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SanM catalyzes the formation of 4-pyridyl-2-oxo-4-hydroxyisovalerate
in nikkomycin biosynthesis by interacting with SanN
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Abstract

Nikkomycins are peptidyl nucleoside antibiotics with potent activities against phytopathogenic and human pathogenic fungi. The
sanM and sanN genes are required for the nikkomycin biosynthesis of Streptomyces ansochromogenes. In the present study, interaction
between SanM and SanN was identified by yeast two-hybrid and co-immunoprecipitation assays. Moreover, SanM and SanN were het-
erologously expressed and purified. Further biochemical assay demonstrated that the SanM–SanN interaction is essential for SanM
aldolase activity but not for SanN dehydrogenase activity. SanM converts piconaldehyde and 2-oxobutyrate to 4-pyridyl-2-oxo-4-
hydroxyisovalerate in nikkomycin biosynthesis by interacting with SanN. Steady state kinetics analysis revealed that Km and kcat/Km

of SanM are 123.2 lM and 11.4 mM�1 s�1 for picolinaldehyde, while 335.6 lM and 4.0 mM�1 s�1 for 2-oxobutyrate, respectively. How-
ever, SanN as a dehydrogenase is independent of SanM.
� 2007 Elsevier Inc. All rights reserved.
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Nikkomycins are a group of peptidyl nucleoside antibi-
otics produced by Streptomyces tendae Tü901 [1] and
Streptomyces ansochromogenes 7100 [2]. Due to their struc-
tural similarity to UDP-N-acetylglucosamine, nikkomycins
act as a competitive inhibitor of chitin synthetase and show
potent activities against phytopathogenic and human path-
ogenic fungi (e.g., Alternaria longipes, Aspergillus fumiga-

tus, Candida albicans, etc.). Furthermore, nikkomycins
display low toxicity to mammals and are easily degraded
in natural environment, they can be used as ideal fungicidal
agents in agriculture and also as antifungal agents in
human therapy [3–5].

Nikkomycins contain a peptidyl moiety and a nucleo-
side moiety. The main compounds nikkomycin X and Z
are shown in Fig. 1A. Their peptidyl moieties are hydroxy-
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pyridyl-homothreonine (HPHT), while nucleoside moieties
consist of an aminohexuronic acid with N-glycosidically
bond 4-formyl-4-imidazoline-2-one or uracil. The two moi-
eties of nikkomycins are assumed to be formed in separate
ways and then combined with peptide bonds [6,7]. HPHT
biosynthesis is proposed to involve more than 11 enzymatic
reactions, and four of them have been clearly studied in S.

tendae or S. ansochromognenes up to now [8–11] (Fig. 1B).
Moreover, 4-pyridyl-2-oxo-4-hydroxyisovalerate (POHIV)
had been isolated from culture filtrates of S. tendae and
proved to be a precursor of HPHT [13]. In earlier study,
nikA and nikB (respective GenBank Accession Nos.
CAB46531 and CAB46532) in S. tandae were deduced to
participate in the POHIV formation [12]. However, no fur-
ther biochemical datum was provided and the exact func-
tions of nikA and nikB genes in nikkomycin biosynthesis
still remain unclear.

We previously cloned the entire gene cluster for nikko-
mycin biosynthesis in S. ansochromogenes, which is at least
composed of three transcriptional units with 25 genes [14].
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Fig. 1. Chemical structures of nikkomycin X and Z and proposedly biosynthetic pathway of hydroxypyridyl-homothreonine (HPHT). (A) Chemical
structures of nikkomycin X and Z. (B) Proposedly biosynthetic pathway of HPHT. Both SanJ as a picolinate–CoA ligase and SanUV as a glutamate
mutase involved in the nikkomycin biosynthesis of S. ansochromogenes were characterized in our previous work [10,11]. Partial pathway is based on that
proposed by Bruntner et al. [12].
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Among them, the sanN and sanM are respective counter-
parts of nikA and nikB, and play essential roles in nikko-
mycin biosynthesis of S. ansochromogenes. In this paper,
we report that SanM converts picolinaldehyde and 2-
oxobutyrate to POHIV by interacting with SanN, whereas
SanN as a dehydrogenase is independent of SanM.
Materials and methods

