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Abstract
A novel sansanmycin analogue, sansanmycin Q (1), was identified by genome mining from the fermentation broth of
Streptomyces sp. SS (CPCC 200442). In comparison with other sansanmycin compounds, sansanmycin Q has an extra
glycine residue at the N-terminus of the pseudopeptide backbone. The additional glycine was proved to be assembled to
sansanmycin A by SsaB, a tRNA-dependent aminoacyltransferase, based on the results of rescrutiny of sansanmycin
biosynthetic gene cluster, and then overexpression and knockout of ssaB in the wild-type strain. The structure of
sansanmycin Q was assigned by interpretation of NMR and mass spectral data. The results of the bioassay disclosed that
sansanmycin Q exhibited more potency against Mycobacterium tuberculosis H37Rv and a rifampicin- and isoniazid-resistant
strain than sansanmycin A.

Sansanmycins, produced by Streptomyces sp. SS (CPCC
200442) [1, 2], belong to the family of uridyl peptide anti-
biotics (UPAs) which also include pacidamycins [3, 4],
mureidomycins [5, 6] and napsamycins [7]. They share a
common structure, a 3′-deoxyuridyl attached via an unusual
exocyclic enamide to a penta- or tetra-pseudopeptide back-
bone assembled by nonribosomal peptide synthetases
(NRPSs). The UPAs target a clinically unexploited MraY

(translocase I) to block the synthesis of the cell wall [8] and
exhibit interesting antibacterial activity against highly refrac-
tory pathogens Pseudomonas aeruginosa andMycobacterium
tuberculosis [1, 9, 10]. UPAs have received considerable
attention from synthetic chemistry and biosynthetic chemistry
due to their unique structures, clinically yet-unexploited target
and fascinating antibacterial activity.

Recently, it is proved that the tetra-pseudopeptide chain of
UPAs is biosynthesized by NRPSs, and the extra alanyl
residue at the N-terminus of the pentapeptide backbone in
pacidamycin 1 and 3 (Fig. 1) is transferred by the tRNA-
dependent aminoacyltransferase PacB from alanyl-tRNA to
the N-terminus of the tetrapeptide intermediate [11–17]. PacB
represents a new group of tRNA-dependent peptide bond-
forming enzymes in secondary metabolite biosynthesis [17].

Although more than 20 sansanmycin analogues have been
discovered until now, none of them are composed of a pen-
tapeptide scaffold (Fig. 1) [1, 2, 18–21]. To get new san-
sanmycins with a pentapeptide backbone, we rescrutinized
sansanmycin biosynthetic gene cluster, and a hypothetic
protein SsaB with high homology to PacB was found. Then
by LC–MS/MS analysis and LC–MS-directed purification, a
new sansanmycin analogue with a pentapeptide backbone,
sansanmycin Q (1), was obtained, and the function of SsaB
was further confirmed in vivo by its overexpression and
knockout. Herein, we report the isolation, structural elucida-
tion and antibacterial activity of sansanmycin Q.
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In 2013, the biosynthetic gene cluster of sansanmycins was
firstly identified and characterized in our lab [15, 16], which
showed considerable sequence identity to the pacidamycin
[15, 16] and napsamycin [15, 16] gene clusters. Within the
gene cluster, SsaB shows 70% amino acid sequence identity
and 81% similarity to PacB [17], along the whole length of
the protein, which has been proved to transfer the alanyl
residue to the N-terminus of pseudotetrapeptide. Besides,
NpsN within the napsamycin gene cluster from Streptomyces
sp. DSM 5940, and SrosN15_15085 within the mur-
eidomycin/napsamycin gene cluster from Streptomyces

roseosporus NRRL 15998, are also highly homologous to
PacB. Moreover, a three-dimensional structural homology
search performed using the online programme HHpred [22],
also showed that SsaB is similar to transferases such as FemX
of Weissella viridescens [23] and FemA of Staphylococcus
aureus [24], which used an aminoacylated tRNA as a
substrate (FemX: Ala; FemA: Gly) in the peptidoglycan
precursor biosynthesis [23, 24]. All of these proteins belong to
GCN5-related N-acetyltransferase superfamily [25, 26], and
SsaB is closely clustered with SroN15_15085 and NpsN and
then with PacB (Fig. S1). Besides the alanyl residue at the
N-terminus of pacidamycin 1 and 3, a Gly residue at the
N-terminus of the pseudotetrapeptide was ever observed in
mureidomycin C in its producing strain in 1989 [6], but not
found in heterologous expression strain [27, 28]. These
bioinformatic analysis results suggest that SsaB might act as a
tRNA-dependent peptide bond-forming transferase as PacB,
resulting in the production of pentapeptide sansanmycin
analogues.

