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PREFACE (2000)

Since the Waksman Foundation published its first cinqueannual report in 1962, annual
report followed regularly until 1986 without changing its style, i.e. yellow cover in B5 size.
The royalties of patent of streptomycin expired in 1970 and the Foundation was forced to
change the way of running. Fortunately, it manages to continue its activity by supporting
the research activities of Japanese investigators and by encouraging them to take part in an
international meeting and also by hosting scientific meetings with professional societies.
The total number of support counts 628 research projects and costs approximately 4,500,000
U.S. dollars. The Foundation is administered by the Board of Directors consisting of 5-9
representatives of professional societies and Prince Takahito Mikasa as the honorary
President.

At our recent business meeting it was decided unanimously to publish the reports of
the researchers who recieved research grant from the Foundation for the past 15 years to
commemorate the year 2000. To meet with the current style of a scientific journal the
Foundation has adopted an international size and totally renewed the cover as you are
aware of. From the new millennium on it is expected that the report from the awardees of
the research grants will be distributed regularly each year.

Shozo Yokogawa

Chairman, Board of Directors,
The Waksman Foundation of Japan, Inc.



Preface to the First Report (1962)

It is indeed a privilege to take this opportunity to write a few words of introduction to
the first report of the Waksman Foundation of Japan Inc., covering five years of its activities
and comprising the results of the work of the first two years of research carried out by
various scholars in Japan in the fields of microbiology and medical science, supported by
this Foundation.

In 1952, I accepted the invitation from Keio University and the Kitasato Institute, to
deliver the centennial lecture in honor of the great Japanese bacteriologist, Shibasaburo
Kitasato. Before departing for Japan, I proposed to the trustees of the Rutgers Research
and Educational Foundation which owned the patents on streptomycin, to share the
royalties under the patent in Japan, for the support of research in microbiology and allied
fields in that country. The trustees heartily approved my recommendation that I make such
announcement to that effect.

Soon upon my arrival in Japan (December 17, 1952), I invited a group of eminent
microbiologists, biochemists, and clinical investigators to meet with me in order to discuss
the plan. Everyone present was very enthusiastic about the proposal. It was decided that a
proper committee be selected to work out the plan of a Foundation under which the
royalties were to be received and distributed for the support of Japanese investigators
working in different universities in Japan and elsewhere, in the fields of microbiology and
medical research. The committee recommended that a Board of Directors be selected and
the proposed Foundation be named THE WAKSMAN FOUNDATION OF JAPAN
INCORPORATION.

The Rutgers Research and Educational Foundation approved at once the above
recommendations and issued a statement, signed by Dr. Lewis Webster Jones, President of
the Foundation, to the effect that

“The Rutgers Research and Educational Foundation desires to emphasize that its
principal concern is the advancement of scientific knowledge in the public interest and that
it confidently expects that the Waksman Foundation for Microbiology and Medical
Research in Japan will be similarly motivated, thereby serving the peoples of both
countries.”

This announcement was received with enthusiasm both by the scientific world and the
popular press in Japan and in the United States. It took several years before the Waksman
Foundation of Japan Inc. was properly organized, and before applications were received
and approved. In 1958, I had the privilege of participating in the first official meetings of
the Board of Directors of the Japanese Foundation and to greet personally the first group of
scholars to whom grants had been made.

In summarizing these brief remarks in connection with the first cinqueannual report of
the Waksman Foundation of Japan Inc., I would like to enphasize that this example of
collaboration between universities and scientists of the United States and Japan may serve
to encourage collaboration between scientific workers throughout the world towards a
better understanding between men and women and towards a happier and healthier human
race, so that all the nations on this earth can live in peace and that man may finally “break



his swords and build out of them plowshares” for the betterment of mankind as a whole.

Selman A. Waksman

Professor Emeritus
Rutgers-State University N. J., U. S. A.

The “Waksman Foundation of Japan Inc.” was established in 1957 with the spirit of
humanity by Dr. S.A. Waksman, Professor of Microbiology, Rutgers University, U.S.A.
The Foundation’s operations are possible only because Dr. S.A. Waksman and the Rutgers
Research and Educational Foundation donated patent royalties he received from the
production in Japan of the discovery, Streptomycin.

