
of the genes ccb4 and ccb5 from the ccb cluster (Figure S1). 
Ccb4 and ccb5, which are functionally unassigned and lack 
the counterparts in the lmb cluster, encode proteins resem-
bling various S-adenosyl-L-methionine (SAM)-dependent O-
methyltransferases and NAD(P)H-dependent oxidoreductas-
es, respectively. The two proteins were expressed, purified 
and then simultaneously incorporated into the above reac-
tion mixture involving CcbF. Desalicetin was effectively pro-
duced, thus confirming the function of Ccb4 in the the O-
methylation of lincosamide at C-7 and Ccb5 in the reduction 
of the terminal aldehyde group (Figure 3). The addition of 
Ccb4 or Ccb5 alone resulted in the O-methylated product 3 

or alcohol 4 , both of which were further converted to desali-
cetin in the presence of Ccb5 or Ccb4, indicating a high 
promiscuity of their catalytic sequences (Figure 3 and Figure 

Figure 3. In vitro enzymatic transformations of 2 to desalicetin involving 
the activities of Ccb4 and Ccb5. The ESI m/z [M + H]+ modes of target 
compounds are indicated in the biosynthetic routes (left) and colored in 
the HPLC-MS traces (right).  The transformations derived from the con-
trol reaction in which 1 and exogenous PLP were incubated under aerobic 
conditions during a 2-h incubation period (i), in the presence of CcbF 
alone (ii), CcbF and Ccb4 (iii), CcbF and Ccb5 (iv), or CcbF, Ccb4 and 
Ccb5 (v).   

 
Figure 4. In vitro enzymatic transformations of 5 to lincomycin A involv-
ing the activities of LmbF and LmbG. The ESI m/z [M + H]+ modes of 
target compounds are indicated in the biosynthetic routes (left) and 
colored in the HPLC-MS traces (right). The transformations derived from 
the control reaction in which 5 and exogenous PLP were incubated dur-
ing a 2-h incubation period (i), in the presence of LmbF alone (ii) or 
LmbF and LmbG (iii).  

S19-20). S. caelestis appears to have surrogates encoded out-
side of the ccb cluster: mutating ccb4 or ccb5 alone only par-
tially abolished the production of celesticetin and desalicetin 
(Figure S4A). 

For a comparison in cysteinyl-processing, we completed 
the maturation process of lincomycin A in S. lincolnensis. 
The inactivation of lmbF resulted in intermediate 5 (Figure 4, 
Figure S4B, and Supplementary Result). Incubating this cys-
teine S-conjugate with the purified β-lyase LmbF led to effec-
tive cleavage of the C-S bond in vitro, generating the highly 
reactive thiol intermediate 6 along with the co-products, NH3 
and pyruvate, the latter of which was characterized here by 
chemical derivatization with 2,4-dinitrophenylhydrazine 
(Figure 4, Figure S10 and S22). The lmb cluster contains three 
genes that encode SAM-dependent methyltransferases, 
among which LmbW and LmbJ have previously been con-
firmed to perform C- and N-methylation, respectively, during 
the formation of the proline-derived residue14. We thus ex-
pressed and purified the remaining protein LmbG from E. 
coli, and assayed its activity after LmbF-catalyzed reaction to 
prepare substrate 6 in situ. As anticipated, LmbG efficiently 
catalyzed the conversion of 6 to the mature molecule linco-
mycin A, demonstrating the S-methylation activity of LmbG 
(Figure 4 and Figure S23).  

