
D-Sedoheptulose-7-phosphate is a common precursor
for the heptoses of septacidin and hygromycin B
Wei Tanga,b,1, Zhengyan Guoa,1, Zhenju Caoa,b, Min Wanga, Pengwei Lia, Xiangxi Menga,b, Xuejin Zhaoa, Zhoujie Xiea,
Wenzhao Wangc, Aihua Zhoud, Chunbo Loua, and Yihua Chena,b,2

aState Key Laboratory of Microbial Resources, and CAS Key Laboratory of Microbial Physiological and Metabolic Engineering, Institute of Microbiology,
Chinese Academy of Sciences, 100101 Beijing, China; bCollege of Life Sciences, University of Chinese Academy of Sciences, 100049 Beijing, China; cState Key Laboratory
of Mycology, Institute of Microbiology, Chinese Academy of Sciences, 100101 Beijing, China; and dPharmacy School, Jiangsu University, 212013 Jiangsu, China

Edited by Jerrold Meinwald, Cornell University, Ithaca, NY, and approved February 8, 2018 (received for review June 29, 2017)

Seven-carbon-chain–containing sugars exist in several groups of im-
portant bacterial natural products. Septacidin represents a group of
L-heptopyranoses containing nucleoside antibiotics with antitumor, an-
tifungal, and pain-relief activities. Hygromycin B, an aminoglycoside
anthelmintic agent used in swine and poultry farming, represents a
group of D-heptopyranoses–containing antibiotics. To date, very little
is known about the biosynthesis of these compounds. Here we se-
quenced the genome of the septacidin producer and identified the
septacidin gene cluster by heterologous expression. After determining
the boundaries of the septacidin gene cluster, we studied septacidin
biosynthesis by in vivo and in vitro experiments and discovered that
SepB, SepL, and SepC can convert D-sedoheptulose-7-phosphate (S-7-P)
to ADP-L-glycero-β-D-manno-heptose, exemplifying the involvement of
ADP-sugar in microbial natural product biosynthesis. Interestingly, sep-
tacidin, a secondarymetabolite from a gram-positive bacterium, shares
the same ADP-heptose biosynthesis pathway with the gram-negative
bacterium LPS. In addition, two acyltransferase-encoding genes sepD
and sepH, were proposed to be involved in septacidin side-chain for-
mation according to the intermediates accumulated in their mutants.
In hygromycin B biosynthesis, an isomerase HygP can recognize S-7-P
and convert it to ADP-D-glycero-β-D-altro-heptose together with GmhA
and HldE, two enzymes from the Escherichia coli LPS heptose biosyn-
thetic pathway, suggesting that the D-heptopyranose moiety of
hygromycin B is also derived from S-7-P. Unlike the other S-7-P
isomerases, HygP catalyzes consecutive isomerizations and controls
the stereochemistry of both C2 and C3 positions.
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Saccharides are common components found in bacterial natural
products, which usually have a profound impact on the bi-

ological properties of the compounds (1, 2). A significant number
of glycosylated bacterial natural products, such as erythromycin,
doxorubicin, vancomycin, and avermectin, are practically used as
drugs for the treatment of human and animal diseases, and it is well
established that changing the carbohydrate moieties in these drugs
can influence their pharmacological properties significantly (1, 2). A
recent systematic analysis revealed that >20% of bacterial natural
products are glycosylated with 344 distinct carbohydrates, including
diverse pentoses, hexoses, and high-carbon-chain–containing sugars,
which are usually derived from carbohydrate precursors generated
by primary metabolism (2).
Among the sugar moieties of bacterial natural products, there are

at least 11 seven-carbon-chain–containing carbohydrates (2), which
can be classified into four groups structurally. Group I seven-carbon-
chain–containing sugar has two members: a heptofuranose from the
lipopeptidyl nucleoside family of translocase I inhibitors, represented
by liposidomycin (3) and A-90289 (4), and a heptothiofuranose from
the “Trojan horse” antibiotic albomycin (5) (Fig. 1A). A biosynthesis
study of A-90289 revealed that the heptofuranose of its 5ʹ-C-
glycyluridine moiety was formed by an L-threonine:uridine-5ʹ-alde-
hyde transaldolase, LipK, which extended the pentofuranose of
uridine-5ʹ-aldehyde to heptofuranose via an L-threonine–dependent

