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Organoselenium compounds are rare in nature but play important
physiological roles by exploiting the distinct features of selenium. However,

the ability to explore these compounds and their implications has been
hindered by the limited availability of (bio)synthetic tools for the generation
of organoselenium molecules, particularly the lack of enzymatic strategies
for C-Se bond formation. Here we develop an enzymatic approach for C-Se
bond formation using sulfur carrier proteins to biosynthesize the isologous
selenium counterparts of cysteine, thiamine and a chuangxinmycin
derivative. Our results indicate that widespread sulfur-carrier-protein-based
biosynthetic systems provide promiscuous and programmable machinery
for the production of unnatural Se-containing compounds. We anticipate
that the ‘element engineering’ strategy used in this study will provide

new opportunities to develop biologically rare molecules or abiological-
element-containing chemicals not found in nature.

Selenium (Se) is a chalcogen element with similar chemical and physical
properties to sulfur (S) and tellurium (Te)*. However, compared with
S and Te, Se is kinetically labile but thermodynamically stable in the
formation of organic molecules®*. Due to this feature, Se-containing
compounds are more reactive than their sulfurisologues but more sta-
ble thantheir tellurium counterparts. As aresult, Seis used in nature as
atracenutrient elementin several essential physiological processes by
forming selenoproteins or organoselenium small molecules®®. Intrigu-
ingly, organoselenium small molecules, including selenocysteine,
selenomethionine, 5-methylaminomethyl-2-selenouridine and sele-
noneine (Fig. 1a), show chemical properties and biological functions
distinct from their sulfur counterparts"®’.

Inspired by nature, researchers have chemically incorporated
selenium into several pharmaceutical candidates, and the products
show promising abilities to adjust redox activity, improve biological
uptake, fine-tune molecular conformation, enhance potency and
efficacy, and antagonize drug resistance® 2. Thus, organoselenium
compounds have emerged as potential therapeutic agents for treat-
ingavariety of diseases'. For example, the selenium-containing drug

candidate ebselen shows strong inhibitory activity against the main
protease MP™ of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)"*'* However, studies on Se-containing drugs and bioac-
tive small molecules remain in their infancy, mainly due to the lack of
adequate (bio)synthetic tools.

Naturally occurring organoselenium products (Fig. 1a) are mostly
biosynthesized via specific selenium incorporation pathways” . In
synthetic chemistry, transition-metal-catalysed C-Se bond formationis
acommonly used strategy to produce organoselenium compounds'® 2.,
However, the lack of chemo-, regio- and/or stereoselectivity of these
catalysts largely limits their applications in the complex and chiral
synthesis of organoselenium molecules. In principle, sulfur-containing
natural product biosynthetic enzymes may be potential biocatalysts
for production of organoselenium compounds. However, due to the
thermodynamic and/or kinetic discrimination of enzymes, as well as
the low abundance of selenium sources, Se-containing natural prod-
ucts and Se-incorporating enzymatic machineries are uncommon in
nature. Further, using the natural sulfur metabolic system for in vitro
enzymatic incorporation of seleniumis rarely successful®* 2.
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Fig.1| Representative selenium- and sulfur-containing natural products
and the SCP-based selenium incorporation systeminspired by nature.

a, Representative selenium-containing natural products. b, Representative
sulfur-containing natural products biosynthesized by SCP-involved pathways.
¢, The ubiquitination-deubiquitination system. During the ubiquitination-
deubiquitination cycle, ubiquitin activating enzyme (E1) first forms a thioester
complex with ubiquitin (Ub) viaan adenylationintermediate. Then, the

Ub conjugating enzyme (E2) mediates a transthioesterification reaction to
produce the Ub-E2 complex, of which the Ub moiety is connected with the
acceptor protein (AP) by the catalysis of Ub ligase (E3). The Ub-AP complex
canberecognized either by proteasome to undergo protein degradation or by
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deubiquitinase (DUb) to recycle Ub. d, Classical SCP-based sulfur incorporation
cycle. The SCPis firstactivated to the thiocarboxylate state by an E1-like (EIL)-
activating enzyme or a fused E1L-rhodanese homologue dual-domain protein
(EIL-RH) viaan adenylation intermediate. Then a sulfurtransferase (ST) catalyses
the connection of SCP with the acceptor substrate (AS) via a thioester bond, which
is further hydrolysed to produce the sulfuration product (SP) and regenerate SCP.
Different sulfur donors (HS” or EIL-RH-S-S’, indicated by R-S") can be utilized
tosulfurate SCPs. e, The SCP-based selenium incorporation strategy developed
inthis study (SeP: selenylation product). Different selenium donors (HSe™ or E1L-
RH-S-Se", indicated by R-Se”) can be used to selenylate SCPs.

Among the large variety of sulfur-containing natural products, a
small group of organosulfur compounds (Fig. 1b and Extended Data
Fig.1) are biosynthesized by employing a class of ubiquitin-like small
sulfur carrier proteins (SCPs; Fig. 1b—d)?*~*'. During sulfur incorpora-
tion, SCP acts as the direct sulfur donor after its conserved C-terminal
diglycine (GG-COO") motifis activated to the GG-COS™ form by an
El-like (E1L) activating enzyme or a fused E1L-rhodanese homologue
(RH) dual-domain protein (Fig. 1d). Subsequently, a sulfurtransferase
catalyses sulfur transfer from the activated SCP-COS to the acceptor
substrate (AS), resulting in the formation of sulfur-containing products
(Fig.1d)*. Mechanistically, the activating enzyme and sulfurtransferase
mediate two consecutive rounds of nucleophilic addition-based C-S
bondformation, serving as the chemical basis for the process by which
sulfurisincorporated (Fig. 1d)**>3*,

Seis larger than S, with an atomic radius of 1.15 A compared to
1.00 A for the S atom?®. This difference leads to more loosely bound
outer valence electrons and higher polarizability; as aresult, Se*” spe-
ciessuchasR-Se’, HSe™,SeS0,% and R-COSe are better nucleophiles

than their S* counterparts*®®, Thus, when fed anappropriate selenium
donor, the SCP-based system could show the catalytic potential needed
toforge C-Sebonds and produce organoselenium compounds (Fig. le).
Totest this hypothesisbased on S and Se chemistry and the biocatalytic
mechanism of SCP systems, we report the SCP-based selenium replace-
ment of the sulfur atom in three representative sulfur-containing
molecules, leading to theirisologous selenium counterparts, including
the primary metabolites cysteine, thiamine and a secondary metabolite
chuangxinmycin derivative. Our proof-of-concept exploration clearly
demonstrates that SCP-based enzyme cascades can be switched to
carry and transfer selenium, providing an enzymatic toolbox for pro-
ducing organoselenium molecules (Fig. 1e).