Because of these royalties, each year many Japanese scholars and research workers in
the fields of Microbiology and medical science are encouraged and find it possible to
continue their work. Especially, in accordance with Dr. Waksman’s suggestion, the funds
are distributed to scholars in local and economically hampered schools and laboratories and
to those developing research workers who are endeavoring to expand in their fields. This
thought of Dr. Waksman’s is most appreciated, as it matches our Oriental phylosophy, and
results in the search for a jewel among ordinary stones, which is the highest work of the
science-leader.

Some five years have now passed since the start of this Foundation, and many persons
have received aid through this period.

The reports which are presented herein cover the first and second group of research
workers who received financial assistance from the Foundation.

Toshio Katow, M. D.

Executive Director
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Chromosome Engineering for Efficient Production of
Secondary Metabolites in Streptomyces

Haruo lkeda

Kitasato Institute for Life Sciences, Kitasato University, 1-15-1 Kitasato, Sagamihara, Kanagawa 228-8555,

Japan

Introduction

Streptomyces avermitilis (1) is a Gram-positive
bacterium of the family Streptomycetaceae in the class
Actinobacteria and a member of the diverse Streptomy-
ces genus. Streptomycetes are unique bacteria in con-
sideration of the following properties. They grow in
soil and form filamentous mycelium, aerial hyphae
and conidial spores during their life cycle (2). Al-
though Streptomyces belongs to eubacteria, its chro-
mosome forms a linear structure and both ends, con-
taining unique terminal-inverted repeats, bind terminal
proteins (3). Linear chromosomes, the predominant
genetic element in eukaryotes, have been identified in
Borrelia burgdorferi (4) and Agrobacterium tumefa-
ciens (5, 6), but terminal-inverted repeats or terminal
proteins have not been identified in these chromo-
somes. One of the most interesting and industrially im-
portant properties of the genus Streptomyces is the di-
versity of secondary metabolite production, including
antibiotics. Streptomycetes are therefore of great use
for the commercial production of a variety of antibiot-
ics that are applied in human and veterinary medicine,
and agriculture, as well as anti-parasitic agents, herbi-
cides, pharmacologically active metabolites and sever-
al enzymes important in the food and other industries
(7). Seven complete genomic sequences in the class
Actinobacteria are now available from two Mycobacte-
rium tuberculosis strains, H37Rv (8) and CDC1551 (9),
M. leprae TN (10), Corynebacterium diphtheriae (11),
which are mammalian pathogens with circular chro-
mosome, C. glutamicum (12), Nocardia farcinica

IFO10152 (13), and S. coelicolor A3(2) (14). Compar-
ative analysis with these genomes will allow compari-
son of the sequences of pathogens and secondary me-
tabolite producers within the Actinobacteria and
provide us new insights for application of these mi-
crobes to industrial fields including drug discovery.

We have determined the complete nucleotide se-
quences of the linear chromosome and the 94-kilobase
linear plasmid SAP1 of S. avermitilis (15, 16), which
produces antiparasitic agent avermectins used in hu-
man and veterinary medicine. S. avermitilis has the
highest proportion of predicted secondary metabolite
gene clusters of all bacterial genomes sequenced.
Analysis using FramePlot, BLATP and hmmerpfam
showed at least 32 clusters involving the biosynthesis
of melanin, terpene, siderophore, polyketide, and pep-
tide compounds (16). We started to investigate two ma-
jor projects for post-genome analysis in S. avermitilis
as follows; (i) confirmation and characterization of
predicted biosynthetic genes and secondary metabo-
lites synthesized by their gene products, (ii) design the
minimum genome for secondary metabolite produc-
tion.

Materials and Methods
Materials.

Streptomyces avermitilis cosmids CL_90_HO1,
CL_216_D07, CL_225_G12, and CL_228_HO03, from
the S. avermitilis genomic DNA library (http://aver
mitilis.ls.kitasato-u.ac.jp/), were used as templates for
polymerase chain reaction (PCR). Plasmid vectors,



pET21d(+), pET28e and pET31b were used for ex-
pression in E. coli BL21(DE3) derivatives. pET28e
was prepared from pET28a by replacing the Xbal site
with an EcoRI site.

Methods.