The availability of two S-functionalization strategies for 
lincosamide antibiotic maturation allowed us to reconstitute 
the biosynthetic pathway of Bu-2545 in vitro. Bu-2545, isolat-
ed from S. sp. H230-51e, is a naturally occurring chimera be-
tween celesticetin and lincomycin A: it shares the 7-O-
methyl-6-N-prolinyl-lincosamide unit with the former mole-
cule but bears a methylmercapto group like the latter. Ac-
cording to the common logic of thiol-programmed biosyn-
thesis of lincosamide antibiotics, the reconstitution began 
with the branching point for cysteinyl processing of the 
celesticetin intermediate 1, in combination with the tailoring 
enzymes from the two biosynthetic pathways of lincomycin 
A and celesticetin (Figure 5A). Incubation of 1 with the β-
lyase LmbF led to a new thiol, 7, which was then transformed 
through LmbG-catalyzed S-methylation to the methylmer-
capto product 8, demonstrating the effectiveness and flexibil-
ity of the thiomethyl appendage route (Figure 5A and Figure 
S24-25). Furthermore, the incorporation of the O-
methyltransferase Ccb4, derived from the celesticetin path-
way, into the above reaction mixture and into a mixture lack-
ing LmbG produced the target Bu-2545 and its S- demethyl-
ated thiol 9, respectively (Figure 5A and Figure S26-27).  
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Figure 5. In vitro combinatorial biosynthesis of lincosamide antibiotics. 
The ESI m/z [M + H]+ modes of target compounds are indicated in the 
biosynthetic routes (top) and colored in the HPLC-MS traces (bottom). 
(A) Generation of Bu2545 and related products bearing a lincomycin-like 
sulfur appendage. The transformations were conducted by incubating the 
celesticetin intermediate 1 with LmbF (i), LmbF and LmbG (ii), LmbF and 
Ccb4 (iii), or LmbF, Ccb4 and Ccb5 (iv). (B) Generation of the products 
with a celesticetin-like sulfur appendage. The transformations were con-
ducted by incubating the lincomycin intermediate 5 with CcbF (i) or 
CcbF and Ccb5 (ii). 

We therefore extended the idea of in vitro combinatorial 
biosynthesis to process the cysteinyl group of the lincomycin 
intermediate 5 to generate a two-carbon S-linker characteris-
tic of celesticetin (Figure 5B). Incubation with CcbF for 2-h 
resulted in the partial conversion of 5 into aldehyde 10; how-
ever, the further transformation of 10 to alcohol 11 by the 
NADPH-dependent oxidoreductase Ccb5 was complete (Fig-
ure 5B and Figure S28-29). Compared to its counterpart 
LmbF, CcbF appeared to be more stringent in substrate tol-
erance and its associated decarboxylation-coupled oxidative 
deamination reaction could be a limiting step in processing 
cysteine S-conjugated surrogates. 

In conclusion, we have established two paradigms for dis-
tinct S-functionalization of the lincosamide antibiotics celes-
ticetin and lincomycin A, whose biosynthesis share the thiol-
programmed pathway of molecular assembly and sulfur in-
corporation but branch at cysteinyl processing to build the 
specific sulfur appendages. The celesticetin route involves a 
rare PLP-dependent activity for decarboxylation-coupled 
oxidative deamination that releases the two-carbon skeleton 
(after reduction) as a linker to append salicylate, and during 
this process, O-methylation occurs at C-7 of the lincosamide 
unit. In contrast, the lincomycin route involves β-elimination 
to reserve the sulfhydryl group of cysteinyl only, followed by 
S-methylation to furnish the methylmercapto functionality. 
In vitro permutation of these two maturation routes pro-
duced lincosamide hybrids of celesticetin and lincomycin A, 
including the natural member Bu-2545, for which a similar 
hybrid pathway can be foreseen in the native producer S. sp. 
H230-51e. The tool box of synthetic biology is thus enriched, 
as the ability to design variable sulfur appendage for the pro-
duction of sulfur-containing active molecules has been estab-
lished. CcbF and LmbF are functionally distinct but highly 
homologous to each other, implying that phylogenetically 
they evolved from a common PLP-dependent prototype pro-
tein. A genome sequence-based survey revealed a number of 
homologs of CcbF and LmbF that remain functionally unas-

signed.Characterization of their potentially diverse activities, 
arising from the malleable nature of PLP chemistry, would 
allow access to unpredictable new biological processes. 
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