Results and discussion

Protein preparation

To reconstitute the biosynthetic pathways of cysteine, thiamine and
chuangxinmycin in vitro, we respectively cloned their complete bio-
synthetic genes from Streptomyces coelicolor A(3)2, Bacillus subtilis
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Fig.2|Selenylation of the SCPs. a, Schematic of ATP-dependent selenylation
of CysO, ThiS and Cxm4* by MoeZ, ThiF and CxmM, respectively, using NaSeH as
the selenium source. Cxm4* represents the mature form of Cxm4, of which the
ten C-terminal amino acids were removed to expose the diglycine tail, and the
cysteine®® residue was mutated to alanine to prevent protein dimerization.

b, Deconvoluted HRESI-MS analysis of the selenylation efficiency of CysO,
ThiSand Cxm4*in1hreactions at 30 °C, under various pH conditions.
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Selenocarboxylate state of SCPs

The corresponding sulfuration reactions at pH 7 were used as positive controls.
Note: the sulfurated SCPs observed in the selenylation reactions originated from
residual sulfur species in the selenium sample, even though the commercial
selenium powder used was labelled as highly pure (99.9%). E1L-RH, a fused E1-like-
rhodanese homologue dual-domain protein; AMP, adenosine monophosphate;
COAMP, the adenylated carboxyl group in the diglycine tail of SCPs.

and Actinoplanes tsinanensis. These genes were individually expressed
in Escherichia coli BL21(DE3) or Rosetta(DE3) with suitable tags (see
Supplementary Information for details). Using Ni-NTA affinity chroma-
tography and appropriate protease treatment, all necessary proteins
were purified to homogeneity (Supplementary Fig. 1).

Selenylation of the SCPs

During the SCP-mediated sulfurincorporation, an activating enzyme
(thatis, MoeZ for cysteine, ThiF for thiamine and CxmM for chuangx-
inmycin) firstloads the sulfur atom onto the GG tail of SCP to generate
theactive thiocarboxylate species SCP-COS™ (Extended Data Figs. 2-4).
Toinvestigate the selenium tolerance of the SCP-based sulfur-transfer
system, we first used sodium hydroselenide (NaSeH) as a selenium
donortotest theselenylation of SCPs. NaSeH was prepared by reducing
selenium powder (Se®) with sodiumborohydride (NaBH,) under anaero-
bic conditions (Supplementary Scheme 1)*’. Then the three SCPs (CysO
for cysteine, ThiS for thiamine and Cxm4* for chuangxinmycin) were
individually co-incubated with their corresponding activating enzymes
(Fig. 2) in the presence of adenosine triphosphate (ATP), MgCl, and
freshly prepared NaSeH under neutral conditions (pH = 7) for 60 min.
Of note, the reducing agent dithiothreitol (DTT) was added to keep
areducing environment for preventing the formation of diselenide.
With NaSH as the sulfur source, the SCP-sulfuration reactions were
performed in parallel as positive controls. The reaction mixtures were
analysed by high-resolution electrospray-ionization mass spectrometry
(HRESI-MS) after high-speed centrifugation was performed to remove
the precipitated selenium powder. As aresult, the expected selenylated

CysO-COSe™and Cxm4*-COSe” were detected with conversion ratios
of 87% and 17%, respectively, while ThiS-COSe~was not observed under
thesereaction conditions (Fig.2b).Inaddition, an extra peak 17 daltons
larger than the calculated mass of Cxm4*-COSe™ was observed in the
Cxm4* selenylation reaction, which was deduced to be the oxidation
product Cxm4*-COSe-OH (Fig. 2b).

Because hydroselenides have much lower acid dissociation con-
stant (pK;,) values than their sulfur counterparts and exhibit different
pHdependences"*®, we repeated the SCP selenylation reactions under
arange of pH conditions from 5to 9. As expected, all three SCPs were
selenylated in a pH-dependent manner, with a preference for acidic
conditions (Fig. 2b). Specifically, CysO-COO™ was mostly converted
into CysO-COSe~inalltested pH conditions at conversion ratios >80%;
the highest conversion ratio reached 90% at pH 5. ThiS-COSe™ was
barely detected under neutral and alkaline conditions, and the high-
est conversion ratio was approximately 55% at pH 5. The selenylation
efficiency of Cxm4* was notably affected by pH, with selenylation
rates ranging from 5to 55% when the pH was decreased from 9 to 5.In
addition, lower pH conditions (pH = 5-6) inhibited the formation of
the deduced byproduct Cxm4*-COSe-OH. Interestingly, when NaSH
was used as a sulfur source, the SCP-sulfuration efficiency showed a
reversed pH dependency (Extended DataFig. 5). These results demon-
strated SCPs could act as selenium carrier proteins when NaSeH was
used as aselenium source, preferably under acidic conditions.

We attempted to use sodium selenosulfate (Na,SeSO;) and/or
selenocysteine (Se-Cys) as alternative selenium donors to selenylate
CysO (using Na,SeS0;), ThiS (using Se-Cys) and Cxm4* (using both
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Na,SeSO; and Se-Cys), as their corresponding activating enzymes
were previously reported to selectively draw the S* species from
the two alternative sulfur sources (Na,S,0; and cysteine) to sulfu-
rate the SCPs (Extended Data Figs. 2-4)%°°>%_Of note, Na,SeSO, was
freshly prepared by refluxing selenium powder and Na,SO; in deion-
ized water (Supplementary Scheme 2)*. The pyridoxal 5’-phosphate
(PLP)-dependent cysteine desulfurase IscS, which catalyses the des-
ulfurization of cysteine to yield alanine and IscS-bound persulfide®,
was employed to hijack Se* from Se-Cys (ref. 40). Then, Na,SeSO; or
‘Se-Cys+IscS+PLP’were used asaselenium source to replace NaSeH in
the SCP selenylation reactions (in the presence of DTT). As observed,
CysO and Cxm4* were partially selenylated by Na,SeSO;, but with a
reversed pH dependency (relative to the NaSeH systems) that favoured
high-pH conditions (Supplementary Figs. 2 and 3). Cxm4* could also
beselenylated by Se-Cysinasimilar pH-dependent manner as NaSeH
(Supplementary Fig. 3). However, the selenylation efficiencies were
much lower than those observed in the corresponding NaSeH-sup-
ported reactions (Supplementary Fig. 3 and Fig. 2b). Moreover, the
ThiS system could barely use Se-Cys to reach the ThiS-COSe™ state
(Supplementary Fig. 4).