β-substitution reaction (6). Not surprisingly, a LipK homolog protein-
encoding gene, abmH, is present in the albomycin biosynthetic gene
cluster, indicating that the heptothiofuranose is formed through a
similar carbon-chain extension process (5).
Group II contains four highly reduced heptopyranoses from

several clinically important aminoglycoside antibiotics, including
gentamicin, verdamicin, and fortimicin (Fig. 1B) (7). Both in vivo
and in vitro data support that a cobalamin-dependent radical
SAM enzyme, GenK, catalyzes the C-6ʹ methylation of genta-
micin X2, forming the 2ʹ-amino-2ʹ,7ʹ-dideoxy-α-D-gluco-heptose
moiety of G418 (8–10), which is then converted to the highly
reduced heptopyranoses in gentamicin or verdamicin by different
tailoring processes. Similarly, a yet to be identified cobalamin-
dependent methyltransferase was proposed to be responsible for
the heptopyranose biosynthesis of fortimicin (11).
Group III contains at least two L-heptopyranoses: a 4ʹ-amino-4ʹ-

deoxy-L-glycero-β-L-gluco-heptose (GGH) from septacidin (12) and its
2ʹ-epimer, 4ʹ-amino-4ʹ-deoxy-L-glycero-β-L-manno-heptose (LGMH),
from spicamycin (13) (Fig. 1C). The structure of the L-heptopyranose
from anicemycin is either LGMH or its 6ʹ-epimer, 4ʹ-amino-4ʹ-deoxy-
D-glycero-β-L-manno-heptose (DGMH), which needs to be determined
by further studies (14) (Fig. 1C). Septacidin, anicemycin, and
spicamycin are all nucleoside antibiotics consisting of a unique

Significance

Septacidin and its analogs are potential anticancer and pain-relief
drugs. Hygromycin B is an anthelmintic agent practically used in
swine and poultry farming. A common feature of these com-
pounds is that they all have heptose moieties. Here we show that
the heptoses of septacidin and hygromycin B are both derived
from D-sedoheptulose-7-phosphate but are biosynthesized
through different pathways. Septacidin producer, a gram-positive
bacterium, shares the same ADP-heptose biosynthesis pathway
with gram-negative bacterium lipopolysaccharide biosynthesis.
These findings not only elucidate the biosynthesis mechanisms of
septacidin and hygromycin B but enable opportunities for ma-
nipulation of their heptose moieties by combinatorial biosynthesis
and for changing the structure of heptoses in gram-negative
bacterium lipopolysaccharides.

Author contributions: W.T., Z.G., and Y.C. designed research; W.T., Z.G., Z.C., M.W., P.L.,
X.M., X.Z., W.W., and A.Z. performed research; W.T., Z.G., C.L., and Y.C. analyzed data;
and W.T., Z.G., Z.X., and Y.C. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. MF372757).
1W.T. and Z.G. contributed equally to this work.
2To whom correspondence should be addressed. Email: chenyihua@im.ac.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1711665115/-/DCSupplemental.

Published online February 26, 2018.

2818–2823 | PNAS | March 13, 2018 | vol. 115 | no. 11 www.pnas.org/cgi/doi/10.1073/pnas.1711665115

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1711665115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
http://www.ncbi.nlm.nih.gov/nuccore/MF372757
mailto:chenyihua@im.ac.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711665115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711665115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1711665115


6-N-glycosylated heptosamine-adenine moiety and a side chain
containing a glycyl group and varied fatty acyl groups (12–14).
Septacidin, discovered as an antifungal and antitumor antibi-
otic (15, 16), was found to be an immunogenic cell death in-
ducer recently (17); anicemycin is a newly identified inhibitor of
anchorage-independent growth of tumor cells (14); spicamycin
displays an excellent antitumor activity by inhibiting protein
synthesis (18, 19), and one of its derivatives, KRN5500, is now
an anticancer drug under clinical trial (20). An unexpected
discovery during the cancer treatment process of KRN5500 is
that it can relieve neuropathic pain of patients (21). Therefore, this
compound is also under a phase II clinical trial as a drug for pain
relief (21). Due to its importance, diverse synthesis routes were
developed for spicamycin by different groups (22, 23). However,
very little is known about the biosynthesis of the three nucleoside
antibiotics and their special 4ʹ-amino-4ʹ-deoxy-L-heptoses, except
that the septacidin heptose, GGH, was proposed to be derived from
carbohydrates involved in pentose phosphate pathway based on an
isotope-labeled feeding study (12).
Group IV contains three D-heptopyranoses from hygromycin B,