Strains, plasmids, and media. S. ansochromogenes 7100, a natural nik-
komycin producer, was isolated from the soil of Northeastern China [2].
Saccharomyces cerevisiae AH109 and Y187 and corresponding plasmids,
pGBKT7, pACT2, etc. (Clontech), were used to perform yeast two-hybrid
assay. Escherichia coli BL21 (DE3) (Novagen) and S. lividans TK24 [15],
and plasmids pET23b (Novagen) and pIJ8600 [15] were used as host
strains and vectors for heterologous expression of proteins, respectively.
Methylation-deficient E. coli strain ET12567/pUZ8002 (dam dcm hsdS cat

tet tra RP4 kanR) was used for conjugal transfer of DNA from E. coli to
Streptomyces [16,17].

All media for Streptomyces growth were prepared as previously
described [12,15]. Other media for E. coli or yeast growth were prepared
according to standard protocol [18]. When necessary, antibiotics were used
at the following concentrations: ampicillin (Amp), 100 lg/ml in LB;
apramycin (Apr), 10 lg/ml in YEME or MM, 30 lg/ml in MS or 50 lg/ml
in LB; kanamycin (Kan), 10 lg/ml in MM, 50 lg/ml in LB; tetracycline
and chloramphenicol, 10 lg/ml and 25 lg/ml in LB, respectively.

Construction of plasmids. Plasmids pGBKT7-M and pACT2-N were
used to express BD-SanM and AD-SanN in yeast two-hybrid assay. To
construct pGBKT7-M, the encoding region of sanM was amplified from
pNL5400 with primer P1, 5 0-GGAATTCCATATGAGCCAGGAAGC
GG-3 0 (NdeI sites underlined), and P2, TCAGCTGCAGCCCGTTCACG
GTCAGCATG (PstI sites underlined). The resulting product was digested
with NdeI and PstI and cloned into the same sites of pGBKT7 to generate
pGBKT7-M. Similarly, sanN was amplified using primers P3, 5 0-CC
CCATGGAGATGCAAGCAACTGGACGG-3 0 (NcoI sites underlined),
and P4, 5 0-TTACTCGAGTGCCGTCTCCCCTGCC-30 (XhoI sites
underlined), digested with NcoI and XhoI, and ligated into the same sites
of pACT2 to give pACT2-N. To generate pET23b-M and pET23b-N for
expression of SanM and SanN in E. coli, sanM was amplified from
pNL5400 with primers P1 and P5, 5 0-TTACTCGAGGCATGAGCCG
GT-3 0 (XhoI sites underlined), and sanN was amplified with primers P6,
5 0-GGAATTCCATATGCAAGCAACTGGACGA-3 0 (NdeI sites under-
lined), and P4. The amplified sanM and sanN were digested with NdeI and
XhoI, and inserted into the same sites of pET23b. To construct pIJ8600-M
and pIJ8600-N for expression of SanM and SanN in S. lividans, sanM and
sanN genes fused with his-tag were amplified from pET23b-M and
pET23b-N with primers P7, 5 0-CGATCCCGCGAAATTAATAC-3 0, and
P8, 5 0-CCGGATCCAAAAAACCCCTCAAGACC-30 (BamHI sites
underlined), respectively. Then, the PCR products were digested
with NdeI and BamHI, and ligated with the NdeI–BamHI digested
pIJ8600.

Preparation of antibody and Western blot analysis. The pET23b-M and
pET23b-N were transformed into E. coli BL21 (DE3) for expressions of
His6-SanM and His6-SanN, respectively. Both SanM and SanN were
expressed in E. coli as inclusion bodies and were further purified.
Approximately 2 mg of purified His6-SanM or His6-SanN mixed with
Freund’s complete adjuvant was injected into two healthy mice for three
times (once per week), respectively. Antisera were collected from the eyes
of the immune mice at day 30 and used as the polyclonal antibodies
against SanM or SanN.