Collectively, compared to Na,SeSO, and Se-Cys, NaSeH was a bet-
ter selenium source for all three SCPs. This can be fairly attributed to
the different selenylation mechanisms for the three Se donors, through
which the HSe™ species can spontaneously attack the adenylated car-
boxylintermediates to produce the selenylated SCPs; in contrast, the
Se?” species in Na,SeS0, and Se-Cys must be drawn and delivered to
SCP with the aid of the RH domain in activating enzymes (or further
cooperate withIscS and Thil) (Extended DataFigs. 2-4). Thus, we chose
NaSeH as the selenium source and pH 6 as the working condition for
the following Se incorporation reactions, considering that lower pH
conditions would cause more protein precipitation.

Incorporating Se into the acceptor substrates
Insulfurincorporation of cysteine, thiamine and chuangxinmycin, the
sulfur atom carried by SCP-COS  is further incorporated into the AS by
asulfurtransferase (CysM for cysteine, ThiG for thiamine and Cxm3 for
chuangxinmycin) (Extended Data Figs. 2-4). After obtaining the three
selenylated SCPs (CysO-COSe", ThiS-COSe™ and Cxm4*-COSe"), we
next attempted to assemble the entire selenium incorporation path-
ways for the three candidate compounds (Fig. 3a-c). Experimentally,
the SCP-COSe™generated in situ was co-incubated with the AS, sulfur-
transferase and all necessary coenzymes and cofactors in a one-pot
reaction under aerobic conditions (in the presence of DTT).

In the selenocysteine biosynthetic pathway, CysO, MoeZ, CysM
and Mec" were co-incubated with the commercially available starting
substrate O-acetyl-L-serine (OAS) and cofactors ATP, MgCl,, PLP and
NaSeH for2 hat pH 6. A control reaction was performed in parallel using
NaSH as asulfur source to produce cysteine. Then, monobromobimane
(mBBr), athiol-and selenol-trapping reagent, was added toreact with
the expected products cysteine and Se-Cys for high-performance
liquid chromatography (HPLC) analysis. As aresult, the expected Cys-
mBBr and Se-Cys-mBBr adducts were formed in the mBBr-treated
sulfur- and selenium incorporation reactions, respectively, as evi-
denced by the consistent retention time and isotopic patterns with
the synthetic Cys-mBBr and Se-Cys-mBBr standards (Fig. 4a and Sup-
plementaryFig.5). Unexpectedly, Se-Cys-mBBrwas also detectedina
lower yield in the control reaction with boiling-inactivated CysO (Fig.
4a). Since it was previously reported that the sulfurtransferase CysM
could directly use HS™ (in addition to CysO-COS") as a sulfur donor
to produce cysteine’®, we reasoned that CysM might also use HSe™ to
generate Se-Cys.

To test this hypothesis, we first prepared purified CysO-COSe™ as
a selenium donor to support the reaction. Specifically, CysO-COSe”
was produced by co-incubating CysO, MoeZ, ATP, MgCl, and NaSeH
for 30 min. Then, the reaction mixture was buffer exchanged by gel

filtration ona PD-10 column to remove the residual NaSeH. After con-
firming by HPLC-HRESI-MS analysis that abundant CysO-COSe™ had
formedinthe desalted buffer (SupplementaryFig. 6), we added CysM,
Mec*, PLP and OAS to react with CysO-COSe™ for another 30 min.
HPLC-HRESI-MS analysis of the mBBr-treated reaction mixture clearly
demonstrated the formation of Se-Cys-mBBr (Supplementary Fig.
7). Next we incubated NaSeH as the sole selenium source with CysM
and OASinthe presence of PLP, MgCl,and DTT. As observed by HPLC,
Se-Cys-mBBr was also formed with NaSeH concentrations ranging
from 0.1to 10 mM (Supplementary Fig. 8). Collectively, these results
confirmed that CysM canuse both CysO-COSe”and HSe™ as selenium
sources to produce Se-Cys.

We examined whether pH conditions could influence the Seincor-
porationefficiency. As observed, the yield of Se-Cys-mBBr decreased
notably when the pH increased from 5to 9, clearly demonstrating the
pH dependence of Se incorporation (Supplementary Fig. 9a). In con-
trast, the production of Cys-mBBrinthe S-incorporation reaction was
only slightly affected by pH (Supplementary Fig. 9b). After excluding
theinfluence of pH on mBBr trapping efficiency against Se-Cys (Sup-
plementary Fig. 10), we reasoned that this phenomenon was mainly
due to the pH-dependent selenium transfer efficiency of CysM since
the formation of CysO-COSe™ was almost unaffected by pH changes
(Fig. 2a and Supplementary Fig. 10). Due to the lower pK, of R-COSe™
and HSe™ (relative to their sulfur counterparts), these molecules likely
become stronger nucleophiles at lower pH conditions’*¢, which is
crucial for nucleophilic attack during the selenium transfer process.

According to the standard concentration curves, the yields of
Se-Cysand cysteine were determinedtobe 9.8 + 0.8% and 54.8 +1.6%,
respectively, at the substrate concentration of 500 pM at pH 6 for
2 h (Supplementary Fig. 11). Taken together, the results indicate that
Se-Cys can be efficiently synthesized through the SCP-based biosyn-
thetic machinery under acidic conditions, albeit with lower efficiency
than its native product cysteine. These results also revealed that a
sulfurtransferase (CysM) could moonlight as a ‘seleniumtransferase’
by interacting with selenylated SCP (CysO-COSe") or directly using
HSe under preferable acidic conditions. Since Se-Cys is generally
biosynthesized through a specific tRNA-dependent route (tRNASerSec)
in which tRNA-bound Se-Cys is directly recruited in the selenium-
containing protein translation process™*"*?, our finding provides an
alternative method for preparation of free Se-Cys in addition to the
previously developed strategy™®.

