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2-Deoxystreptamine is a core aglycon that is vital to
backbone formation in various aminoglycosides. This core
structure can be modified to develop hybrid types of
aminoglycoside antibiotics. We obtained three genes
responsible for 2-deoxystreptamine production, neo7, neo6,
and neo’, which encode 2-deoxy-scyllo-inosose synthase, L-
glutamine: 2-deoxy-scyllo-inosose aminotransferase, and
dehydrogenase, respectively, from the neomycin gene cluster.
These genes were cloned into pIBR25, a Streptomyces
expression vector, resulting in pNDOS. The recombinant
pNDOS was transformed into a non-aminoglycoside-
producing host, Streptomyces venezuelae YJ003, for
heterologous expression. Based on comparisons of the
retention time on LC-ESI/MS and ESI-MS data with
those of the 2-deoxystreptamine standard, a compound
produced by S. venezuelae YJ003/pNDOS was found to be
2-deoxystreptamine.

Keywords: Aminoglycoside, 2-deoxystreptamine, neomycin,
heterologous expression, Strepfomyces venezuelae

Aminoglycoside-aminocyclitols (AmAcs) are an important
“class of antibiotics against Gram-positive and Gram-negative
bacteria. They also show potentially useful activity against
human immunodeficiency virus (HIV) and are mainly
produced by Streptomyces and Micromonospora spp. [9,
11, 13, 24]. In general, AmAcs are a structurally diverse
and relatively stable group that are comprised of two
or more amino sugars joined to a hexose aglycon by
glycosidic linkage. AmAcs are classified into two major
groups, the streptamine-containing AmAcs and 2-

*Corresponding author
Phone: 82-41-530-2246; Fax: 82-41-544-2919;
E-mail: sohng@sunmoon.ac.kr

deoxystreptamine (DOS)-containing AmAcs, depending upon
their structural components. Substitutions of amino groups
and deoxygenations of the usual sugar backbone have
brought about structural diversities in AmAc antibiotics.

DOS is the central aglycon vital to backbone formation
in many clinically important aminoglycosides and also
shows low micromolar affinity to RNA hairpin loops for
the biological activity [12]. Early studies on the incorporation
of labeled substrates in neomycin showed that DOS is
derived from bp-glucose [17]. The biosynthetic studies
of DOS-containing aminoglycosides such as neomycin,
ribostamycin, butirosin, gentamicin, kanamycin, and
tobramycin have been carried out, and the genes responsible
for DOS biosynthesis have been studied and proposed
[3,4, 6-8, 13, 22, 27].

The in vitro characterization of genes responsible for the
biosynthesis of DOS in the neomycin producer Strepfomyces
fradiae has been carried out by expressing each gene in
Escherichia coli [8]. It has also been found that p-glucose-
6-phosphate (G6P) is converted to DOS by neo7 (430 aa),
neo6 (424 aa), and neo5 (340 aa) in the neomycin biosynthetic
pathway, which encode 2-deoxy-scyllo-inosose synthase
(DOIS), L-glutamine: 2-deoxy-scyllo-inosose aminotransferase
(GIA), and dehydrogenase, respectively [3, 14], as shown
in the assembly of the DOS biosynthetic genes from the
neomycin biosynthetic gene cluster (Fig. 1). However, none
of the previously published reports have demonstrated the
heterologous production of DOS in vivo using biosynthetic
genes, and thus there are limits to such potential chemical
modifications by attaching various substituents to the DOS
ring [23].

