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Abstract Bacterial phospho-N-acetylmuramyl-penta-
peptide translocase (translocase I: EC 2.7.8.13) is a key
enzyme in peptidoglycan biosynthesis, and a known target
of antibiotics. Here we report a novel nucleoside inhibitor
against translocase I, A-94964, isolated from the culture
broth of the strain Streptomyces sp. SANK 60404. A-94964
inhibited bacterial translocase 1 with ICs, value of
1.1 ug/ml, and showed antimicrobial activities against
Staphylococcus aureus and Enterococcus faecalis with
MIC of 100 and 50 ug/ml, respectively. A-94964 did not
show cytotoxicity against mammalian cell lines.

Keywords A-94964, translocase 1, peptidoglycan,
nucleoside antibiotic, antimicrobial activity, Streptomyces
sp., tunicamycin

Introduction

The emergence of bacterial antibiotic resistance is a serious
threat to the antibiotic therapy. One of the attractive
strategies to overcome this problem is to find new

antibacterial agents active to novel targets. Enzymes
involved in the bacterial cell wall biosynthesis pathway
are essential for growth, and attractive targets for
new antimicrobial agents. These enzymes include
the first enzyme involved in the membrane stage
of peptidoglycan synthesis, phospho-N-acetylmuramyl-
pentapeptide translocase (translocase I), that catalyzes the
transfer of MurNAc-pentapetide from UDP-MurNAc-
pentapetide to the lipid carrier undecaprenyl phosphate to
form lipid I. There are several known translocase I
inhibitors [1], such as mureidomycins [2], pacidamycins
[3], napsamycins [4], liposidomycins [5], tunicamycin [6],
capuramycins [7~13], muraymycins [14] and caprazamycins
[15, 16]. They exhibit antimicrobial activity against various
strains including multidrug-resistant ones, and show
bactericidal activity [15, 17, 18]. Thus translocase I has
been an established target for the search of novel antibiotics.
In the course of our screening for bacterial translocase I
inhibitors, we found inhibitory activity in the culture broth
of Streptomyces sp. SANK 60404. The strain produced a
novel nucleoside antibiotic with a phosphoric ester
designated as A-94964 (Fig. 1). In this report, we describe
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Fig. 1 Structure of A-94964.

the taxonomy and fermentation of the producing
microorganism, as well as isolation and biological activities
of A-94964.

Materials and Methods

Materials

Undecaprenyl phosphate was purchased from Larodan Fine
Chemicals. Preparation methods for translocase I and a
fluorescent substrate (UDP-MurNAc-L-Ala-y-D-Glu-m-
DAP-[N®-dansyl]-D-Ala-D-Ala) was previously reported
[10]. Tunicamycin was purchased from Sigma.

Taxonomy of the Producing Organism
The producing organism, strain SANK 60404, was isolated
from a soil sample collected in Okinawa, Japan. The
methods and media described by the International
Streptomyces Project (ISP) [19] and Waksman [20] were
used to determine the morphological characterizations and
the physiological properties of the producing organism. The
cell walls and whole-cell hydrolysates were analyzed by the
methods of Hasegawa et al. [21]. The 16S rDNA was
amplified by the polymerase chain reaction using genomic
DNA of the strain and sequenced. The most related
sequences were searched using the BLAST algorithm in the
National Center for Biotechnology Information (NCBI).
Phylogenetic analysis of the 16S rDNA sequences was
performed according to the method of Nakagawa and
Kawasaki [22]. A phylogenetic tree was constructed using
the neighbor-joining methods [23] in MEGA, version 4.0
[24].

Fermentation of Strain SANK 60404

A loopful amount of a culture of strain SANK 60404 was
inoculated into each of three 500-ml Erlenmeyer flasks
containing 80 ml of sterilized seed medium consisting of
glucose 1.0%, soluble starch 4.0%, pressed yeast 0.45%,
Polypepton (Nihon Seiyaku) 1.0%, Corn steep liquor 0.5%,

OH

HO

CoCl;-6H,0 0.0001%, KH,PO, 0.05%, ZnSO,-7H,O
0.001%, Mg,(PO,),-8H,0 0.005%, NiSO,-6H,0 0.0001%
and CB-442 (NOF Co., Ltd.) 0.005%, pH 7.0. The
inoculated flasks were incubated on a rotary shaker
(210 rpm) at 28°C for 3 days. Then 2.0 ml aliquots of the
culture were transferred into each of twenty-six 500-ml
Erlenmeyer flasks containing 80 ml of sterilized production
medium with the same composition as that of the seed
medium. The inoculated flasks were incubated on a rotary
shaker (210 rpm) at 28°C for 7 days.