To test the presence of sansanmycin analogues with a
pentapeptide scaffold, the fermentation broth of Strepto-
myces sp. SS was enriched by Sep-Pak® C18 Cartridges
(Waters) and analyzed by the LC–MS/MS system coupled
with a LTQ XT ion trap mass spectrometer (Thermo Fisher
Scientific), using negative-mode electrospray ionization.
The results showed that while there was no peak at m/z 933
[M–H]−, corresponding to the pentapeptide sansanmycin

Fig. 2 Identification of sansanmycin analogues with a pentapeptide
scaffold. a Extracted ion chromatograms showing the production of
sansanmycin analogues with an extra amino acid residue. b The time-

dependent curve of the yield of compound 1. c The relative yield of
compound 1 and the major compound sansanmycin A on day 3 of
fermentation

No. Compounds AA1 AA4 AA5
1 Sansanmycin Q Gly Met Trp
2 Sansanmycin A H Met Trp
3 Pacidamycin 1 Ala Ala Trp
4 Pacidamycin 3 Ala Ala m-Tyr
5 Mureidomycin C Gly Met m-Tyr

Fig. 1 Selected uridyl peptide antibiotics
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analogue bearing an alanine residue at the N-terminus, there
was a peak (1) at m/z 919 [M–H]−, which might correspond
to pentapeptide sansanmycin analogues bearing a glycine
(Fig. 2a). This potential compound was named as sansan-
mycin Q. Time-dependent production curves disclosed that
the yield of sansanmycin Q in the wild-type strain reached
the highest level on day 3 of the fermentation, then
decreased dramatically on day 4 and disappeared since day
5 (Fig. 2b). In addition, the yield of sansanmycin Q was
quite low, about 5% of that of the major compound san-
sanmycin A, even on day 3 (Fig. 2c).

To confirm that SsaB is responsible for adding the fifth
amino acid to the N-terminus of sansanmycin A and to
improve the yield of the corresponding product, ssaB was
cloned and overexpressed in Streptomyces sp. SS. Complete
ssaB coding region was cloned into a pSET152-derived
expression plasmid, pL646 [29], to give the overexpression
plasmid pL-ssaB (Fig. 3a). Then pL-ssaB was transferred
into the wild-type strain by conjugation to get the ssaB
overexpression strain SS/pL-ssaB, with pSET152-
transferred strain SS/pSET152 as a control. Then these

recombinant strains were cultivated simultaneously, and the
fermentation broth was enriched as above. The yield of
sansanmycin Q was determined by the LC–MS/MS method.
The LC–MS/MS is equipped with AB SCIEX Triple
Quad™ 5500 mass spectrometer, which was operated in
multiple-reaction monitoring mode, using the mass transi-
tion m/z 921→717 for sansanmycin Q. The yield of san-
sanmycin Q in ssaB overexpression strain SS/pL-ssaB
improved obviously than that in the control strain on the
seventh day (Fig. 3b), which hinted that SsaB is involved in
sansanmycin Q biosynthesis.

To further investigate the role of SsaB, the ssaB deletion
strain (SS/BKO) was gained using PCR-targeting method as
previously described (Fig. 3c) [17] and verified by PCR
(Fig. 3d). Plasmid pL-ssaB was transferred into SS/BKO to
get the complementary strain SS/BKO/pL-ssaB. Then all of
the four different strains were cultivated simultaneously and
the presence of sansanmycin Q in the fermentation broth on
the fifth day was detected using LC–MS equipped with
Agilent Triple Quad™ 6410 mass spectrometer in negative
mode. The result (Fig. 3e) showed that sansanmycin Q was

Fig. 3 Overexpression and knockout of SsaB in Streptomyces sp. SS. a
Schematic representation for construction of overexpression plasmid
pL-ssaB. int, integrase from phage C31; attP, attP site from phage
C31; oriT, RK2 origin of single-stranded DNA transfer; aac(3)IV,
apramycin resistance gene; ermE*p, constitutive strong promoter; tuf1
RBS, the sequence of the ribosomal binding site of Elongation Factor
Tu1. b Comparison of the production of compound 1 in over-
expression strain SS/pL-ssaB and control strain SS/pSET152 on the
seventh day. The mass transition m/z 921→717 was used. c Schematic

representation for construction of ssaB knockout mutant by PCR tar-
geting. d The verification of SS/BKO by PCR analysis. Lane M: DNA
ladder (800, 500 and 300 bp); lane 1–4: four conjugants of SS/BKO;
lane 5: negative control. e Effects of the overexpression and knockout
of ssaB on the production of compound 1 and sansanmycin A. I,
SS/pSET152; II, SS/pL-ssaB; III, SS/BKO; IV, SS/BKO/pL-ssaB. The
single ion monitor (SIM) of m/z 919.3 [M–H]− was used for com-
pound 1 (red line) and m/z 862.3 [M–H]− was for sansanmycin A (blue
line). STD represents standard compound (color figure online)
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abolished in SS/BKO, while it existed in wild-type strain in
trace. Furthermore, sansanmycin Q can be restored in
SS/BKO/pL-ssaB. Based on the above results, it is further
confirmed that SsaB is responsible for the biosynthesis
of pentapeptide sansanmycin analogues in Streptomyces
sp. SS.