We show here that heterologous expression of three genes
(neo’7, neo6, and neol) from the neomycin biosynthetic
gene cluster in a non-aminoglycoside-producing host, S.
venezuelae YJ003 [1, 2], caused production of DOS.
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Fig. 1. Biosynthetic pathway of 2-deoxystreptamine.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Media, and Culture Conditions

S. fradiae was used to amplify the three genes responsible for DOS.
S. venezuelae YJ003, which is deficient in biosynthesis of the
endogenous desosamine, was used as a heterologous host for the
expression of DOS biosynthetic genes [1,2] and was grown on
R2YE liquid medium (5% sucrose, 0.02% potassium sulfate, 1%
magnesium chloride, 1% glucose, 0.5% yeast extract, and 0.01%
Difco casamino acid) and an R2YE agar supplemented with
thiostrepton (500 pg/ml) and kanamycin (1 mg/ml). E. coli XL1 blue
(Stratagene, U.S.A.) and pGEM-T Easy (Promega, U.S.A.) were
used for subcloning and DNA manipulation. E. coli ET12567 was
used as a host to obtain demethylated DNA before transformation
into a heterologous host. All E. coli strains were grown at 37°C for
-6 h to overnight in Luria Bertani (LB) supplemented with ampicillin
(100 mg/ml), tetracycline (25 pg/ml), chloramphenical (100 pug/ml)
and kanamycin (100 pg/ml) when required. Streptomyces strains
were cultivated at 28°C for 4 days in four different kinds of media.
R2YE, TSB (3% tryptic soy broth, 10.3% sucrose, 20.33%
magnesium chloride hexahydrate, and 20% glycine) [15, 19], and N-
Z amine (1% glucose, 2% soluble starch, 0.5% yeast extract, 0.5%
N-Z amine, and 0.5% calcium carbonate) [5] were used for DOS
production analysis, and SPA (0.1% yeast extract, 0.1% beef extract,
0.2% tryptose, 1.0% glucose, and 0.01% ferrous sulfate) was used
for seed culture. The authentic standard DOS used in this study was
provided by the GenChem Co. (Daejeon, Korea).

PCR Amplification of DOS Biosynthetic Genes

Two pairs of deoxyoligonucleotide primers were designed from
three genes responsible for DOS. Two genes, neo5 (dehydrogenase)
and neo6 (GIA), with a total size of 2.4 kb, were obtained using the
forward primer Neol (5'-CGG ATC CCG GAG GAT TCG GCA
CGA TGA AG-3") and reverse primer Neo3 (5'-GI'T CTA GAG
GGC GAT CAA GI'G GCC AGG-3") (Geno-Tech, Korea). Similarly,
the third gene, neo7 (DOIS), having a size of 1.3 kb, was obtained
with the forward primer Neod (5'-ATC TAG AGA GGA CCG
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3-amino-2,3-didexy-
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(amino-DOI)

GGA AGC ATC ATG C-3") and reverse primer Neo2 (5'-CGA
AGC TTG GCG GIT ACG GCA CGG GTC C-3"). The restriction
sites in the primers are underlined. Polymerase chain reaction (PCR)
was performed as follows: 1 cycle at 94°C for 1 min and 30 cycles
at 94°C for 1 min, 60 to 70°C for 1 min, and 72°C for 1 min. The
PCR products were purified and cloned in the pGEM-T Easy vector
for DNA sequencing.

Construction of Recombinant Plasmids

General procedures, such as DNA isolation, restriction endonuclease
digestion, DNA ligation, and other DNA manipulations in E. coli,
were performed according to the standard protocols [18]. Plasmid
DNA was isolated from Streptomyces as described by Kieser et al.
[5]. The Streptomyces expression vector pIBR25, which has a strong
ermE* promoter system, was used for the cloning and expression of
three genes [21]. As shown in Fig. 2, pIBR25 was digested with the
restriction sites BamHI/Xbal corresponding to the sites engineered
in the primers designed to amplify neo5 and neo6. The BamHI/Xbal
fragment containing neo5 and neo6 was then obtained and cloned
into pIBR25, resulting in pNK101. The recombinant pNK101 was
used to clone the third gene by digestion with restriction enzymes
Xbal/HindIII. The Xbal/HindIIl fragment containing neo7 was then
obtained and cloned into pNK 101, resulting in pNDOS.