For Western blot analysis, the supernatants of cell lysates or adsorbed
beads (immunoprecipitates) were immediately boiled for 10 min, subjected
to 10% SDS–PAGE, and electro-blotted to a nitrocellulose membrane.
Non-specific binding was blocked with 5% fat-free milk in PBS overnight
at 4 �C and rinsed twice with 0.1% Tween 20/PBS. Then the membrane
was incubated with anti-SanN or anti-SanM antibody at room tempera-
ture for 1 h, followed by HRP-labeled anti-mouse IgG antibody for 1 h.
Reaction product was visualized with enhanced chemiluminescence
according to the kit instructions (Amersham Pharmacia Biotech) and
documented on an X-ray film.

Yeast two-hybrid assay. The yeast two-hybrid assay was performed as
described in the MATCHMAKER GAL4 Two-Hybrid System 3 (Clon-
tech). Yeast strain AH109 was transformed with pGBKT7-M or control
plasmids (pGBKT7-53 and pGBKT7-Lam), and yeast strain Y187 was
transformed with pACT2-N or control plasmid (pGADT7-T) according
to the small-scale LiAc yeast transformation procedure. Yeast mating
method was used to identify the SanM–SanN interaction. In brief, the
recombinant yeast strain, AH109/pGBKT7-M, was mated with strain
Y187/pACT2-N. Then, the co-transformants were selected on SD/-Leu/-
Trp medium at 30 �C for 5 d and further analyzed for the b-galactosidase
activity. The positive control was prepared by mating of AH109/
pGBKT7-53 with Y187/pGADT7-T. Negative controls were prepared by
mating of AH109/pGBKT7-Lam with Y187/pACT2-N and by mating of
AH109/pGBKT7-M with Y187.



198 H. Ling et al. / Biochemical and Biophysical Research Communications 361 (2007) 196–201
Co-immunoprecipitation assay. For immunoprecipitation, Sepharose
4B beads conjugated to protein G (Amersham Pharmacia Biotech) were
incubated with anti-SanN or anti-SanM antibody for 1 h at 4 �C and were
washed three times with HEPES buffer (pH 7.5). Then the beads were
incubated with the cell extracts of S. ansochromogenes 7100 at 4 �C,
washed with HEPES buffer, and analyzed by immunoblotting with anti-
SanM or anti-SanN antibody.

Expression of SanM and SanN in S. lividans TK24. The pIJ8600-M and
pIJ8600-N were introduced into S. lividans TK24 by conjugation as
described previously [10]. The resulting recombinant strains were grown in
YEME at 28 �C for 36 h, further induced with 5 lg/ml thiostrepton for
another 12 h. Then, cultures were collected, washed, and sonicated until
completely lysed. SanM and SanN proteins were purified from the
supernatants by Ni2+ affinity chromatography and subjected to SDS–
PAGE analysis as described previously [11].

Enzyme activity assays. All enzyme activity assays were performed at
28 �C. To determine aldolase activity, the standard reaction mixture (1 ml)
contained 50 mM HEPES buffer (pH 8.0), 1 mM MnCl2, 1 mM dithio-
threitol, 2 mM picolinaldehyde, 4 mM 2-oxobutyrate, and 50 nM purifed
enzymes. After incubation for 3 h, aldolase activity was measured by
analyzing the reaction products with reverse-phase HPLC followed by
LC/ESI-MS. For HPLC analysis, 10 ll of reaction mixtures without
dilution was injected into column (Zorbax Eclipse XDB-C18,
4.6 mm · 250 mm, 5 lm; Agilent) pre-equilibrated with 0.5& trifluoro-
acetic acid (v/v) and eluted with the same solution at a flow rate of 0.8 ml/
min at 30 �C. The elution was monitored with UV/vis diode array at
260 nm. LC/ESI-MS was further used to determine molecular weight as
previously described [10]. The standard reaction mixture (1 ml) for
detecting dehydrogenase activity contained 50 mM Tris–Cl (pH 7.5),
1 mM dithiothreitol, 2 mM benzoate–CoA, 600 lM NADH, and 50 nM
purifed enzymes. The reaction was determined by monitoring the oxida-
tion of NADH (OD340) in enzyme coupling assay.