destomycin, and salmycin (Fig. 1D) (2, 24). Hygromycin B and
destomycin are aminoglycoside antibiotics inhibiting protein syn-
thesis (25) and are used as anthelmintic agents in swine and
poultry farming. Hygromycin B and its resistance gene are also a
frequently used selection system in molecular biological research.
Hygromycin B and destomycins A and C contain a common
heptopyranose destomic acid; destomycin B contains the C-4ʹʹ
epimer of destomic acid, named epi-destomic acid (26, 27). Al-
though a hygromycin B gene cluster was deposited into GenBank
as early as 2006, very little is known about the biosynthesis of
hygromycin B and destomycin, let alone the origin of destomic
acid and epi-destomic acid. Salmycin A is also a “Trojan horse”
antibiotic containing a ferrioxamine (siderophore) core and an
unusual aminodisaccharide moiety, which contains a 6ʹʹ-amino-6ʹʹ-
deoxy-D-gluco-heptose and a 2ʹ-oximo-α-D-glucose (28). With the
help of its siderophore structure, salmycin can be transported into
cells by the iron uptake systems efficiently, which renders it very
low inhibitory concentrations of both gram-positive and gram-
negative bacteria (28). Total synthesis of danoxamine, the side-
rophore part of salmycin, was achieved (29); however, no chemical
synthesis or biosynthesis study on the aminodisaccharide moiety
has been reported.
To understand the biosynthesis of the special heptoses in

groups III and IV and elucidate the biosynthetic mechanisms of
the natural products containing those heptoses, we sequenced
the genomes of the two Streptomyces strains producing septacidin
and hygromycin B, identified the septacidin biosynthetic gene

cluster, and discovered D-sedoheptulose-7-phosphate (S-7-P) as
a common precursor for the heptose moieties of septacidin and
hygromycin B in this work. We also discovered that the heptose
is activated as an ADP-sugar in septacidin biosynthesis, exem-
plifying the involvement of ADP-sugar in microbial natural
product biosynthesis.

Results
Identification of the Septacidin Biosynthetic Gene Cluster. The ge-
nome of the septacidin producer Streptomyces fimbriatus CGMCC
4.1598 was draft sequenced and searched for the septacidin bio-
synthesis gene cluster using enzymes possibly involved in GGH
biosynthesis as probes. After careful analysis, a DNA region,
which contains genes encoding glycosyltransferase (SepE), ami-
notransferase (SepG), sugar isomerase (SepJ), and a tridomain
protein (SepB) showing considerable similarities with enzymes
involved in D-manno-heptose biosynthesis of Escherichia coli LPS
(30), was chosen as the putative sep cluster (Fig. 2A and SI Ap-
pendix, Table S1). However, the production of septacidin in
S. fimbriatus CGMCC 4.1598 is low and very unstable, prompting
us to express this putative sep gene cluster in a heterologous host
to confirm its identity and to facilitate the following studies.
A 24-kb DNA fragment between two transposase genes

(GenBank Accession No. MF372757), which contains all of the
genes putatively involved in septacidin biosynthesis, was cloned
into an E. coli-Streptomyces shuttle vector pSET153 to generate a
plasmid pSET1598 via the newly developed Cas9-assisted tar-
geting of chromosome segments method (31). Integration of
pSET1598 and pSET153 into the chromosome of Streptomyces
albus J1074 by conjugation respectively generated the sep gene
cluster heterologous expression strain S. albus 1598 and a neg-
ative control strain S. albus 153. When cultured in the fermen-
tation medium, S. albus 1598 produced a series of compounds
having the same UV absorption as septacidin, while no such
compound was produced by S. albus 153 (Fig. 3A). The presence
of septacidin and its analogs in S. albus 1598 was further con-
firmed by MS analysis (SI Appendix, Fig. S1) and NMR analysis
of one septacidin analog, SEP-608 (SI Appendix, Fig. S2 and
Table S2). To confirm the structure of the heptose moiety, SEP-
608 was hydrolyzed to generate the GGH-adenine moiety
(named SEP-327), which was then carefully assigned by 1D and
2D NMR analyses (SI Appendix, Fig. S3 and Table S3). Overall,
these results demonstrated that the 24-kb DNA fragment in
pSET1598 contains a complete gene cluster encoding the bio-
synthesis of septacidin.