Inbacteria, the biosynthesis of thiamine (as thiamine monophos-
phate (TMP)) includes the construction of thiazole (Thz) phosphate
(Thz-P) and hydroxymethyl pyrimidine (HMP) diphosphate (HMP-PP)
building blocks and condensation of these two moieties, which involves
nine enzymatic reactions (Fig. 3b)*. To investigate the feasibility of
incorporating seleniuminto amore complicated biosynthetic system,
we attempted to produce the selenium counterpart of TMP, seleno-
thiamine monophosphate (Se-TMP) using the SCP-based TMP biosyn-
thetic machinery. We started by assembling the Se-Thz-P intermediate
(Fig.3b). Specifically, thein vitroreconstituted ThiS-COSe™ producing
kitincluding ThiS, ThiF, ATP, MgCl, and NaSeH was co-incubated with
the chemically synthesized substrate deoxy-D-xylulose 5-phosphate
(DXP), sulfurtransferase ThiG, glycine (Gly) and its oxidase ThiO, and
the cofactor flavin adenine dinucleotide (FAD) for 2 h to produce Se-
Thz-P1 (Fig. 3b). A natural sulfur incorporation reaction using NaSH
asasulfur donorwas carried out as a positive control. Since Se-Thz-P1
and Thz-P1 are highly hydrophilic compounds and difficult to detect
using HPLC, alkaline phosphatase (ALP) was added to enzymatically
remove their phosphate groups at the end of the reactions (Fig. 3b).
HPLC-HRESI-MS analysis showed substantial formation of Thz and
Se-ThzintheSand Se-incorporationreactions, respectively (Fig. 4b).
These results were confirmed by the characteristicisotope patterns of
the sulfur- and selenium-containing products and comparison with the
calculated exact masses (Supplementary Fig.12). In contrast, Se-Thz
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pathways of TMP and Se-TMP. ¢, Biosynthetic pathways of S-Trp and Se-Trp. The boxed structures are mBBr-trapped or ALP-dephosphorylated derivatives used for

product analysis through HPLC or HPLC-MS.

was not produced by the negative control reaction using boiled ThiS
(Fig.4b), indicating that ThiG is an SCP-specific seleniumtransferase.
Next, we attempted to assemble the entire pathway to produce
Se-TMP. Inthe natural biosynthetic route of the HMP-PP moiety, ThiC
first converts 5-aminoimidazole ribotide (5-AIR) into hydroxymethyl
pyrimidine phosphate (HMP-P), whichis then phosphorylated by ThiD
toafford HMP-PP (Fig. 3b)**. Asreported, ThiD can also directly trans-
form HMP into HMP-PP via two consecutive phosphorylation steps
(Fig. 3b)*™. Thus, we used HMP as the starting material since 5-AIR is
unstable and challenging to synthesize**. Then, HMP, ThiD, ThiE, Tenl
(to tautomerize Thz-Plinto Thz-P2) and KCl were further added into
the Se-Thz-P1 producing system. HPLC-HRMS analysis of the two-hour
reaction mixture showed the formation of Se-TMP, which was con-
firmed by comparing the observed isotope patterns and masses with
the calculated data (Fig. 4b and Supplementary Fig. 13). Meanwhile,
normal TMP was produced in the control reaction with NaSH (Fig. 4b
and Supplementary Fig. 13), and no Se-TMP was formed in the nega-
tive control with heat-inactivated ThiS (Fig. 4b). Of note, we could not
calculate the product yields due to the lack of authentic standards.
Theseresults demonstrated that the complex multienzyme cata-
lytic system can well tolerate selenium-substituted (originally sulfur-
containing) substrates, intermediates and products. Thiamine is an
essential cofactor that participatesin severalimportant physiological
reactions—such as carbohydrate metabolism—in all living organisms

and has been used to clinically treat neuritis*®; thus, we envision that its
selenium counterpart Se-TMP, which has never been found in nature
norbeenbiosynthesized before, to our knowledge, may hold important
therapeutic potential. Further research and development of Se-TMP
requires muchimprovement of the current biosynthetic system, which
isongoingin this laboratory.

To further broadenthe applicability of the SCP-based biosynthetic
platform for organoselenium compounds, we attempted to incor-
porate Se atoms into secondary metabolites, also known as natural
products, which are important for drug research and development.
Chuangxinmycin (CXM) is a sulfur-containing antibiotic produced
by the bacterium A. tsinanensis and exhibits therapeutic potential
for bacterial infections due to its specific inhibitory activity against
prokaryotic tryptophanyl-tRNA synthetase*. The biogenesis of CXM
is achieved by an SCP-involving pathway (Fig. 3c)***%. Therefore, we
selected CXM as the target molecule for replacing its S atom with a
Seatom.

Inaone-potreaction, Cxm4*, CxmM, ATP, MgCl,and NaSeH were
co-incubated with the acceptor substrate indole-3-pyruvic acid (IPA),
sulfurtransferase Cxm3, thioketone reductase Cxmé, nicotinamide
adenine dinucleotide phosphate hydrogen (NADPH) and DTT. Sub-
sequently, a new peak was detected by HPLC that differed from the
sulfur incorporation product S-Trp, which was absent in the control
reaction with boiled Cxm4* (Fig. 4c). HRESI-MS analysis indicated that
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Fig.4 |HPLC and HPLC-HRMS analyses of selenium incorporation reactions.
a, HPLC analysis of the Se-Cys biosynthetic reactions: the Cys-mBBr standard (i);
the mBBr-trapped product of the one-pot sulfur incorporation reaction (ii); the
Se-Cys-mBBr standard (iii); the mBBr-trapped product of the one-pot selenium
incorporation reaction (iv); and the negative control reaction with boiled