Measurement of Translocase I Inhibitory Activity

The measurement of translocase I inhibitory activity was
carried out in 96-well microtitre polystyrene plates consisting
of the following: 100 ul containing 100 mM Tris-HCI (pH
7.5), 50mM KCI, 25mM MgCl,, 0.8% Triton X-100,
166 uM undecaprenyl phosphate, and 70 uM UDP-MurNAc-
L-Ala-y-D-Glu-m-DAP-[N®-dansyl]-p-Ala-D-Ala. The
reaction was initiated by the addition of enzyme (0.625~
2.5 ug protein). The enzyme activity was monitored by
measuring the increase in fluorescence at 538 nm
(excitation at 355 nm).

Antimicrobial Activities
MICs were determined by the agar dilution method using
Mueller Hinton agar (Becton Dickinson and Company).

Cell Culture
HeLa (cervix adenocarcinoma) and A549 (lung

adenocarcinoma) were cultured in DMEM supplemented
with 10% FBS.

Assay of Cytotoxicity

The cytotoxicity was determined by measuring the
reduction product of 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) [25]. In brief, HeLa
and A549 were seeded at 5X10° cells/well in 96-well
microplates and cultured overnight. The cells were treated
with various concentrations of A-94964 and tunicamycin



for 72 hours. Growth was measured by formazan formation
(detected at 570nm) after treatment of the cells with
0.5mg/ml of MTT for 4 hours at 37°C. ICs, values were
determined from the dose-response curves of growth
inhibition.

General Experimental Procedures

Fluorescence was measured at room temperature on a
fluorescence spectrophotometer, Fluoroskan Ascent
(Labsystems).

Table 1 Culture characteristics of strain SANK 60404
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Taxonomy

Strain SANK 60404 formed straight to flexuous spore
chains. Most spores were oblong and 0.4~0.7X0.8~
1.2 um in size with smooth surface (Fig. 2). The cultural
characteristics of the various agar media at 28°C for 14
days are presented in Table 1. The physiological properties
of the strain and the type of carbon source utilized are
summarized in Table 2. The vegetative mycelium was pale

Yeast extract-malt extract agar G*

(ISP-2) AM?®:

R®:
Spe:

Oatmeal agar G:
(ISP-3) AM:

SP:
Inorganic salts-starch agar G:
(ISP-4) AM:

SP:
Glycerol-asparagine agar G:
(ISP-5) AM:

SP:
Tyrosine agar G:
(ISP-7) AM:

SP:
Sucrose-nitrate agar G:
AM:

SP:
Glucose-asparagine agar G:
AM:

SP:
Nutrient agar G:
(Difco) AM:

SP:
Potato extract-carrot extract agar G:
AM:

SP:
Water agar G:
AM:

SP:

Abundant, raised, yellowish gray
Abundant, velvety, yellowish gray
Yellowish gray

None

Good, flat, white

Good, velvety, light brownish gray
White

None

Abundant, raised, yellowish gray
Abundant, velvety, light brownish gray
Yellowish gray

None

Good, raised, yellowish gray
Good, white

Yellowish gray

None

Abundant, raised, pale brown
Abundant, velvety, brownish gray
Pale brown

Black

Good, flat, white

Good, velvety, pale orange

White

None

Poor to moderate, flat, yellowish gray
Poor, white

Yellowish gray

None

Poor to moderate, flat, yellowish gray
None

Yellowish gray

None

Poor to moderate, flat, white
Abundant, velvety, pale brown
White

None

Poor, flat, white

Poor, velvety, pale brown

White

None

#@G: growth, AM: aerial mycelium, R: reverse, SP: soluble pigment.
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Table 2 Physiological properties of strain SANK 60404

Hydrolysis of starch +
Liquefaction of gelatin -
Reduction of nitrate +
Coagulation of milk +
Peptonization of milk +
Production of melanoid pigment
ISP1
ISP6 +
ISP7 +
Decomposition of
Casein +
Tyrosine +
Xanthine +
Growth temperature (ISP9) 8~45°C
Optimum growth temperature 17~28°C
Sodium chloride resistance 5%
Utilization of
D-Glucose +
L-Arabinose +
D-Xylose +
Inositol +
D-Mannitol -
D-Fructose +
L-Rhamnose +
Sucrose -
Raffinose -

Fig. 2 Scanning electron micrograph of strain  SANK
60404.

yellowish brown to yellowish gray.