Sansanmycin Q (1) was isolated and purified from ssaB
overexpression strain SS/pL-ssaB according to the method
described in the part of Materials and Methods (see the
supporting information). Sansanmycin Q (1), isolated as
white amorphous powder, showed the same UV
spectrum as sansanmycin A (UV λMeOH

max (ε): 258 (14129),
219 (27206)), and possessed a molecular formula
C42H52O12N10S and 22° of unsaturation deduced from
HRESIMS data (m/z 921.35594 [M+H]+ and m/z
943.33990 [M+Na]+), 47 mass units greater than that of
sansanmycin A [1], which hinted at the presence of an extra
glycine residue. Despite spectral complexities caused by
rotational conformers, careful analysis of NMR (D2O) data
for 1 (Table 1) still showed resonances for a carboxyl
(δ182.2), seven ester/amide carbonyls (δ177.4, 177.3,
176.0, 173.3, 170.4, 161.3, and 157.3), and eighteen sp2

carbons (Table 1), accounting for 17° of unsaturation and
requiring that 1 incorporates five rings. By careful com-
parison with 1H NMR spectra of sansanmycin A1, that of
compound 1 showed an extra signal at δ3.26 (S, 2H),
attributing to the presence of glycine. Further analysis of the
1H, 13C, DEPT, COSY, HSQC and HMBC NMR spectro-
scopic data for 1 (Table 1) revealed signals and correlations,
indicative of a 3′-deoxyuridyl and a penta-pseudopeptide
composed of glycine, m-tyrosine, N-methyl-2,3-diamino-
butyric acid (DABA), methionine and tryptophan.

The sequence of these fragments of 1 was proposed by
the HMBC correlations (Fig. 4) and the MS/MS spectrum
(Fig. 5). Firstly, the N-methyl proton (δH 3.03/2.63) and α
proton (δH 4.58/4.62) signals of DABA individually
correlated to the carbonyl signals of m-Tyr (δC 176.0/175.4)
and Met (δC 177.4), deducing the sequence of
m-Tyr–DABA–Met. And the olefinic proton signal
(δH 5.93/5.90) of 3′-deoxyuridyl showed a cross-peak to the
carbonyl signal (δC 170.4/169.7) of DABA, indicative of
3′-deoxyuridyl attached to the carboxyl of DABA by an
enamide. The downfield carbonyl signal (δC182.2) of Trp
compared to the other carbonyl signals indicated that Trp
bears a free carboxyl group, deducing the location of Trp at
the C-terminus of the penta-pseudopeptide. The carbonyl
signal of Gly was observed at δC177.3, suggesting that Gly
is linked via an amide bond to m-Tyr. The fragment
sequence of 1 was further confirmed by the ESIMS/MS
data (Fig. 5). The fragment ion, m/z 701, for the loss of
Gly-m-tyrosine from N-terminus, further confirmed that the
Gly locates at the N-terminus and is linked via a peptide
bond to m-tyrosine. The fragment ions, m/z 717 and 560,

Table 1 1H NMR (600MHz) and 13C NMR (150MHz) data for
sansanmycin Q (1)

Positiona Multiplicity δC δH (J, Hz) Extra signals due
to conformers

δC δH (J, Hz)

Uracil-2 N–CO–N 157.3

Uracil-4 CO–N 173.3

Uracil-5 CH 105.4 5.50, b 5.81, b

Uracil-6 CH 142.0 6.93, b 7.27, b

Sugar-1 O–CH–N 96.1 6.03, s 96.5 6.08, s

Sugar-2 O–CH 75.4 4.23, m 75.7 4.52, m

Sugar-3 CH2 35.8 2.84, m
2.88, m

2.63, m

Sugar-4 >C= 147.1

Sugar-5 –CH= 99.5 5.93, s 99.2 5.90, s

DABA-1 CO–N 170.4 169.7

DABA-2 CH 58.3 4.58,
d (8.4)

58.9 4.62,
d (8.4)

DABA-3 CH 53.6 4.89, m 56.8 4.12, m

DABA-4 CH3 15.9 1.20,
d (6.6)

16.1 0.63,
d (6.6)