A B

C

D
Fig. 1. Representative bacterial natural products
with seven-carbon-chain–containing carbohydrate
structures. (A) Group I compounds with heptofura-
noses or heptothiofuranose; (B) group II compounds
with highly reduced heptopyranoses; (C) group III
compounds with L-heptopyranoses; (D) group IV
compounds with D-heptopyranoses. The seven-car-
bon-chain–containing carbohydrate moiety of each
compound is shown in red.
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Determining the sep Gene Cluster Boundaries. The 24-kb DNA
fragment in pSET1598 contains 18 ORFs with an AraC family
regulator encoding gene sepR at its left end. To determine the
left boundary of the sep gene cluster, we constructed the sepR
gene in-frame deletion mutant S. albus ΔsepR using λ RED-
mediated PCR-targeting technology (SI Appendix, Fig. S4A),
which avoided a possible polar effect caused by gene inactivation
and was recruited in the following mutant strain constructions.
Production of septacidins was totally abolished in S. albus ΔsepR
(Fig. 3A), suggesting that sepR encodes a positive regulator
controlling septacidin biosynthesis. To determine the right
boundary of the sep gene cluster, several ORFs at its right ends
were inactivated. Inactivation of the gene sepL (SI Appendix, Fig.
S4B), which encodes a putative sugar phosphatase, reduced the
production of septadicins considerably (Fig. 3A). In contrast,
deletion of the region downstream of sepL, which contains five
ORFs (sepM, sepN, sepO, sepP, and sepQ) (SI Appendix, Fig.
S4C), showed no clear influence on septacidin production (Fig.
3A). Therefore, the sep gene cluster was narrowed down to a
16.5-kb region of DNA from sepR to sepL, which contains
13 genes encoding seven sugar biosynthesis enzymes (SepB,
SepC, SepE, SepG, SepI, SepJ, and SepL), two acyltransferases
(SepD and SepH), one transporter (SepK), one regulator
(SepR), and two functional unknown proteins (SepA and SepF).

Conversion of S-7-P into ADP-D-Glycero-β-D-manno-heptose by SepB
and SepL. The 4ʹ-amino-4ʹ-deoxy-L-heptose of septacidin, GGH,
was proposed to be derived from the pentose phosphate pathway
in a previous isotope-labeled feeding study (12). Bioinformatic
analysis suggested two genes, sepB and sepL, were most probably
involved in the early stage of GGH biosynthesis. As previously
mentioned, SepB is a tridomain protein with its N-terminal part
(1–220 aa) displaying 23.9% identity with GmhA, an S-7-P
isomerase (32), and its rest part (221–707 aa) displaying 30.3%
identity with HldE, a di-domain protein with kinase and nucle-
otidyltransferase activities (33). SepL shows 25% identity with a
phosphatase, GmhB (34). GmhA, GmhB, and HldE are enzymes
involved in the biosynthesis of heptoses of the core region of
E. coli LPS, and they catalyze a four-reaction relay converting
S-7-P into ADP-D-glycero-β-D-manno-heptose (Fig. 2B) (30).

To study the function of SepB, we constructed the sepB gene in-
frame deletion mutant S. albus ΔsepB (SI Appendix, Fig. S4D), in
which the production of septacidin was totally abolished, and no
accumulation of septadicin-related intermediate was observed (Fig.
3A), implying that sepB is involved in the early stage of septacidin
biosynthesis. We then overexpressed SepB and SepL in E. coli,
purified them as N-His6–tagged proteins (SI Appendix, Fig. S5A),
and incubated them with S-7-P, ATP (as a phosphate donor for
kinase activity), and other NTPs (as a possible sugar acceptor for
nucleotidyltransferase activity). To our delight, a product was de-
tected by HPLC when only S-7-P and ATP were used as substrates
(Fig. 4A). Addition of the other NTPs had no influence on the
reaction (SI Appendix, Fig. S6), suggesting that ATP acted as both a
phosphate donor and a sugar acceptor here. The product was pu-
rified and determined to be ADP-D-glycero-β-D-manno-heptose
by high resolution (HR)-MS analysis (m/z 618.0841 for [M-H]−,
C17H27N5O16P2, cacld 618.0855) (SI Appendix, Fig. S5B) and HPLC
coinjections with authentic standards prepared by the GmhA +
GmhB + HldE assay and by organic synthesis (SI Appendix, Figs.
S7–S9 and Tables S4 and S5). In addition, we tested the catalytic
activities of two hybrid enzyme sets, SepB + GmhB and GmhA +
HldE + SepL, and both of them could convert S-7-P into ADP-D-
glycero-β-D-manno-heptose efficiently (Fig. 4A), confirming that SepB
is a trifunctional protein with isomerase, kinase, and nucleotidyl-
transferase activities and SepL is a heptose phosphatase (Fig. 2B).