Protoplast Transformation

Protoplast preparation, transformation, and selection of thiostrepton-
resistant transformants were performed using previously described
methods [5]. The host strain S. venezuelae YJ003 was cultured in
50ml of R2YE liquid medium at 28°C for 36 h with vigorous
shaking and selecting in 1 mg/ml of kanamycin. Proper mycelial
growth was observed under a light microscope. The culture broth
was transferred to a tube and washed with 10.3% sucrose. The
protoplasts were generated by incubating the mycelia at 37°C for
45 min with the addition of 3ml of lysozyme (5 mg/ml). The
demethylated recombinant DNA (pNDOS) using E. coli ET12567
was then transformed into the protoplast of S. venezuelae YJ003
using polyethylene glycol (PEG, 40%). The condition was optimized
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Fig. 2. Construction of recombinant pNDOS.
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Transformation was confirmed by digestion with BamHI/HindlIl to separate the inserted genes (3.7 kb) and pIBR25 vector (7.5 kb).

for protoplast transformation. R2YE plates were used for plating in
different conditions. Overlay was done after 12 h with 500 pg/ml of
thiostrepton in 0.3% agar and then incubated again at 28°C for 4 to
5 days. Colonies were selected in an R2YE plate supplemented with
different concentrations of kanamycin/thiostrepton and several
transformants obtained. Some of the transformants were selected in
an R2YE plate with the required antibiotics and cultured in liquid
media in order to isolate the plasmid DNA. The corrected colonies
that were referred to as S. venezuelae YIJ003/pNDOS were then
confirmed by restriction enzyme digestion and by performing PCR
with the plasmid DNA from S. venezuelae YI003/pNDOS as template
and primers for the genes investigated in this study. As a control,
pIBR25 was transformed, yielding S. venezuelae YJ003/pIBR2S.

Production, Iseolation, and Analysis of DOS

Transformants S. venezuelae YJ003/pNDOS were cultured in 50 ml
of seed media containing 1 mg/ml of kanamycin and 500 pg/ml of
thiostrepton. S. venezuelae YJ003/pIBR25 was also cultured in
50 ml of seed media containing 1 mg/m! of kanamycin. After 36 h
incubation at 28°C, these seed cultures were inoculated into 400 ml
of main media in Erlenmeyer flasks. The culture flasks were
incubated for 5 days at 28°C. The culture broth was transferred to a
beaker and a few drops of antifoam reagent were added. The pH of
the broth was adjusted to 2.5 with 2 N H,SO,, and the mycelial cake
was removed by centrifugation. The pH of the supernatant was
adjusted to approximately 6.5-7.0 with 2N NaOH and passed
through Amberlite IRC 50 ion-exchange column (Arcos, U.S.A.).
The column was washed with several volumes of distilled water to
remove unbound impurities. Finally, our target compound was
eluted with 1N, 2N, and 3N ammonium hydroxide solutions,
respectively. The effluent was concentrated under reduced pressure
using a SpeedVac centrifuge, and the dried compound was dissolved
in distilled water. The isolated compound was purified by the
methanol precipitation method using ice-cold methanol. For this, the
compound was acidified to pH 4.5 with dilute sulfuric acid and

treated with activated charcoal. The mixture was slowly poured into
ice-cold methanol, drop by drop, to precipitate the desired
compound. Then, the methanol was filtrated out and the remaining
solute was dissolved again in distilled water.

The molecular weight of the compound was evaluated by
electrospray ionization-mass spectrometry (ESI-MS). To observe the
UV absorbance spectra, the isolated compound was derivatized with
the UV-active reagent 9-fluorenylmethyl chloroformate (FMOC-CI)
according to the process reported by Stead and Richards [20], with
slight modifications. The derivatized compound was analyzed by
liquid chromatography coupled with electrospray ionization mass
spectrometry (LC-ESI/MS). Analyses of the products detected at
260 and 280 nm were carried out using a reversed-phase column
(Mightysil RP-18 Gp, Japan) with a linear gradient of acetonitrile
(0—-100%) in acidified water (0.01% trifluoroacetic acid).