Electrocompetent cells for electroporation were
prepared from E. coli BL21(DE3) derivatives by stand-
ard methods. Polymerase chain reactions were carried
out using Pfu Turbo polymerase as recommended by
the manufacturer. For generation of Streptomyces exo-
conjugants and homologous recombination, standard
methodology was utilized.

Isolation of pentalenolactone F

A mutant of S. avermitilis (daveR dolmAS5),
blocked in the production of both avermectins and oli-
gomycins, was used to examine the production of pen-
talenolactones. The spores of the mutant were trans-
ferred to a 250-ml flask containing 20 ml of vegetative
medium [glucose (0.5 g), soy flour (1.5 g), and yeast
extract (0.5 g) per 100 ml, pH 7.2] and allowed to
grow while shaking at 30°C for 2 days. A 1-ml portion
was removed and used to inoculate into 20 x 500-ml
flasks containing 100 ml of production medium [solu-
ble starch (40 g), soy flour (20 g), FeSO,+7H,0 (0.5 g),
K,HPO, (1 g) and KCI (0.3 g) per liter, pH 6.5]. After
incubation by shaking at 28°C for 4 days, the culture
was filtered. The mycelium was washed with tap water
and extracted with 500 ml of methanol. The concen-
trated supernatant was diluted with an equal volume of
water and acidified with 2 N H,SO, to pH 2.5. The
products were then extracted twice with a half volume
of chloroform. The organic fraction was concentrated
under reduced pressure and subjected to flash silica gel
chromatography (30:1=chloroform:methanol). Penta-
lenolactone-rich fractions were pooled and concentrat-
ed to an oil. This residue was dissolved in THF/diethyl
ether (1:1) and treated with a solution of diazomethane
in diethyl ether and 50% KOH for 10 min at 0°C. After
quenching by addition of ethereal acetic acid, the ether
layer was washed with saturated bicarbonate solution.
Methyl ester metabolites were further purified by pre-

parative silica TLC and final purification was per-
formed by ODS-HPLC using n-hexane/ethyl acetate

(1:1).
Construction of deletion mutants.

About 2-kb segments both upstream and down-
stream of the deletion region designated were ampli-
fied by PCR from cosmid clone. A resistance gene (aph
or aad3”) was inserted between these two PCR prod-
ucts. The segment carrying PCR products and a resist-
ance gene was ligated together into unique-cut
pKU250. The plasmid pKU250::upstream-resistance
gene-downstream construct in E. coli recA dem/
pUB307aph::Tn7 was introduced into S. avermitilis by
conjugation. After exoconjugants were selected by
vector marker (thiostreptone resistance), deletion mu-
tants generated by double homologous recombination
upstream of and downstream were obtained by selec-
tion for thiostreptone-sensitivity and neomycin (aph)-
or streptomycin/spectinomycin (aad3 ”)-resistance. A
large deletion was performed using two segments,
2,959-bp BspHI/Bglll (nt 5,847 to 8,806) and 2,593-bp
BamHI (nt 1,494,519 to 1,497,112), purified from cos-
mid CL0O90_HO1 and CL_225_G12, respectively.

Expression and purification of recombinant proteins.

Transforms of E. coli BL21(DE3) was grown at
37°C in LB media (1 liter) supplemented with kanamy-
cin (80 mg/l) to an ODgy ~ 0.6, then induced by the
addition of IPTG (0.5 mM). After a further 5 h at 30°C,
the cells were harvested by centrifugation. The cell
pellet was resuspended in lysis buffer [30 ml, 20 mM
imidazole, 500 mM NaCl, 50 mM Tris, 5 mM MgCl,,
2.7 mM [-mercaptoethanol, 10% glycerol (v/v), pH
8.0] and disrupted by sonication. After removal of the
cellular debris by centrifugation (20 min, 30,000xg,
4°C), the recombinant protein was purified by HiTrap
Ni affinity column chromatography using a linear gra-
dient of imidazole (10-400 mM) in lysis buffer. Frac-
tions were analyzed by SDS-PAGE and those contain-
ing the desired protein were concentrated by
ultrafiltration (10 kDa NMWL).



GC-MS analysis of products.