SepC Is an ADP-D-Glycero-β-D-manno-heptose 6ʹ-Epimerase. The sepC
gene encodes a protein displaying 26.7% identity with HldD, an
NAD+-dependent 6ʹ-epimerase converting ADP-D-glycero-β-D-
manno-heptose to ADP-L-glycero-β-D-manno-heptose in E. coli
LPS biosynthesis (35). S. albus ΔsepC, the sepC gene in-frame

A

B

Fig. 2. The biosynthetic gene cluster and a proposed biosynthetic pathway of
septacidin. (A) Genetic organization of the sep gene cluster from S. fimbriatus
CGMCC 4.1598. (B) A proposed pathway for septacidin biosynthesis based on
in vitro and in vivo experiments. The enzymes involved in gram-negative
bacteria LPS heptose biosynthesis are bracketed and indicated in green.

A B

C

Fig. 3. Metabolic profiles of the sep gene cluster heterologous expression
strain S. albus 1598 and the sep gene in-frame deleted mutants upon HPLC
and LC-MS analysis. (A) HPLC traces of the mycelia methanolic extracts of a
negative control S. albus 153, S. albus 1598, and the sep gene mutants.
(B) LC-MS–extracted ion count chromatograms of m/z 327.1 [M+H]+ in the
supernatants of S. albus 1598, S. albus ΔsepD, and ΔsepH fermentations.
(C) LC-MS extracted ion count chromatograms of m/z 384.2 [M+H]+ in the
supernatants of S. albus 1598, S. albus ΔsepD, and ΔsepH fermentations.
EIC, extracted ion count.
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deletion mutant, was constructed via PCR-targeting technology
(SI Appendix, Fig. S4E). HPLC analysis revealed that production
of septacidins was reduced dramatically in S. albus ΔsepC (Fig.
3A), confirming the involvement of sepC in septacidin bio-
synthesis. The ΔsepC mutant still produced a few amount of
septacidins, indicating that an alternative epimerase in the cell
could complement SepC reaction. Another possibility, which
cannot be excluded, is that the enzymes in the later steps can
tolerate the according substrates with 6ʹ-R configurations and
form septacidin derivatives with a 4ʹ-amino-4ʹ-deoxy-D-glycero-
β-L-gluco-heptose moiety. To verify the function of SepC, we
overexpressed sepC in E. coli, purified the N-His6–tagged SepC
(SI Appendix, Fig. S10A), and tested its catalytic activity toward
ADP-D-glycero-β-D-manno-heptose. After incubation with SepC
for 2 h, ADP-D-glycero-β-D-manno-heptose was converted to
another compound (Fig. 4A), which was determined to be ADP-
L-glycero-β-D-manno-heptose by HR-MS analysis (m/z 618.0855
for [M-H]−, C17H27N5O16P2, cacld 618.0855) (SI Appendix, Fig.
S10B) and HPLC coinjection with a standard prepared by the
HldD assay. An HPLC analysis of the extracts of denatured
SepC showed that this enzyme uses NAD+ as a cofactor binding
tightly via noncovalent bonds (SI Appendix, Fig. S10C). Overall,
these results suggested that SepC is an ADP-D-glycero-β-D-
manno-heptose 6ʹ-epimerase functionalizing immediately after SepB
and SepL (Fig. 2B).