RESULTS AND DISCUSSION

Heterologous Expression of pNDOS in S. venezuelae
YJ003

Amino acid sequence analysis of the DOS-producing genes
revealed that Neo7 of neomycin, which converts G6P to 2-
deoxy-scyllo-inosose (DOI) in the presence of NAD' and Co”'
as a cofactor, has high homology with the well-characterized
BtrC (DOIS) of butirosin [7]. Furthermore, Neo6 and
Neo35, which act as a PLP-dependant aminotransferase and
alcohol dehydrogenase, respectively, show high homology
with BtrR (also called BtrS) and BtrE, the respective
functional genes of butirosin. Multiple sequence alignment
of the amino acids of the DOS-forming enzymes of neomycin
and butirosin showed that some regions were highly
conserved between the two gene clusters (data not shown).



We chose S. venezuelae YJ003 as a heterologous expression
host for the production of DOS. It is an engineered strain
constructed with the kanamycin resistance gene by deleting
the entire D-desosamine gene cluster (des! to desVIII and
desR) {1, 2]. This strain has some important characteristics,
such as rapid growth, high transformation efficiency, and
complete dispersal of mycelia, which make it suitable as a
heterologous host [10] and allow for large quantities of cell
mass and metabolites to be harvested relatively quickly
in comparison with other user-friendly hosts, such as S.
lividans and S. coelicolor. Three genes, neo7, neo6, and
neo5, which encode DOIS, GIA, and dehydrogenase,
respectively, are located in the neomycin gene cluster of S.
fradiae. For the heterologous expression of these genes,
we used the Strepfomyces expression vector pIBR25, which
contains a strong ermE* promoter, a very compatible and
reliable SCP2* origin of replication [26], and thiostrepton/
ampicillin-resistant markers (Fig. 2).

Heterologous expression was also confirmed by reverse
transcriptase polymerase chain reaction (RT-PCR). The
standard protocol described in the RNeasy Mini Kit was
followed (QIAGEN). The transcription level of neo7 was
found only from S. venezuelae YJO03/pNDOS but not
from S. venezuelae YJ003/pIBR25, which was used as the
control (data not shown).

Production, Isolation, and Analysis of DOS from S.
venezuelae YJ003/pNDOS

S. venezuelae YJO03/pNDOS and S. venezuelae YJ003/
pIBR2S5 transformants were cultured in the seed culture.
These seed cultures were inoculated into 400 ml of defined
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media R2YE, and incubated at 28°C for 5 days, under
the same condition. The compound was isolated by
ion-exchange column chromatography as described in the
Materials and Methods section. The isolated product was
first analyzed by ESI-MS. The molecular weight of DOS,
which corresponds exactly to the authentic standard (i.e.,
163 in the positive mode), was detected from the extract of
S. venezuelae YJ003/pNDOS (Fig. 3). The compound was
also analyzed by LC-ESI/MS. The extracts and authentic
standard DOS were derivatized with FMOC-CI for UV
visualization, and thus the molecular weight of the compound
increases by 222 if derivatized with one free NH, group of
DOS. Furthermore, the total molecular weight of derivatized
DOS with FMOC-Cl is 385 in the positive mode. We were
able to detect the peak corresponding to the UV-visible
derivative of DOS isolated from S. venezuelae YJO003/
pNDOS as well as the authentic standard DOS (Fig. 4), but
we were not able to detect this peak in the control strain S.
venezuelae YJ003/pIBR25. These results confirm that S.
venezuelae YJ003/pNDOS can produce DOS derivatives
and that the heterologous production of DOS 1s possible in
the aminoglycoside nonproducing host S. venezuelae
YJ003.

In order to increase the production yield of DOS, we
observed the production of DOS in different media (R2YE,
N-Z amine, and TSB), which varied in their composition. The
analysis of liquid chromatography-mass spectrometry (LC-
MS) peaks with reference to the concentration of standard
DOS showed that the amount of DOS production in TSB
media was about 0.2 mg/l. It was also found that among
the three media used, the best production was obtained in
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Fig. 3. ESI-MS of authentic 2-deoxystreptamine (A) and the isolated compound from the extract of S. venezuelae YJ003/pNDOS (B)

in the positive mode.
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the N-Z amine media, which was calculated to be 5 times
greater than the production in TSB media and nearly
2 times greater than the production in R2YE media (data
not shown). We also observed the dry cell weight of S.
venezuelae YJ003/pNDOS in liquid media only and with
soluble starch teeding. The dry cell weight at an interval of
24 h was measured for 9 days, and data showed that cell
growth remained nearly consistent from 4 to 6 days when
growth was at a maximum, which indicated that the
appropriate time for harvesting secondary metabolites was
between 4 to 6 days. It was also found that growth was
enhanced by feeding with 1% soluble starch after 24 h
in the culture media. The dry cell weight of the 1%

starch-fed sample was found to be higher than that of the
unfed sample cultured under identical conditions (data not
shown).