For assays at different pH value, the reactions were performed with the
50 mM following buffers and pH values (in parentheses): potassium
phosphate (6.0–8.0), HEPES–NaOH (7.0–8.0), Tris–HCl (7.5–9.0), and
glycine–NaOH (9.0–10.0). Kinetic parameters for aldolase enzyme were
determined by three separate measurements at each point. The kinetic
results were fitted for Michaelis–Menten equation and calculated using a
Lineweaver–Burk plot.

Nucleotide sequence accession number. The nucleotide sequence of sanN

and sanM was deposited in GenBank under Accession Nos. AY188795
and AF469949, respectively.
Results

Sequence analysis of sanN and sanM

SanN protein shows about 46% end-to-end identity to
putative acetaldehyde dehydrogenase (ADA, GenBank
Accession No. NP639626) and semialdehyde dehydrogenase
(GenBank Accession No. ZP_01534271), containing a sem-
ialdehyde dehydrogenase domain and AcetDehyd-dimer at
its N-terminus and C-terminus, respectively. SanM protein
shows about 68% identity to a putative 4-hydroxy-2-oxoval-
erate aldolase (HOA, GenBank Accession No. NP_639628)
and a putative pyruvate carboxyltransferase (GenBank
Accession No. ZP_01534272), containing a pyruvate carb-
oxyltransferase domain at the N-terminus and a DmpG
communication domain at the C-terminus.

Moreover, sanNM gene pairs are highly conserved with
HOA/ADA-encoding gene pairs in degradation pathway
of aromatic compounds, not only in the base sequences
but also in the order of genes. In all these gene pairs,
ADA-encoding genes are located upstream the HOA-
encoding genes [19–23].

SanM is associated with SanN

Sequence analysis demonstrated that there is possible
co-evolution between sanNM gene pairs and HOA/ADA-
encoding gene pairs, indicating the possibility of the phys-
ical association of SanM and SanN. Furthermore, SanM
protein coantains a DmpG communication-like domain,
which is thought to promote heterodimerization in
DmpFG [24]. Therefore, we speculate that SanM may
interact with SanN.

Yeast two-hybrid assay was used to test the interaction
between SanM and SanN with yeast mating. The mating
experiment showed that the co-transformants, resulting
from mating of AH109/pGBKT7-M with Y187/pACT2-
N, could grow on SD/-Leu/-Trp medium; and the interac-
tion of AD-SanN with BD-SanM initiated the expression
of b-galactosidase, which hydrolyzed substrate X-Gal and
released blue products, the same as co-transformants
resulting from mating of AH109/pGBKT7-53 with Y187/
pACT2-T (positive control). As a negative control, co-
transformants resulting from mating of Y187/pACT2N
with AH109/pGBKT7-Lam could grow on SD/-Leu/-Trp
medium, but it did not display b-galactosidase activity.
As the other negative control, co-transformants resulting
from mating of AH109/pGBKT7-M with Y187 could not
grow on SD/-Leu/-Trp medium (Fig. 2A).

Co-immunoprecipitation assay was further carried out
to identify SanM–SanN interaction. Results showed that
anti-SanM antibody could co-immunoprecipitate SanM
with SanN in S. ansochromogenes 7100. Conversely, anti-
SanN antibody could co-immunoprecipitate SanN with
SanM too. As control, normal mouse IgG failed to pull
down any detectable SanN or SanM (Fig. 2B).

These results demonstrated that SanM could interact
with SanN, suggesting that both of the proteins may func-
tion as SanMN complex in vivo.

Expression and purification of SanM and SanN

Since both SanM and SanN proteins were insoluble and
inactive when expressed in E. coli under variously opti-
mized conditions, we used S. lividans TK24 instead of
E. coli as host strain for heterologous expression of SanM
and SanN by the induction of 5 lg/ml thiostrepton under
the control of the tipAp. The recombinant SanM and SanN
were soluble and purified by Ni2+ affinity chromatography,
and showed on SDS–PAGE at the expected size of about
38.2 kD and 32.5 kD, respectively (data not shown).