SepD and SepH Are Acyltransferases Forming the Side Chain of
Septacidin. In the sep gene cluster, there are two putative acyl-
transferase encoding genes, sepD and sepH, which might be re-
sponsible for the formation of the glycyl-fatty acyl side chain. We
constructed the S. albus ΔsepD and ΔsepH mutants (SI Appendix,
Fig. S4 F and G) and checked their metabolic profiles carefully.
When their mycelia were extracted with methanol and analyzed
by HPLC, production of septacidins was not detected (Fig. 3A).
Considering that the intermediates accumulated in S. albus
ΔsepD and ΔsepH should lose the fatty acyl chain and become

much more hydrophilic than septacidins, we analyzed the super-
natants of their fermentation broths by LC-MS. An intermediate
was accumulated in S. albus ΔsepH (Fig. 3B), and it was de-
termined to be SEP-327 by MS analysis and HPLC coinjection
with the GGH-adenine standard, which suggested that SepH
catalyzes the addition of the N-4ʹ-glycyl group. Interestingly,
compound SEP-384, with a molecular formula C14H21N7O6
(HR-MS, m/z 384.1639 for [M + H]+, calcd 384.1626), was de-
tected in both S. albus 1598 and the ΔsepD mutant (Fig. 3C) but
was absent in the ΔsepH mutant. This compound was assigned as
N-4ʹ-glycyl-GGH-adenine by careful MS, NMR, and hydrolysis
analyses (SI Appendix, Figs. S11 and S12 and Table S6), implying
that SepD is a fatty acyl transferase catalyzing the last step of
septacidin biosynthesis (Fig. 2B).

S-7-P Is a Precursor for Destomic Acid of Hygromycin B. A hygrom-
ycin B gene cluster (Accession No. AJ628642) from Streptomyces
hygroscopicus DSM 40578 was deposited into GenBank by
Piepersberg et al. in 2006. We sequenced the genome of S. hygro-
scopicus DSM 40578 and found that the hyg gene cluster contains
the only set of genes (hygC, hygE, and hygS) responsible for the
formation of 2-deoxystreptamine (2-DOS), the featured structure of
2-DOS containing aminoglycosides (7), which further confirmed the
identity of the hyg gene cluster (Fig. 5A and SI Appendix, Table S7).
Notably, two genes in this cluster, hygP and hygU, encode proteins
sharing moderate similarities with the isomerase domain of SepB
(1–220 aa, 25.9% identity) and the phosphatase SepL (20.8% iden-
tity), leading us to propose that destomic acid, the heptose of
hygromycin B, may also be derived from S-7-P. In addition to hygP
and hygU, two more genes, hygN and hygO, are very likely involved in
the early biosynthesis steps of destomic acid. HygN displays 25.3%
identity with HddA, a kinase catalyzing the phosphorylation of
D-glycero-D-manno-heptose-7-P to generate D-glycero-α-D-manno-
heptose-1,7-diphosphate in Aneurinibacillus thermoaerophilus DSM
10155 (36). HygO is a putative nucleotidyltransferase displaying

A

B

Fig. 4. Representative assays of the septacidin and hygromycin B heptose biosynthesis enzymes. (A) HPLC analysis of enzymatic assays of SepB, SepC, SepL,
and HygP. (B) A proposed ADP-D-glycero-β-D-altro-heptose biosynthetic pathway catalyzed by HygP, HldE, and GmhB. The enzymes from gram-negative
bacteria LPS heptose biosynthesis are bracketed and indicated in green.
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moderate similarities with a number of hypothetical galactose-1-
phosphate uridylyltransferases.
We envisaged that S-7-P may also be used as a precursor for

the biosynthesis of hygromycin B and is converted to an NDP-
heptose by HygP (isomerase), HygN (kinase), HygU (phospha-
tase), and HygO (nucleotidyltransferase) by a similar means as
that of SepB and SepL (Fig. 5B). Since S. hygroscopicus DSM
40578 is genetically intractable, we sought to determine the
precursor for destomic acid by in vitro enzymatic studies. We
tried to express the four proteins HygP, HygN, HygU, and HygO
in E. coli BL21. Unfortunately, only N-His6–tagged HygP was
obtained as a soluble protein after exhaustive testing of various
protein expression conditions (SI Appendix, Fig. S13A). A hybrid
assay was then tested by incubating HygP together with the
E. coli ADP-heptose synthesis enzymes, GmhB (phosphatase)
and HldE (bifunctional kinase/nucleotidyltransferase), using S-7-
P and ATP as substrates. To our delight, the three enzymes
converted S-7-P to another compound, which has the same
molecular formula, C17H27N5O16P2 (HR-MS, m/z 618.0854 for
[M-H]−, cacld 618.0855) (SI Appendix, Fig. S13B), but a clearly
different HPLC retention time than ADP-D-glycero-β-D-manno-
heptose (Fig. 4A). The enzymatic synthesis was therefore con-
ducted on a preparative scale to obtain this compound, and it
was determined to be ADP-D-glycero-β-D-altro-heptose by careful
analysis of its NMR data (SI Appendix, Fig. S14 and Table S8).
These results suggested that HygP converts S-7-P to D-glycero-D-
altro-heptose-7-P through consecutive isomerizations and controls
the stereochemistry of both C2 and C3 positions (Fig. 4B and SI
Appendix, Fig. S13D), which is very rare for sugar isomerases.
In addition, GmhB and HldE can tolerate the 3-epimers of
their natural substrates and generate ADP-D-glycero-β-D-altro-
heptose efficiently (Fig. 4B).