The whole-cell hydrolysates of the strain contained LL-
diaminopimelic acid. An almost complete 16S rDNA
sequence (1447bp) was determined so as to make
phylogenetic tree based on 16S rDNA sequences of strain
SANK 60404 and the genus Streptomyces including other
producing organisms of translocase I inhibitors (Fig. 3).
The highest 16S rDNA sequence similarities were found
with “Streptomyces coeruleoaurantiacus” NBRC 14526

(99.8%) which is not a validly established species. Based
on the taxonomic properties and the 16S rDNA gene
sequence, the strain was identified as Streptomyces sp.
SANK 60404. The strain SANK 60404 was deposited in
the International Patent Organism Depositary, National
Institute of Advanced Industrial Science and Technology,
Ibaraki Prefecture, Japan with the accession number FERM
BP-10112.

Isolation

The isolation procedure of A-94964 is outlined in Fig. 4.
First, the culture broth (2.0 liters) was extracted with an
equal volume of acetone and was centrifuged (3,000 rpm,
10 minutes). The supernatant was concentrated to a small
volume and was adjusted to pH 3.0 with 1.0 M HCI. Then
the supernatant was adsorbed on a Diaion HP20 column
(400 ml, Mitsubishi Chemical Corporation). The column
was washed with 30% Me,CO (1.4 liters) and the active
substance was eluted with 50% Me,CO (1.4 liters). The
active eluate was concentrated in vacuo and lyophilized to
give a crude powder (1.3 g). Then 300 mg portion of this
crude powder were dissolved in 1.0 ml of 15% MeCN with
10 mM ammonium bicarbonate and adsorbed on a column
of Diaion CHP20P. The column was washed with 15%
MeCN (200 ml) and 20% MeCN (200 ml), and the active
substances was eluted with 25% MeCN (400 ml). The
active fraction was concentrated in vacuo and lyophilized to
give a crude powder (64 mg). Then 50 mg portion of this
crude powder as dissolved in 4.0 ml of 50% MeOH with
1.5% triethylamine phosphate (pH 3.0) and applied on a
preparative HPLC, in which CAPCELL PAK C18UG120
was developed with 50% MeCN with 1.0% triethylamine
phosphate (pH 3.0). The active fractions were collected,
desalted with a Diaion HP20 column, and lyophilized to
give a white powder of A-94964 (18.9 mg).

Biological Activities of A-94964

A-94964 inhibited translocase 1 with ICy, values of
1.1 ug/ml (In this assay, tunicamycins showed ICs, values
of 5.0 ug/ml). A-94964 showed antimicrobial activities
against Staphylococcus aureus and Enterococcus faecalis
with MIC of 100 and 50 pg/ml, respectively (Table 3).