The spores of wild-type and mutants of S. aver-
mitilis were inoculated into 100-ml flask containing 10
ml of vegetative medium [glucose (0.5 g), soy flour (1.5
g), and yeast extract (0.5 g) per 100 ml, pH 7.2] and
allowed to grow while shaking at 30°C for 2 days. The
geosmin production was observed in several media but
synthetic medium was suitable for the GC-MS analysis
because many peaks were detected from the complex
medium. A 0.1 ml of portion of the culture was used to
inoculate into 100 ml-flask containing 10 ml of syn-
thetic medium [glucose (60 g), (NH,)SO, (2 g),
MgS0O,+7H,0 (0.1 g), K,HPO, (0.5 g), NaCl (2 g),
FeSO,+7H,0 (0.05 g), ZnSO,*7H,0 (0.05 g), MnSO,°
4H,0 (0.05 g), CaCO3 (5 g), yeast extract (2 g) per li-
ter, pH 7.0]. After incubation while shaking at 28°C for
4 days, the culture was filtered. The supernatant was
extracted with 1 ml of n-hexane or n-pentane and the
organic layer was dried over Na,SO,, and filtered
through a 1-cm column of Na,SO, in a Pasteur pipette.
A 1to 5-u1 portion of the extract was analyzed by GC-
MS [Shimadzu GC-17A, 70 eV, El, positive ion mode;
30 m x 0.25 mm neutral bond-5 capillary column (5%
phenylmethylsilicon), using a temperature program of
50-280°C, temperature gradient of 20°C/min]. The
compound was identified by comparison with the
spectra of the corresponding reference compounds in
the NIST/EPA/NIH MS Library (2002 version). Enzy-
matic products were also analyzed by the same condi-
tions.

Analysis of sequence data.

Clustering profiles of the putative 7,577 genes of
S. avermitilis was explored by BLASTCLUST (NCBI
tool; ftp://ncbi.nlm.nih.gov/) under the conditions;
minimum 30% identity, minimum 80% length cover-
age. The deduced amino acid sequences of the putative
secondary metabolite biosynthetic genes of S. avermit-
ilis identified and their homologues from public data-
bases were aligned using ClustalX and subjected to
phylogenetic analysis by both the maximum parsimony
and distance with neighbour-joining methods. Analy-

ses were subjected to 1,000 bootstrap replicates.
Results

Characterization of predicted gene clusters for secon-
dary metabolite biosynthesis.

1. Pentalenolactone.

Pentalenolactone is a sesquiterpenoid antibiotic,
first isolated in 1957 from Streptomyces roseogriseus
(17), and subsequently found in the extracts of numer-
ous Streptomyces species, including Streptomyces
UC5319 (18), S. arenae (19), S. chromofuscus, S. gri-
seochromogenes, S. baarnensis, S. omiyaensis, S. albo-
faciens, and S. viridifaciens (20, 21). Pentalenolactone
has been shown to be active against both Gram-posi-
tive and Gram-negative bacteria as well as a variety of
fungi and protozoa (22), and to inhibit the replication
of DNA viruses such as HSV-1 and HSV-2 (23). Pen-
talenolactone also inhibits vascular smooth muscle cell
proliferation (24). The antibiotic inhibits selectively
the glycolytic enzyme glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (25, 26). Incubation of rabbit
muscle GAPDH with pentalenolactone results in time-
dependent, irreversible inactivation of GAPDH as a re-
sult of alkylation of the active site Cys-149 residue,
apparently by reaction with the electrophilic epoxide
moiety of the antibiotic (27, 28). Self-resistance in the
pentalenolactone-producer S. arenae is due to the pres-
ence of two GAPDH isozymes, an inducible pentale-
nolactone-insensitive form, and a constitutive pentale-
nolactone-sensitive form (29-31).