Discussion
As previously mentioned, the seven-carbon-chain–containing
carbohydrates in bacterial natural products can be divided into
four groups structurally. The biosynthetic mechanisms of hep-
toses belonging to the first two groups have been well elucidated
in compounds like A-90289 (group I) and gentamicin (group II).
However, very little is known about the biosynthesis of heptoses
belonging to the last two groups. Based on the results shown in
this work, we propose that S-7-P is a common precursor for the
heptoses of septacidin (group III) and hygromycin B (group IV)
and is converted to NDP-heptoses through similar biosynthetic
pathways in those compounds. Although S-7-P is a known pre-
cursor for some natural products (37)[e.g., it can be converted to

2-epi-5-epi-valiolone and then incorporated into acarbose (38) or
validamycin (39)], these are rare examples of incorporating S-7-P
into natural products as sugar components.
In the case of septacidin biosynthesis, we propose that S-7-P is

converted to D-glycero-β-D-manno-heptose-1-phosphate, acti-
vated as an ADP-sugar and epimerized to ADP-L-glycero-β-D-
manno-heptose by SepB, SepL, and SepC through a five-step
pathway (Fig. 2B), which has been well delineated in the gram-
negative bacterium LPS biosynthesis previously (30). LPS is the
major component of the outer leaflet of the outer membrane of
gram-negative bacteria. It is surprising to discover this pathway
in the septacidin producer S. fimbriatus CGMCC 4.1598, a gram-
positive filamentous bacterium, since a big difference between
gram-positive and gram-negative bacteria is that the former have
a thicker peptidoglycan layer but lack the LPSs containing outer
membrane. In gram-positive bacteria, the only biosynthetically
characterized NDP-heptose originated from S-7-P is GDP-D-
glycero-α-D-manno-heptose, which is incorporated into a
disaccharide involved in S-layer protein decoration in A. ther-
moaerophilus DSM 10155 (36). In gram-negative bacteria, the
ADP-activated L-glycero-β-D-manno-heptose is usually transferred
to 3-deoxy-D-manno-oct-2-ulosonic acid to form the inner core
region of LPSs (40), while in S. fimbriatus CGMCC 4.1598, the
heptose becomes the carbohydrate moiety of a secondary me-
tabolite, septacidin. Discovery of the ADP-L-glycero-β-D-manno-
heptose biosynthetic pathway in the septacidin producer presents
a rare example of sharing the same biosynthesis logic in gram-
negative bacterium primary metabolism and gram-positive bacte-
rium secondary metabolism. Worthy of particular note is the in-
volvement of ADP-sugar in microbial natural product biosynthesis,
which indicates that, besides GDP-, CDP-, UDP-, and dTDP-
sugar, ADP-sugar may also serve as a donor for natural product
glycosylation.
Besides SepB, SepC, and SepL, four more enzymes (SepE,

SepG, SepI, and SepJ) are likely to be involved in the formation of
the GGH-adenine moiety. Based on the results of bioinformatic
analysis, we propose that the glycosyltransferase SepE transfers
heptose onto the 6-N position of adenine to form the unusual
N-glycosidic bond; the oxidoreductase SepI and aminotransferase
SepG are responsible for the formation of 4ʹ-amino-4ʹ-deoxy-
heptose by converting 4ʹ-OH of heptose into 4ʹ-keto (SepI) and
then into 4ʹ-NH2 (SepG); and the putative isomerase SepJ cata-
lyzes the 3ʹ,5ʹ-epimerization reaction converting D-heptose into its
L-configuration. GGH-adenine is then decorated by SepH and
SepD to add the glycyl and fatty acyl groups sequentially to gen-
erate diverse septacidins (Fig. 2B).
Spicamycin and anicemycin have very similar structures as