DABA–N–CH3 N–CH3 32.9 3.03, s 2.63, s

Met-1 CO–N 177.4

Met-2 CH 55.9 4.23, m

Met-3 CH2 33.6 1.89, b
1.80, b

Met-4 CH2 32.1 2.43, b

Met–S–CH3 CH3 17.0 2.02, s 2.01, s

Ureido N–CO–N 161.3

Trp-1 –COOH 182.2

Trp-2 CH 59.1 4.37, m

Trp-3 CH2 31.1 3.26, m
3.08, m

Trp-2′ CH 127.0 7.19, s

Trp-3′ ArC 113.3

Trp-3a′ ArC 130.2

Trp-4′ ArCH 121.6 7.66, b

Trp-5′ ArCH 121.9 7.13, m

Trp-6′ ArCH 124.5 7.24, m

Trp-7′ ArCH 114.5 7.46, b

Trp-7a′ ArC 138.9

m-Tyr-1 CO–N 176.0 175.4

m-Tyr-2 CH 53.9 4.94, m 5.16, m

m-Tyr-3 CH2 39.4 2.92, m
2.67, m

2.93, m
2.84, m

m-Tyr-1′ ArC 140.8

m-Tyr-2′ ArCH 118.9 6.70, s

m-Tyr-3′ Ar–C–O 159.5

m-Tyr-4′ ArCH 117.3 6.75,
d (7.2)

m-Tyr-5′ ArCH 133.0 7.18, m
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correspond to the loss of Trp and Met-ureido-Trp from
C-terminus, respectively. The fragment ions, m/z 903, 791
and 696, corresponding to the loss of H2O, H2O+ uridyl
and 3′-deoxyuridyl, respectively, confirmed the presence of
the 3′-deoxyuridyl moiety.

The absolute configuration of sansanmycin Q (1) was
tentatively determined on biogenetic grounds to be the same
as its pacidamycin analogues, the absolute configuration of
which has been established by total synthesis [30].
Methionine, m-tyrosine and tryptophan are of the natural,
(S) configuration, and the DABA residue is of the (2S, 3S)
configuration.

The obtained sansanmycin Q (1) was evaluated for its
antibacterial activity against P. aeruginosa 11, S. aureus

CPCC100051, as well as virulent M. tuberculosis strain
H37Rv and isoniazid- and rifampicin-resistant strain 2199
which was isolated from patients with tuberculosis in China.
The results disclosed that sansanmycin Q exhibited com-
parable activity against P. aeruginosa 11 with sansanmycin
A, but 2–4-fold higher potency against H37Rv and iso-
niazid- and rifampicin-resistant strain 2199 than sansan-
mycin A (Table 2).

In this study, by rescrutinizing sansanmycin gene
cluster, a novel uridyl peptide sansanmycin Q (1) with
pentapeptide scaffold was identified from the fermentation
broth of Streptomyces sp. SS (CPCC 200442). In com-
parison with the structure of sansanmycin A (2), sansan-
mycin Q (1) bears an additional glycine residue at the
N-terminus of peptide backbone, which has been proved
to be assembled to the N-terminus of the tetrapeptide of
sansanmycin A by SsaB. Sansanmycin Q exhibits more
potency against highly refractory pathogens M. tubercu-
losis (H37Rv and a rifampicin- and isoniazid-resistant
strain) than sansanmycin A. To the best of our knowledge,
it is the first time to report UPAs with pentapeptide
backbone showed antimycobacterial activity. Although
sansanmycin were modified by semi-synthesis method by
our group [31] and dihydro-sansanmycin analogues were
totally synthesized by Payne group [32], the complexity
of its structure still brings great difficulties for further
chemical modification. This finding of a more potent
pentapeptide sansanmycin analogue points out a direction
that the structures of UPAs can be simply modified by
adding an amino acid residue to the N-terminus to obtain
more diverse and potential analogues.
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Table 1 (continued)

Positiona Multiplicity δC δH (J, Hz) Extra signals due
to conformers

δC δH (J, Hz)

m-Tyr-6′ ArCH 123.2 6.73,
d (7.8)

Gly-1 –CO 177.3

Gly-2 CH2 46.1 3.26, s

aAbbreviations for the structure units are m-Tyr m-tyrosine, Trp
tryptophan, DABA N-methyl-2,3-diaminobutyric acid, Gly glycine,
Met methionine

Fig. 4 Selected COSY and HMBC correlations for 1

Fig. 5 ESIMS/MS data of parent ion (m/z 921 [M+H]+) of 1

Table 2 Antibacterial effect of sansanmycin Q (1)

Compounds MIC (μg ml−1)

H37Rv 2199a PA SA

Sansanmycin Q 8 8 8 >64

Sansanmycin A 16 32 8 >64

Isoniazid 0.05 40 ND ND

Rifampicin 0.12 20 ND ND

PA P. aeruginosa 11, SA S. aureus CPCC100051, ND not detected
aM. tuberculosis strain 2199 isolated from patients with tuberculosis in
China was a rifampicin- and isoniazid-resistant strain
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