CysO (v). b, HPLC-HRMS analysis of the biosynthetic reactions of Se-TMP: the
extracted ion chromatograms (EICs) of Thzin the sulfur incorporation reaction
(i) and Se-Thzin the selenium incorporation reaction (ii); the negative control
reaction with boiled ThiS (iii); the EICs of TMP in the one-pot sulfur incorporation
reaction (iv) and Se-TMP in the selenium incorporation reaction (v); the negative

Retention time (min)

control reaction with boiled ThisS (vi). ¢, HPLC analysis of Se-Trp biosynthetic
reactions: the mixed standards of IPA and S-Trp (i); the products of the Se
incorporation reaction (ii) and S-incorporation reaction (iii); the negative control
reaction with boiled Cxm4* (iv). d, HPLC-HRMS analysis of the mBBr-trapped
product: the EIC of the Se-Trp-dimer before mBBr was added (i); the EIC of Se—
Trp-mBBr after mBBr was added (ii). All these reactions were performed at pH 6
and 30 °C for 2 h.mBBr, monobromobimane; IPA, indole-3-pyruvic acid; S-Trp,
(R)-3-(1H-indol-3-yl)-2-mercaptopropanoic acid; Se-Trp, (R)-2-hydroseleno-3-
(1H-indol-3-yl)propanoic acid.

the product contained two seleniumatoms, as judged by the character-
istic selenium isotope pattern, implying a potential diselenide dimer
(Fig.4d and Supplementary Fig.14). Treatment of the reaction mixture
with mBBrresulted in a derivative with a single selenium atom, which
exhibited amolecular weight consistent with the monomeric form of
Se-Trp-mBBr (Figs. 3c and 4d; Supplementary Fig. 14). Purification
of the biselenium-containing product and structure elucidation by
multidimensional nuclear magnetic resonance (NMR) spectroscopy
(Supplementary Figs.15-20) confirmed that the Se incorporation prod-
uct was indeed Se-Trp, but in the form of a diselenide dimer (Fig. 4d)
under aerobic conditions. Interestingly, the diselenide bond could not
be cleaved by generally used disulfide reducing agents, suchas DTT and
tris (2-carboxyethyl) phosphine, which prevented us from synthesizing
Se-substituted CXM with the downstream biosynthetic enzymes (Sup-
plementary Fig.21). Of note, due to unavailability of Se-Trp monomer,
we also could not test the activity of the downstream P450 enzyme
CxmS5 towards this selenium analogue. Using the standard concentra-
tion curves of enzymatically prepared Se-Trp-dimer, the yield of Se-Trp
monomer from 500 uM of substrate was determined tobe 36.4 +1.3%

comparingwith 71.9 + 1.4% of S-Trp in the sulfur incorporation reaction
(Supplementary Fig.22), at pH 6 for 2 h. These results confirmed that
the Se-substituted CXM intermediate was formed, indicating that the
SCP-mediated seleniumincorporation system could create selenium-
containing ‘unnatural’ natural products, which are an emerging class
of compounds with therapeutic potential for a variety of diseases™.

Enzymatic promiscuity of the Seincorporation systems

Inthe SCP-based sulfur- and seleniumincorporation systems, the Sor Se
atomis sequentially transferred through protein-proteininteractions
between SCP-COO™and the activating enzyme and between sulfurated
orselenylated SCP and sulfurtransferase or seleniumtransferase (Fig.
1d,e). SCPs exhibit acceptor promiscuity towards activating enzymes
and sulfurtransferases in different sulfur incorporation pathways.
For example, during the assembly of the 2-thiosugar moiety of anti-
biotic BE-7585A, the activating enzyme MoeZ and sulfurtransferase
BexX can co-opt SCPs from the biosynthetic pathways of cysteine and
molybdopterin®. Similar phenomenahave been observedin the biosyn-
thesis of thioplatensimycin and chuangxinmycin®*2, However, the full
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Fig. 5| Recombination of the SCP-based selenium incorporation systems.

a, Recombination network of SCPs for selenium incorporation with different
activating enzymes MoeZ, ThiF and CxmM (i) and sulfurtransferases CysM, ThiG
and Cxm3 (ii). Left: the boxed histograms show the conversion ratios of SCPs

(i). Right: the boxed histograms show the yields of organoselenium products in
one-pot reactions (ii) of the three recombined pathways (the yield of Se-Thz was
not determined due to unavailability of authentic standard; ‘Positive” indicates
the product was detectable by HPLC-MS, while ‘negative’ means there was no

detectable Se-Thz by such analysis). The colour of each column represents the
corresponding same-coloured activating enzyme (ini) or SCP (inii) supported
reaction. b,c, The reprogrammed enzyme cascades for Se-Cys (b) and Se-Trp
(c) biosynthesis. The boxed histograms show the product yields of the rewired
routes. All these reactions were performed in triplicate at pH 6,30 °C for 30 min.
Error bars represent the standard deviations calculated from three independent
experiments. Se-Cys, selenocysteine; Se-Thz, selenium-substituted thiazole
derivative; Se-Trp, (R)-2-hydroseleno-3-(1H-indol-3-yl)propanoic acid.

landscape of promiscuous interactions between SCPs and activating
enzymes and sulfurtransferases from different species has not been
revealed. In particular, itis intriguing to consider whether this prom-
iscuity could be utilized to optimize or even create unnatural selenium
incorporation pathways.

First, to test the SCP selenylation efficiency of different activat-
ing enzymes, CysO, ThiS and Cxm4* were individually incubated with
native and nonnative activating enzymes from the other two pathways
using NaSeH as the Se source (Fig. 5a(i)). HRESI-MS analysis showed that
CysO-COO™ could be selenylated by exogenous activating enzymes
CxmM and ThiF (Fig. 5a(i)). CxmM exhibited a comparable activation
ratio to the native activating enzyme MoeZ, while ThiF showed lower
activity (Fig. 5a(i) and Extended Data Fig. 6a(i)). ThiS was hardly sele-
nylated by exogenous CxmM and MoeZ, in which CxmM yielded no
ThiS-COSe™ (Fig. 5a(i) and Extended Data Fig. 6a(ii)). Cxm4* was consid-
erably selenylated by exogenous MoeZ and ThiF atalevel comparable
to that of its native partner CxmM (Fig. 5a(i) and Extended Data Fig.
6a(iii)). Control reactions using NaSH as asulfur source showed similar
reactivity patterns, although the sulfuration efficiency was higher than
the corresponding selenylation efficiency (Extended Data Fig. 7a,b).
These results indicate CxmM is a comparable exogenous activating
enzyme for CysO, while MoeZ and ThiF are comparable exogenous
activating enzymes for Cxm4* compared to their respective native
activating proteins.