DOS is an important moiety present in many clinically
important aminoglycosides. This core moiety plays a
critical role in the biological function of this class of
antibiotics and has been shown to interact directly with the
16S-rRNA subunit [12]. The positively charged nature of
this group of antibiotics combined with their high degree
of flexibility facilitates their interaction with the negatively
charged RNA backbone. Because of this effect, the majority
of antibiotics containing this moiety mediate their action by
disrupting mRNA processing and causing the misreading

A 2-dos #1997-2021 RT: 16.67-16.87 AV, 26 GB: 462 14.75-18.44, 17.19-10.34 NL 1.34E5

T: {00} # ¢ ES sid=20.00 Fudl ms { 100.00-618.00]
100~

[+
il I?r"_ﬁ]wl i?a i

0

A

e

e

5.2

g 86— NH
- HO
g 50 HO NH;,
£ HO
3 40~ . X
& - (Derivative of DOS with FM OC-Cl)

30

207

10-

4 1340 1701 2002 2241 8118
AN i S T A T A SN A R B rsm”“é””

100 156 200 250

B  Rp-dos #2002-2021 RT- 16.71-16.87 AV: 20 $8: 355 14.75-16.64, 17.26-18.32 NL: 2.07E3

T: {0,0} + ¢ ES! 5id=20.00 Full ms [ 100.00.618.00]
100

2001

00 150

385.2 _
~ OO

O

0" "NH
HO
HO NH,

HO

(Derivative of DOS with FMOC-Cl)
4074
%
i 428.2
|| 4284
.
!

H
E

Fig. 4. LC-ESI/MS of authentic 2-deoxystreptamine (A) and the isolated compound from the extract of S. venezuelae YJ003/pNDOS
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of the genetic code, thus resulting in a bactericidal effect
[16]. Therefore, DOS itself is an important moiety, and the
reason behind its production is that, by having the core
structure in hand, it should be possible to develop a new
and hybrid type of aminoglycoside antibiotics in the future.

We initially investigated the heterologous production of
DOS by using different production media. We found that
the production level was highest in N-Z amine, because
this medium is rich not only in the carbon source (like in
other media) required as the precursor, but also in the
amine source required for the formation of DOS. The
precursor of the desired product is often a limiting factor,
because multiple enzymes compete for the same substrate.
D-Glucose, which is the precursor in DOS biosynthesis, is
also a major substrate in the primary metabolic pathway
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and is thus acted upon by multiple enzymes, which causes
it to be relatively scarce in the substrate pool. Considering
this factor, we fed 1% soluble starch to the culture
broth after 24 h. As expected, the growth of starch-fed S.
venezuelae YJ003/pNDOS was enhanced, resulting in a
higher dry cell biomass production than in the unfed
culture sample of the same strain in liquid media. Enhanced
growth and higher dry cell biomass production direct our
expectation towards the higher production of any secondary
metabolite, and thus a higher level of DOS production can
be expected after adding starch as the carbon source.
Butirosin is a DOS-containing aminoglycoside in which
the enzymes responsible for DOS formation are well
characterized [8], and it is the first aminoglycoside found
to be produced by a non-actinomycete bacterium, ie.,
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Fig. 5. Organization of the 2-deoxystreptamine biosynthetic gene set in S. fradiae and other species.
The percentages of amino acid identity of S. fradiae ORFs with other respective ORFs are indicated in bold. The sizes in amino acids are given in regular