septacidin. Spicamycin is the 2ʹ-epimer of septacidin and its
heptose moiety is LGMH, the 2ʹ-epimer of GGH. Encouraged by
the S-7-P isomerase HygP, which can generate D-glycero-D-altro-
heptose-7-P, the 3-epimer of D-glycero-D-manno-heptose-7-P
involved in septacidin biosynthesis, we propose that the bio-
synthesis of spicamycin may be initiated by an isomerase, which
can generate D-glycero-D-gluco-heptose-7-P, the 2-epimer of
D-glycero-D-manno-heptose-7-P, as an intermediate. Another
possibility is that a 2ʹ-epimerase, which can convert septacidin an-
alog to its 2ʹ-epimer, is involved in spicamycin biosynthesis. Unlike
septacidin, anicemycin has an LGMH or DGMH moiety and an
unsaturated fatty acyl chain. The draft genome sequence of the
anicemycin producer Streptomyces sp. TP-A0648 was reported
recently (41). However, no anicemycin biosynthesis gene was
found when we inspected this genome using the septacidin
genes as probes. A higher-quality genome sequence of Strep-
tomyces sp. TP-A0648 may be necessary for elucidation of the
biosynthesis mechanism of anicemycin.
In the case of hygromycin B biosynthesis, we propose that

HygC, HygE, and HygS convert D-glucose-6-phosphate to
2-DOS through the same biosynthesis pathway as that of the

A

B
Unknown

Fig. 5. The biosynthetic gene cluster and a proposed biosynthetic pathway of
hygromycin B. (A) Genetic organization of the hyg gene cluster from S. hygro-
scopicus DSM 40578. (B) A proposed pathway for hygromycin B biosynthesis.
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well-characterized 2-DOS containing aminoglycoside antibiotics
(7). The only methyltransferase in the hyg cluster, HygM, may
catalyze the N-methylation of 2-DOS to generate 3-N-methyl-2-
DOS (42), which is then decorated to form the disaccharide
containing a D-gulose and a destomic acid to form hygromycin B
(Fig. 5B). Based on the fact that HygP, GmhB, and HldE can
convert S-7-P to ADP-D-glycero-β-D-altro-heptose, we propose
that the precursor of destomic acid is S-7-P, which is converted
to D-glycero-D-altro-heptose-7-P by HygP. Unlike GmhA and the
isomerase domain of SepB, which catalyze one isomerization
step and control the stereochemistry of only the C2 position,
HygP is a special heptose isomerase that catalyzes consecutive
isomerizations and determines the stereochemistry of both
C2 and C3 positions. D-Glycero-D-altro-heptose-7-P may be
modified by the kinase HygN, the phosphatase HygU, and the
nucleotidyltransferase HygO sequentially to form an NDP-heptose,
which will be further converted to destomic acid by the following
tailoring enzymes (Fig. 5B). The high structure similarities between
destomycins and hygromycin B imply that destomycins are bio-
synthesized in a similar manner as hygromycin B and the heptose of
destomycin B, epi-destomic acid, is also derived from S-7-P.
In conclusion, we showed that the special seven-carbon–contain-

ing sugars of septacidin and hygromycin B are both derived from
S-7-P, a heptose in the pentose phosphate pathway. The heptose
biosynthesis in septacidin surprisingly shares the same logic with

LPS heptose biosynthesis at its early stage and recruits ADP-sugars
as intermediates. HygP was characterized as an interesting isom-
erase that initiates destomic acid biosynthesis in hygromycin B by
converting S-7-P to D-glycero-D-altro-heptose-7-P through consecu-
tive isomerizations. The findings in this study set the stage for the
generation of novel septacidin derivatives by combinatorial bio-
synthesis. In addition, generation of ADP-D-glycero-β-D-altro-hep-
tose by HygP, GmhB, and HldE enables interesting opportunities
for structural modification of the heptoses in the LPS inner core by
replacing the gmhA gene with hygP in gram-negative bacterium.
Both avenues are currently being actively pursued in our laboratory.

Materials and Methods
Detailed descriptions of materials and methods, including bacterial strains,
plasmids, and primers used in this study (SI Appendix, Tables S9 and S10);
construction of mutant strains; isolation and characterization of compounds;
and enzymatic assays and other procedures used are given in SI Appendix.
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