Next we evaluated the ability of SCP-COS™ and SCP-COSe™ to
interact with different sulfurtransferases and the resulting sulfur or
selenium transfer activities. We used native activating enzymes to gen-
erate SCP-COS™ and SCP-COSe " insitu and co-incubated the product
with eachsulfurtransferase from different pathways, as well as related
coenzymes, to generate the S- and Se-containing products (Fig. 5a(ii)

and Extended Data Fig. 7a(ii)). In the sulfur-transfer reactions, CysM
and ThiG could cooperate with both exogenous SCPs to accomplish the
sulfur-transfer functionality, even though the yields were lower than
those of their native partners; in contrast, compared to its native SCP
Cxm4*, Cxm3 could only recognize CysO as an exogenous sulfur donor
and produced a much lower yield of S-Trp (Extended Data Fig. 7c). In
the seleniumtransfer reactions, the Cxm4* and ThiS participating reac-
tions afforded comparable Se-Cys yields with those of the native CysO,
while exogenous SCPs could not act as selenium donors and support
selenium transfer reactions in the TMP and CXM pathways (Fig. 5a(ii)
and Extended Data Fig. 6b).

After obtaining these data for enzyme promiscuity, we sought to
reprogramme the SCP-based selenium incorporation processes by
recombining different selenylation modules. In addition to the natu-
ral pathway CysO-MoeZ-CysM (route A), we designed the following
unnatural enzymatic systems for the Se-Cys production reaction:
CysO-CxmM-CysM (route B), Cxm4*-MoeZ-CysM (route C) and
Cxm4*-ThiF-CysM (route D) (Fig. 5b). Three catalytic systemsincluding
Cxm4*-CxmM-Cxm3 (route A, native), Cxm4*~-MoeZ-Cxm3 (route B)
and Cxm4*-ThiF-Cxm3 (route C) were built for Se-Trp production
(Fig.5c). Of note, the Se-TMP biosynthetic pathway could not be repro-
grammed due to the low enzyme promiscuity for SCP selenylation and
selenium transfer processes (Fig. 5a). As observed, compared with the
native system, all three rewired Se-Cys-producing pathways obtained
comparableyields (Fig. 5b(i) and Extended Data Fig. 6¢(i)). This result
may be attributed to the synergistic effect of SCP-COSe™ and HSe™
towards CysM, because CysM can use both SCP-COSe™ and HSe™ as
seleniumdonors. For the rewired Se-Trp producing processes, route C
successfully produced the Se-containing product albeitin alower yield
than that of the natural system (Fig. 5c and Extended Data Fig. 6¢(ii)).
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Taken together, these results clearly demonstrated the promis-
cuity of SCPs towards activating enzymes and sulfurtransferases of
exogenous origins when transferring sulfur and selenium. These prom-
iscuities could vary alotin different recombinations. Therefore, proper
recombination of the selenylating modules can generate efficient
artificial enzyme machineries to produce artificial organoselenium
molecules utilizing the concept and methodology of synthetic biology.

Conclusions

Selenium and sulfur belong to the same group in the periodic table of
the elements. Due to the similar physiochemical properties of these
two elements, seleno-counterparts of organosulfur compounds can
be developed by employing sulfur-metabolizing enzymes. In this
study, we have shown that SCP-based sulfur incorporation systems
canbeharnessed to generate organoselenium products by function-
ally converting an SCP into an SeCP under appropriate reaction con-
ditions. The carrier protein plays a crucial role in the formation of
the C-Se bond through nucleophilic addition by providing essential
activity-enabling and specificity-determining protein-proteininter-
actions. Biocatalytic selenylation systems provide potential access to
pharmaceutically emerging molecular architectures that are rare in
nature and expand the chemoenzymatic space for organoselenium
compounds. Additionally, this strategy exhibits high atomic economy
by using Se® as the original source of selenium. Due to the promiscui-
ties of SeCPs towards activating enzymes and seleniumtransferases,
artificial enzyme machineries can be created for the production of
organoselenium compounds.

SCPs, which exhibit intriguing similarity to ubiquitin in terms of
structure, biochemistry and mode of action, are widely distributed in
prokaryotes, eukaryotes and archaea and have roles in diverse biologi-
cal functions far beyond biosynthesis**~*'. Hence, SCP-based systems
not only hold potential as a programmable biosynthetic toolbox for
production of organoselenium molecules, but also provide a large
enzyme pool through which the underlying physiological functions
of selenium canbe explored. Finally, we anticipate that the application
ofthe ‘element engineering’ approach, as demonstrated in this study,
will accelerate the development of unnatural chemicals that contain
elements rarely or not found in biological organisms.

Methods

Chemical synthesis of NaSeH, Na,SeSO,, Se-Cys-mBBr, Cys-
mBBr and DXP

Syntheses of NaSeH (ref. 35), Na,SeSO0; (ref. 38) and DXP**** were carried
outaccordingto previously established methods. See Supplementary
Information for synthetic schemes and NMR spectroscopy characteri-
zation details.