SanM converts picolinaldehyde and 2-oxobutyrate to

POHIV by interacting with SanN

As SanM contains a pyruvate carboxyltransferase
domain, we inferred that SanM catalyzes the formation



Fig. 2. Identification of SanM–SanN interaction by yeast two-hybrid and
co-immunoprecipitation assays. (A) Yeast two-hybrid assay. The selective
growth on SD/-Leu/-Trp plate (left panel) and analysis of b-galactosidase
activity of co-transformants (right panel). Co-transformants were, respec-
tively, obtained from 1, mating of AH109/pGBKT7-53 with Y187/
pGADT7-T (positive control); 2, mating of Y187/pACT2-N with AH109/
pGBKT7-M; 3, mating of AH109/pGBKT7-Lam with Y187/pACT2-N (a
negative control); and 4, mating of AH109/pGBKT7-M with Y187 (the
other negative control). (B) Co-immunoprecipitation. Sepharose 4B beads
conjugated to protein G (Amersham Pharmacia Biotech) were incubated
with anti-SanN or anti-SanM antibody (normal mouse IgG was used as
control) for 1 h at 4 �C and were washed three times with HEPES buffer
(pH 7.5). Then, the beads were incubated with the supernatant of cell
lysates of S. ansochromogenes 7100 overnight at 4 �C for immunoprecip-
itating (IP) SanN or SanM, washed with HEPES buffer, and analyzed by
immunoblotting (IB) with anti-SanM or anti-SanN antibody. Cell extract
from S. ansochromogenes 7100 served as input. The precipitation with
anti-SanM antibody could pull down SanM with SanN and vice versa. As
control, normal mouse IgG failed to pull down any detectable SanN or
SanM.
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of POHIV. The reaction product mixtures catalyzed by
purified individual SanM and SanN as well as SanM/SanN
mixture were subjected to reverse-phase HPLC analysis. In
comparison with the reaction product catalyzed by individ-
ual SanM or SanN, a new prominent peak at 5.3 min was
observed in that by SanM/SanN mixture. Further LC/ESI-
MS analysis for the new compound revealed a single
[M+H]+ peak at m/z 210.2, which is in accordance with
the calculated value for POHIV (Fig. 3). Results indicated
that SanM converts picolinaldehyde and 2-oxobutyrate to
POHIV by interacting with SanN, whereas, individual
SanM or SanN failed to catalyze the reaction and no cor-
responding product was detected under the same condition.
These further confirmed that SanM and SanN may form a
SanMN complex to act its function in nikkomycin
biosynthesis.

Moreover, activity of SanM as an aldolase varied with
the different molar ratio of SanN to SanM and approached
saturation above 1:1, indicating SanM and SanN may form
SanMN complex at a molar ratio of 1:1. The optimal pH
value for SanM aldolase is 8.0. Mn2+ (1 mM) stimulated
the aldolase activity about fourfold, but Zn2+, Mg2+, and
Ca2+ had no effect.
Initial velocities were determined in the standard assay
mixture at pH 8.0 for subsequent kinetics analysis. In both
cases, regular saturation curves of the activity versus pico-
linaldehyde and 2-oxobutyrate concentrations were
observed (Fig. 4). The Km value of SanM toward picolinal-
dehyde and 2-oxobutyrate in aldol condensation reaction
was calculated from the Lineweaver–Burk plot to be
123.2 lM and 335.6 lM. The calculated kcat/Km of SanM
is 11.4 mM�1 s�1 and 4.0 mM�1 s�1 for picolinaldehyde
and 2-oxobutyrate, respectively.