Cytotoxic Activities

In in vitro cytotoxicity of A-94964 estimated by MTT
assay, this compound exhibited no cytotoxic effect up to
100 pg/ml against the human cancer cell lines, HeLLa and
A549, while tunicamycins showed potent cytotoxicity
against these cell lines (ICy, values against HeLa and A549
were 0.075 and 0.072 ug/ml, respectively).
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Streptomyces griseus subsp. griseus KCTC 90807 (X61478)
Streptomyces sp. (AB448712) Capuramycin group
Streptomyces sp. (AB448729) Capuramycin group
Streptomyces fimicarius ISP 53227 (AY999784)
Streptomyces anulatus NRRL B-20007 (DQ026637)
Streptomyces sp. (AB448710) Mureidomycin group
Streptomyces badius NRRL B-2567T (AY999783)
Streptomyces pluricolorescens NBRC 128087 (AB184162)
Streptomyces nitrosporeus NBRC 128037 (AB184159)
Streptomyces flavovirens NRRL B-2685T (DQ026635)
Streptomyces pulveraceus NBRC 38557 (AB184806)
Streptomyces sp. (AB448720) Tunicamycin group
70 L Streptomyces sp. (AB448721) Tunicamycin group
Streptomyces mauvecolor LMG 201007 (AJ781358)
Streptomyces michiganensis NBRC 127977 (AB184153)
“Streptomyces coeruleoaurantiacus” NBRC 14526 (AB184600)
Strain SANK 60404 (AB448726)
Streptomyces purpureus NBRC 139277 (AB184547)
Streptomyces sp. (AB448714) Mureidomycin group
Streptomyces sp. (AB448715) Mureidomycin group
Streptomyces wedmorensis NBRC 140627 (AB184572)
Streptomyces omiyaensis NBRC 134497 (AB184411)
Streptomyces narbonensis NBRC 128017 (AB184157)
Streptomyces exfoliatus NBRC 131917 (AB184324)
Streptomyces lateritius LMG 193727 (AJ781326)
Streptomyces venezuelae ISP 52307 (AY999739)
Streptomyces gobitricini NBRC 154197 (AB184666)
Streptomyces lavendofoliae NBRC 128827 (AB184217)
Streptomyces sp. (AB448725) Tunicamycin group
Streptomyces sp. (AB448722) Tunicamycin group
Streptomyces sp. (AB448719) Tunicamycin group
Streptomyces flavotricini NBRC 127707 (AB184132)
Streptomyces nashvillensis NBRC 130647 (AB184286)
Streptomyces tanashiensis LMG 202747 (AJ781362)
Streptomyces filamentosus NRRL B-2114T (DQ026632)
Streptomyces sp. (AB448724) Mureidomycin group
treptomyces filamentosus NRRL B-2114T (DQ026632)
treptomyces roseolus AS 4.1872T (AY999899)
Streptomyces sp. (AB448727) Tunicamycin group

88
Streptomyces clavuligerus JCM 47107 (AB045869)
96 Streptomyces inusitatus NBRC 136017 (AB184445)
99 L Streptomyces amakusaensis NRRL B-3351T (AY999781)

99  Streptomyces sp. (AB448730) Capuramycin group
_ Streptomyces netropsis NBRC 37237 (AB184792)
72 Streptomyces olivoverticillatus NBRC 152737 (AB184636)
7

90

72

99

60

—— 99

Streptomyces stramineus NBRC 161317 (AB184720)
9 Streptomyces eurocidicus NRRL B-1676T (AY999790)
57 Streptomyces sp. (AB448713) Mureidomycin group
86 57 Streptomyces pseudovenezuelae NBRC 129047 (AB184233)
69

Streptomyces flavovariabilis LMG 199057 (AJ781334)
Streptomyces cacaoi subsp. asoensis NRRL B-16592T (DQ026644)
01 Streptomyces humidus NBRC 128777 (AB184213)
73 Streptomyces rishiriensis NBRC 134077 (AB184383)
Streptomyces sp. (AB448723) Tunicamycin group
54 Streptomyces galbus NBRC 128647 (AB184201)
Streptomyces capoamus JCM 47347 (AB045877)
88 Streptomyces bungoensis NBRC 157117 (AB184696)
Streptomyces sp. (AB448717) Capuramycin group
o Streptomyces griseofuscus NBRC 128707 (AB184206)
—| Streptomyces graminearus NBRC 154207 (AB184667)
Streptomyces murinus NBRC 127997 (AB184155)
— Streptomyces misionensis NBRC 130637 (AB184285)
Streptomyces ambofaciens rrnD(M27245)
95 Streptomyces violaceus NBRC 131037 (AB184315)
50 = Streptomyces sp. (AB448716) Liposidomycin group
Streptomyces massasporeus NBRC 127967 (AB184152)
Streptomyces indiaensis LMG 199617 (AJ781344)
75 Streptomyces hawaiiensis NBRC 127847 (AB184143)
Streptomyces sp. (AB448728) Liposidomycin group
Streptomyces arenae NBRC 130167 (AB249977)
Streptomyces sp. (AB448711) Liposidomycin group
Nocardia asteroides ATCC 192477 (Z36934)

”
|

70
88

P
0.01

Fig. 3 Phylogenetic tree showing the positions of strain SANK 60404 and other producing organisms of other translocase |
inhibitors based on sequence of 16S rDNA (ca. 1,400 nucleotides) analysis.