Invitro SCP selenylation reactions

All the bioassays in this study were repeated and measured at least
threeindependent times. Inthis part, all enzymatic assays were carried
out in a total volume of 50 pl in the reaction buffer (50 mM NaH,PO,,
100 mM NaCl, 2 mM DTT and 10% glycerol, with pH ranging from 5
to 9) at 30 °C for 60 min. The CysO selenylation reaction contained
40 pM CysO, 10 pM MoeZ, 3 mM ATP, 5 mM MgCl, and 1.5 mM newly
prepared NaSeH. The ThiS selenylation reaction contained 40 pM ThiS,
10 puM ThiF,3 mM ATP,5 mM MgCl,and 1 mM fresh NaSeH. The Cxm4*
selenylation reaction contained 40 pM Cxm4*, 10 pM CxmM, 3 mM
ATP,5 mMMgCl,and 1.5 mM freshly prepared NaSeH. For the reactions
using Na,SeS0;as selenium source, NaSeH was replaced with the newly
prepared Na,SeSO,inthe samereaction conditions. For thereactions
using Se-Cys as selenium source, NaSeH was replaced with the mixture
of3mMSe-Cys,1pMIscSand 5 mMDTT (toreduce the oxidized Se-Cys
diselenide dimer) in the same reaction conditions. As positive control
reactions, sulfuration reactions of CysO, ThiS and Cxm4*using NaSH,
Na,SeSO0; and cysteine as sulfur source to replace NaSeH, Na,SeSO,

and Se-Cys, respectively, were used in the samereaction systems. The
reaction mixtures were frozen with liquid-nitrogen to terminate the
reaction. After thawing in anice bath, the mixtures were centrifuged
at12,000g and 4 °C for 10 min to remove the precipitated selenium
powder. The supernatants were then analysed by HPLC-HRESI-MS
using agradient elution programme of acetonitrile (ACN) (0.1% formic
acid) in H,0 (0.1% formic acid) from 5% to 90%, with a YMC-Triart Bio
C4 columnat 70 °C under positive ion mode.

Invitro reconstitution of the Se-Cys biosynthetic pathway

All the following enzymatic assays were carried out in a total volume
of 100 pl in reaction buffer (50 mM NaH,PO,,100 mM NaCl,2 mM DTT
and10%glycerol with pHranging from 5to 9) at 30 °C, unless otherwise
specified. The natural biosynthetic reactions of cysteine, TMPand S-Trp
were used as positive control reactions, in which NaSH was used as a
sulfur source to replace NaSeH in the same reaction systems. Boiled
SCP proteins were used in the negative control reactions. The one-pot
reaction contained 10 uM CysO, 5 pM MoeZ, 5 uM CysM, 5 uM Mec+,
3 mMATP,5 mMMgCl,, 1.5 mMnewly prepared NaSeH, 0.5 mM PLP and
500 pM OAS. Thereaction wasincubated for 2 hand then centrifuged to
remove the precipitated selenium powder. To detect the Se-Cys-mBBr
adduct, afinal concentration of 10 mM mBBrwas added to the superna-
tantand allowed toreact foranother 5 minin dark. Thereactionwas then
quenched by thoroughly mixing with 200 pl methanol to precipitate
proteins. The denatured proteins were removed by high-speed centrifu-
gationat12,000gfor 10 min. The supernatants were thenanalysed using
HPLC or HPLC followed by mass spectometry (HPLC-MS) withagradient
elution programme. The HPLC programme (ACNinH,0 (0.1% TFA)) was
0-1min, 5%; 2-25 min, 5-50%; 25-26 min, 50-100%; 26-30 min, 100%;
30-31min,100-5%; and 31-35 min, 5%; 1 ml min™, 254 nm.

In vitro reconstitution of the Se-TMP biosynthetic pathway
The Se-Thz intermediate biosynthesis assay contained 10 uM ThiS,
5uMThiF, 5 uMThiO, 5 pM ThiG, 3 mM ATP, 5 mM MgCl,, 1.5 mM newly
prepared NaSeH, 1 mM Gly, 2 mM FAD and 500 uM DXP. The reaction
wasincubated for 2 hand then centrifuged to remove the precipitated
selenium powder. To remove the phosphate group in Se-Thz-P1 for
HPLC detection, a final concentration of 0.2 mg ml™ commercial ALP
was added into the supernatant and allowed to react for another 30 min
at38 °C. Then, the reaction was quenched by thoroughly mixing with
200 pl methanol to precipitate proteins. The denatured proteins were
removed by high-speed centrifugation at 12,000g for 10 min. The
supernatants were then analysed using HPLC or HPLC-MS with agradi-
entelution programme. The HPLC programme (ACNinH,0 (0.1% TFA))
was 0-1min, 2%; 2-25 min, 2-20 %; 25-26 min, 20-100%; 26-30 min,
100%; 30-31 min, 100-2%; and 31-35 min, 2%. The one-pot Se-TMP
biosynthetic system contained 10 pM ThiS, 5 uM ThiF, 5 uM ThiO, 5 pM
ThiG, 5 uM ThiD, 5 uM ThiE, 5 pM Tenl, 6 mM ATP, 5 mM MgCl,, 5 mM
KCI,1.5 mM newly prepared NaSeH, 1 mM Gly, 2 mM FAD,1 mMHMP and
500 uM DXP. The reaction was incubated for 2 hand then centrifuged
to remove the precipitated selenium powder. The reaction was then
quenched by thoroughly mixing with 200 pl methanol to precipitate
proteins. The denatured proteins were removed by high-speed cen-
trifugationat12,000g for 10 min. The supernatants were analysed using
HPLC-MS with a gradient elution programme. The HPLC programme
(ACN (10 mM ammonium acetate) in H,0 (10 mM ammonium acetate))
was 0-1min, 1%; 2-25 min, 1-40%; 25-26 min, 40-100%; 26-30 min,
100%; 30-31 min, 100-1%; and 31-35 min, 1%; 1ml min™, 290 nm.

Invitroreconstitution of the Se-CXMintermediate
biosynthetic pathway

The Se-CXM intermediate biosynthesis assay contained 10 uM Cxm4*,
5 M CxmM, 5 pM Cxm3, 5 uM Cxm6, 3 mM ATP, 5 mM MgCl,, 5 mM
NADPH, 1.5 mM newly prepared NaSeH and 500 puM IPA. The reaction
wasincubated for 2 hand then centrifuged to remove the precipitated
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selenium powder. To detect the Se-Cys-mBBr adduct, a final concen-
tration of 10 mM mBBr was added into the supernatant and allowed
to react for another 5 min in dark. Then, the reaction was quenched
by thoroughly mixing with 200 pl methanol to precipitate proteins.
The denatured proteins were removed by high-speed centrifugation
at12,000g for 10 min. The supernatants were analysed using HPLC
or HPLC-MS with a gradient elution programme. The HPLC pro-
gramme (ACNinH,0 (0.1% TFA)) was 0-1 min, 20%; 2-25 min, 20-70%;
25-26 min, 70-100%; 26-30 min, 100%; 30-31 min, 100-20%; and
31-35min, 20%;1 ml min™,220 nm.