SanN shows dehydrogenase activity

SanN shares significant similarities to ADA and semial-
dehyde dehydrogenase. On this basis, we postulated that
SanN may catalyze the conversion of picolinate–CoA to
picolinaldehyde in nikkomycin biosynthetic pathway
(Fig. 1B). Here, benzoate–CoA, the structural analog of
picolinate–CoA, was used as the substrate to investigate
the dehydrogenase activity of individual SanN and SanM
as well as SanM/SanN mixture. Interestingly, individual
SanN shows the dehydrogenase activity and the addition
of SanM has no effect on it. The optimal pH of SanN dehy-
drogenase is 7.5. No stimulation of activity was observed
when Mn2+, Mg2+, Ca2+, or Zn2+ (1 mM) was added to
Tris-buffered assay mixtures.

Discussion

The sanN and sanM genes are required for nikkomy-
cin biosynthesis of S. ansochromogenes 7100. Our results
revealed that SanM acts as a POHIV aldolase, convert-
ing picolinaldehyde and 2-oxobutyrate to POHIV by
interacting with SanN, and SanM and SanN may form
a bifunctional aldolase/dehydrogenase complex. Interest-
ingly, the interaction of SanM with SanN is essential
for the SanM aldolase activity but not for SanN dehy-
drogenase activity.

It was indicated that the aldolase activity of SanM may
be activated by the association of SanN. Recently, the
expression of the MhpE and MhpF, a pair of HOA and
ADA from E. coli similar to SanM and SanN, was studied
in detail. The MhpE aldolase was soluble only when solu-
ble MhpF was available, suggesting that the soluble MhpF
functions as a chaperone protein for folding of MhpE [25].
We had also tried to express the SanM and SanN protein in
E. coli, but both SanM and SanN are insoluble in E. coli
under various conditions. However, both SanM and SanN
are soluble when heterologously expressed in S. lividans

TK24. Perhaps there exists a different expression mecha-
nism in S. lividans TK24 and in E. coli for folding SanM
and SanN. Nevertheless, purified SanM failed to exhibit
aldolase activity until the addition of SanN, indicating that
reassembly of SanMN complex may achieve the aldolase
activity. These demonstrated that SanN not only acts as
a chaperone protein for folding of SanM, like MhpF for
MbpE, but also activates the SanM to function as aldolase.



Fig. 3. Conversion of picolinaldehyde and 2-oxobutyrate to POHIV catalyzed by SanM/SanN mixture. The reaction products catalyzed by individual
SanM (A) and SanN (B) as well as SanM/SanN mixture (C) were subjected to HPLC analysis as described in Materials and methods. Further LC/ESI-MS
for the novel compound presented in reaction products catalyzed by SanM/SanN mixture revealed a single [M+H]+ peak at m/z 210.2, which is in
accordance with the calculated value for POHIV (D).

Fig. 4. Effect of substrate concentration on SanM aldolase activity. Each inset shows a Lineweaver–Burk plot of initial velocity versus various fixed
substrate concentrations. In panel (A) 2-oxobutyrate concentration was kept constant at 2000 lM, the picolinaldehyde concentration varied as figure
indicates. In panel (B) picolinaldehyde concentration was kept constant at 2000 lM, and 2-oxobutyrate concentration varied as figure indicates.
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Another possible explanation is that SanN might be a
cooperative partner to SanM, and both of them form the
internal channel by protein–protein interactions to facili-
tate the aldol reaction, as the DmpGF complex, a bifunc-
tional HOA/ADA similar to SanM and SanN. In DmpG,
an acetyl group is removed from 4-hydroxy-2-ketovalerate,
and transferred by means of a long channel to CoA on the
DmpF domain, followed by a CoA-dependent acylating
aldehyde dehydrogenation reaction [24]. More intensive
investigations on the physical properties and catalytic
mechanism of SanMN are needed to further elucidate
molecular event in the aldol condensation.

Aldolase/dehydrogenase (HOA/ADA)-encoding gene
pairs were extensively found in degradation pathway of
aromatic compounds [21,22,26,27]. However, to our
knowledge, it is the first time a bifunctional aldolase/dehy-
drogenase complex in the biosynthetic pathway of antibiot-
ics has been reported. These data would be of benefit to
elucidation of the nikkomycin biosynthesis and combinato-
rial synthesis of novel antibiotic derivatives.
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