numerals above the respective ORF.
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Bacillus circulans [25]. Therefore, we compared the amino
acid sequence of the DOS-producing ORFs of neomycin
with that of butirosin and found 38% identity between
Neo7 and BtrC, 40% identity between Neo6 and BtrR
(BtrS), and 49% identity between NeoS and BtrE. Despite
the well-characterized aminoglycosides, the DOS-producing
ORFs of the neomycin gene cluster also share very high
homology with the putative DOS-producing ORFs of other
DOS-containing aminoglycoside gene clusters (Fig. 5).
For example, Neo7, which catalyzes G6P to DOI in the
presence of NAD" and Co”" as cofactors, has 86%, 64%,
63%, and 53% identities with RbmA of ribostamycin,
TbmA of tobramycin, KanA of kanamycin, and GtmA of
the gentamicin gene cluster, respectively. The homology
study was carried out using the BLAST program (NCBI).
Similarly, Neo6, which catalyzes the two steps of DOS
biosynthesis (the conversion of DOI to 2-deoxy-scyllo-
inosamine [DOIA] and the conversion of 3-amino-2,3
dideoxy-scyllo-inosose [amino DOI] to DOS), has 88%,
71%, 66%, and 60% identities with RbmB of ribostamycin,
TbmB of tobramycin, KanB of kanamycin, and GtmB of
the gentamicin gene cluster, respectively. Moreover, NeoS5,
which acts as an alcohol dehydrogenase, shares 90%, 68%,
66%, and 48% identity with RbmC of ribostamycin, TacD
of tobramycin, KanK of kanamycin, and GacH of the
gentamicin gene cluster, respectively.

From these data, it is clear that the highest homology
is between neomycin and ribostamycin, which can be
expected because of their structural similarity and similar ORF
arrangement. The structure varies by only one additional
aminosugar of neomycin in the parent ribostamycin. They
also belong to the same class of DOS-containing 4,5-
disubstituted aminoglycosides, and they are both produced by
Streptomyces. The ORFs of DOS-producing tobramycin and
kanamycin are in a similar pattern and share high homology,
as both of them belong to the DOS-containing 4,6-
disubtituted aminoglycoside produced by Streptomyces.
However, gentamicin, which also belongs to the same
DOS-containing 4,6-disubstituted aminoglycoside subclass
of antibiotics, varies in the arrangement of the DOS-
producing ORFs because this antibiotic is produced by
another class of microorganism, i.e., Micromonospora. On
the other hand, butirosin is structurally similar to ribostamycin
and varies by only a single side chain, but shows less
amino acid sequence homology because the biosynthetic
gene cluster of butirosin belongs to the non-actinomycete
bacterium, i.e., Bacillus. As shown in Fig. 5, the organization
of the ORFs for DOIS, GIA, and alcohol dehydrogenase is
nearly identical in all these organisms. In addition, the high
sequence homology data indicate the possibility for the
replication of this technique of heterologous expression in
other homologous aminoglycoside antibiotics, which can
sometimes yield a better result, and further study of its role
may lead to a deeper understanding of DOS.

In summary, three genes, neo7, neo6, and neo5, which
encode DOIS, GIA, and alcohol dehydrogenase, respectively,
are necessary and sufficient for DOS formation. They
were heterologously expressed in the non-aminoglycoside-
producing host S. venezuelae YJ003, and the metabolites
produced from the S. venezuelae YJO03/pNDOS transformant
contained DOS as the desired product. Three media,
R2YE, TSB, and N-Z amine, were used for the production
of DOS and the best DOS production was observed in the
N-Z amine medium. Feeding of 1% soluble starch in the
culture broth after the lag phase of cell growth (24 h)
enhanced the biomass production, which may correlate to
secondary metabolite production. Cell growth was nearly
constant at the maximum level from 4 to 6 days at 28°C.
Our result suggests the possibility of the heterologous
production of DOS from an engineered host, which often
produces a lucrative amount of target secondary metabolites.
Therefore, the recombination of various DOS-related genes
from structurally different aminoglycosides is expected to
lead to the production of novel aminoglycosides by
combinatorial biosynthesis.
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