SCP-activating enzyme promiscuity assays

In this part, all enzymatic assays were carried out in a total volume of
50 plinthereactionbuffer (50 mM NaH,PO,,100 mMNaCl,2 mMDTT
and10%glycerol, pH = 6) at 30 °Cfor 30 min. CysO promiscuity assays
contained 40 pM CysO, 10 pM MoeZ or CxmM or ThiF,3 mM ATP, 5 mM
MgCl,and 1.5 mM NaSeH or NaSH. ThiS-promiscuity assays contained
40 puM ThiS, 10 uM ThiF or CxmM or MoeZ, 3 mM ATP, 5 mM MgCl,
and 1.5 mM NaSeH or NaSH. Cxm4*-promiscuity assays contained
40 pM Cxm4*,10 pM CxmM or MoeZ or ThiF, 3 mM ATP, 5 mM MgCl,
and 1.5 mM NaSeH or NaSH. The reaction mixtures were frozen with
liquid-nitrogen to terminate thereaction. After thawinginanicebath,
the mixtures were centrifuged at12,000gand 4 °Cfor 10 minto remove
the precipitated selenium powder. The supernatants were analysed by
HPLC-HRESI-MS.

SCP-sulfurtransferase promiscuity assays

Inthis part, all enzymatic assays were carried out in a total volume of
100 plinthereactionbuffer (50 mM NaH,PO,,100 mMNaCl,2 mMDTT
and10% glycerol, pH = 6) at 30 °C for 30 min. CysM-ThiS promiscuity
assay contained 10 pM ThiS, 5 pM ThiF, 5 pM CysM, 5 uM Mec+,3 mM
ATP, 5 mM MgCl,, 1.5 mM NaSeH or NaSH, 0.5 mM PLP and 500 uM
OAS. CysM-Cxm4* promiscuity assay contained 10 pM Cxm4*, 5 uM
CxmM, 5 uM CysM, 5 uM Mec+,3 mM ATP, 5 mM MgCl,, 1.5 mM NaSeH
orNaSH, 0.5 mMPLP and 500 pM OAS. The natural CysM-CysO assay
was used as positive control. ThiG-CysO promiscuity assay contained
10 pM Cys0O, 5 uMMoeZ, 5 uM ThiO, 5 uM ThiG, 3 mM ATP, 5 mM MgCl,,
1.5 mM NaSeH or NaSH, 1 mM Gly, 2 mM FAD and 500 uM DXP. ThiG-
Cxm4* promiscuity assay contained 10 uM Cxm4*, 5 uM CxmM, 5 pM
ThiO, 5 pPMThiG, 3 mM ATP, 5 mM MgCl,,1.5 mM NaSeH or NaSH,1 mM
Gly,2 mMFAD and 500 puM DXP. The natural ThiG-ThiS assay was used
as positive control. Cxm3-CysO promiscuity assay contained 10 pM
CysO, 5 uM MoeZ, 5 uM Cxm3, 5 uM Cxm6, 3 mM ATP, 5 mM MgCl,,
5 mM NADPH, 1.5 mM NaSeH or NaSH and 500 pM IPA. Cxm3-ThiS
promiscuity assay contained 10 pM ThiS, 5 uM ThiF, 5 pM Cxm3, 5 uM
Cxmé6,3 mM ATP, 5 mM MgCl,, 5 mM NADPH, 1.5 mM NaSeH or NaSH
and 500 pM IPA. The natural Cxm3-Cxm4*assay was used as positive
control.

Reprogramming the selenium incorporation systems

In this part, all enzymatic assays were carried out in a total vol-
ume of 100 pl in the reaction buffer (50 mM NaH,PO,, 100 mM
NaCl, 2 mM DTT and 10% glycerol, pH = 6) at 30 °C for 30 min. The
CysO+CxmM+CysM assay contained 10 pM CysO, 5 uM CxmM, 5 pM
CysM, 5 uM Mec+,3 mM ATP, 5 mM MgCl,, 1.5 mM NaSeH, 0.5 mM PLP
and 500 pM OAS. The Cxm4*+MoeZ+CysM assay contained 10 uM
Cxm4*, 5 uM MoeZ, 5 uM CysM, 5 uM Mec+, 3 mM ATP, 5 mM MgCl,,
1.5 mMNaSeH, 0.5 mMPLP and 500 pM OAS. The Cxm4*+ThiF+CysM
assay contained 10 pM Cxm4*, 5 uM ThiF, 5 uM CysM, 5 uM Mec+,
3 mMATP, 5 mM MgCl,,1.5 mM NaSeH, 0.5 mM PLP and 500 uM OAS.
The Cxm4*+MoeZ+Cxm3 assay contained 10 uM Cxm4*,5 uM MoeZ,
5 M Cxm3,5 M Cxm6,3 mMATP, 5 mM MgCl,, 5 mMNADPH, 1.5 mM
NaSeH or NaSH and 500 pM IPA. The Cxm4*+ThiF+Cxm3 assay con-
tained 10 pM Cxm4*, 5 uM ThiF, 5 uM Cxm3, 5 pM Cxmé6, 3 mM ATP,
5 mM MgCl,, 5 mM NADPH, 1.5 mM NaSeH or NaSH and 500 uM IPA.

The corresponding native biosynthetic reactions were used as posi-
tive controls.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Experimental data supporting the conclusions of this study are avail-
able within the article and its Supplementary information. Protein
sequences areretrieved from the NCBI protein database (https:/www.
ncbi.nlm.nih.gov/protein/) with the accession numbers in Supple-
mentary Tablel.
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Replication All bioassays were repeated at least three independent times. All results were reliably reproduced.

Randomization  To determine the enzymatic activities of the SCP-based systems with regard to selenium incorporation, the reactions with selenium sources
were allocated into experimental groups, and the similar reactions with sulfur sources were set as positive control experiments, and also, the
reactions with boling-inactivated SCPs were set as negative control reactions. The selection and the order for reproduction of the reactions as
well as sample analyses were random.

Blinding Blinding was not relevant for this study, because all reactions and samples were labeled, randomly tested and analyzed.
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