The numbers on the branches are confidence limits (expressed as percentages) estimated from a bootstrap analysis with 1000
replicates (above 50% are indicated).
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Culture broth (2.0 liters)
treated with Me,CO
filtered
Filtrate
adjusted to pH 3.0
Dianion HP20 column (400 ml)
wash with 30% Me,CO (1.4 liters)
elute with 50% Me,CO (1.4 liters)
Crude powder (1.3 9)
Dianion CHP20P column
wash with 15~20% MeCN (400 ml)
elute with 25% MeCN (400 ml)
Active fraction (64 mg)
Preparative HPLC
50% MeCN with 1.0% TEAP aq. (pH 3.0)
A-94964 (18.9 mg)

Fig. 4

A novel nucleoside antibiotic, A-94964 with a very unique
structure containing a phosphoric acid diester, was isolated
from the fermentation broth of the strain identified as
Streptomyces sp. SANK 60404. A-94964 inhibited bacterial
translocase I with ICy, value of 1.1 ug/ml, and showed
antimicrobial activities against Staphylococcus aureus and
Enterococcus faecalis with MIC of 100 and 50 pg/ml,
respectively. The partial structures of A-94964 resembled
those of tunicamycins, but the linkages of these structures
are different from each other. So, we examined tunicamycins
for their translocase I inhibitory activity. Tunicamycins
showed ICs, values of 5.0 ug/ml, indicating that A-94964 is
five times more potent. In eukaryotes, it is known that
tunicamycins inhibit UDP-N-acetylglucosamine: dolichol
phosphate GIcNAc-1-P transferase (GPT) that catalyzes
the first step in protein glycosylation [26] and show
cytotoxicity for the mammalian cells. Then, we measured
cytotoxic activities of A-94964 and tunicamycins against
mammalian cell lines. While tunicamycins showed potent
cytotoxicity (IC,, values against HeLa and A549 were
0.075 and 0.072 ug/ml, respectively), A-94964 showed no
cytotoxicity up to 100 pg/ml against mammalian cell lines.
So, it seems very likely that A-94964 do not show
inhibitory activity for mammalian GPT, but a specific
inhibitory activity for bacterial translocase 1.

There are some compounds reported as translocase I
inhibitors. Most of them are also natural products
containing a nucleoside moiety and have unique spectra of
antimicrobial activity. In recent reports, some synthesized
analogues of pacidamycins [27], liposidomycins [28],
capuramycin [29, 30] and caprazamycins [31, 32] showed
broader spectrum and more potent antimicrobial activity.

Isolation procedure of A-94964.

Table 3 Antimicrobial activity of A-94964

Microorganism MIC (ug/ml)
Staphylococcus aureus 123-1 100
Streptococcus pyogenes 12255 >100
Streptococcus pneumoniae 2132 >100
Enterococcus faecalis 10785 50
Enterococcus faecium 4288 >100
Moraxella catarrhalis 11045 >100
Escherichia coli NIHJ JC-2 >100
Klebsiella pneumoniae 806 >100
Enterobacter cloacae 963 >100
Serratia marcescens |IAM 1184 >100
Haemophilus influenzae 11260 >100
Pseudomonas aeruginosa PAO1 >100
Mycobacterium smegmatis SANK 75075 >100

So, it seems likely that some chemical modification of A-
94964 may improve the inhibitory activity for translocase I
and antimicrobial activity.

In the course of our screening for translocase I inhibitors,
we identified various translocase I inhibitors containing
some novel compounds from the culture broth of
actinomycetes. The comparison of the taxonomic position
based on 16S rDNA sequence of the strain SANK 60404
with that of other producing organisms of translocase I
inhibitors indicated that strain SANK 60404 is distinct
from other producing translocase I inhibitors including
tunicamycin. Furthermore, it is notable that strains belonging
to different species of Streptomycetes produce the same
compounds. Because the partial structure of A-94964
resembles those of tunicamycins, it seems likely that strain
SANK 60404 has similar biosynthetic genes with those of
tunicamycins. biosynthetic pathway of the
tunicamycins is not clear yet [33], strain SANK 60404 may
contribute to study for biosynthesis of the tunicamycins and
other nucleoside antibiotics.
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