Thirty-two gene clusters related to secondary me-
tabolites were recognized in S. avermitilis, correspond-
ing to nearly 7% of the genome. Among these gene
clusters, at least six were encoding putative terpenoid
biosynthetic pathways. Centered at 3.75 Mb in the S.
avermitilis chromosome is a ~13.4-kb cluster contain-
ing 13 unidirectionally-transcribed ORFs, among
which is the 1,011-bp ptlA (SAV2998), encoding a
protein of 336 aa with 76% identity and 85% similari-
ty to the pentalenene synthase of Streptomyces
UC5319 (Fig. 1 and Table 1; proposed biosynthetic
pathway is shown in Fig. 2). Just upstream of ptl4 is
ptIB (SAV2997), which encodes a typical farnesyl di-
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Fig. 1. Gene cluster for pentalenolactone biosynthesis in S. avermitilis. Asel-physical map of a linear

chromosome of S. avermitilis (A) and a region involving pentalenolactone biosynthesis (B).
Gene names and definitions are given in Table 1.

Table 1. Pentalenolactone (p#/) gene cluster of Streptomyces avermitilis

Gene ID Startnt  Endnt Definition Best match?
gapl SAV2990 3,745,497 3,746,501 glyceraldehyde-3-phosphate ptlK, pentalenolactone
dehydrogenase resistance gene
ptlH SAV2991 3,746,862 3,747,719 putative hydroxylase PF05721: Phytanoyl-CoA
dioxygenase (PhyH)
ptlG  SAV2992 3,747,777 3,749,231 putative transmembrane PF07690: Major Facilitator
efflux protein Superfamily
ptlF SAV2993 3,749,307 3,750,119 putative oxidoreductase PF00106: short chain
dehydrogenase
pHE SAV2994 3,750,177 3,751,961 putative monooxygenase PF00743: Flavin-binding
monooxygenase-like
ptID  SAV2995 3,751,962 3,752,882 putative dioxygenase PF02668: Taurine catabolism
dioxygenase TauD, TfdA family
ptIC  SAV2996 3,752,934 3,753,110 hypothetical protein
ptlB SAV2997 3,753,107 3,754,120 polyprenyl diphosphate probable farnesyl diphosphate
synthase synthase (idsA2)
ptlA  SAV2998 3,754,725 3,755,735 pentalenene synthase PF03936: Terpene synthase
family, metal binding domain
ptll  SAV2999 3,755,792 3,757,141 cytochrome P450 CYP183A1
ptlR  SAV3000 3,757,201 3,757,662 putative AraC-family PF00165: Bacterial regulatory
transcriptional regulator helix-turn-helix proteins, AraC
family
ptlJ  SAV3001 3,757,659 3,758,093 putative lyase PF00903: Glyoxalase/Bleomycin

ptiL

resistance protein, Dioxygenase
superfamily

SAV3002 3,758,163 3,758,933 hypothetical protein Nfa37730 of Nocardia farcinica

IFM 10152

2 PF number 1s the NCBI PFAM reference.
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Fig. 2. Proposed steps in biosynthesis of pentalenolactone from farnesyl diphosphate (FPP) and known metabolite in each step.
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Fig. 3. Mechanism of cycllzatlon of FPP to pentalenene catalyzed by pentalenene synthase (PtlA).

phosphate synthase. Of the remaining 11 ORFs, 8 en-
code putative redox enzymes, including mono- or di-
oxygenases and a dehydrogenase, while pt/R
(SAV3000) corresponds to a typical transcriptional
regulator. Significantly, the most upstream gene in the
cluster, gapl (SAV2990), encodes a 335-aa protein
with 88% identity and 92% similarity to the previously
identified pentalenolactone-resistant GAPDH of S.
arenae. Since many bacterial antibiotics are co-ex-
pressed with the corresponding genes for self-resis-
tance, the 13 ORFs were proposed to make up an ope-
ron for the biosynthesis of pentalenolactone. Although
pentalenolactones occur widely in Streptomyces, there
have been no prior reports of their isolation from S.
avermitilis. A 4-liter culture of S. avermitilis (daveR
dolmAS5), blocked in the formation of both avermec-
tins and oligomycins, was grown for 4 days at 28°C.
Extraction of the harvested mycelium with methanol
followed by chromatographic fractionation of the
methylated extract gave 8 mg of purified pentalenolac-
tone F methyl ester whose 'H NMR, IR, and mass
spectra were identical in all respects with those previ-
ously reported for pentalenolactone F methyl ester (32).
The microorganisms also produced the shunt metabo-
lite, pentalenic acid. Pentalenolactone itself was not
detected in the organic extract of S. avermitilis. An en-
gineered S. avermitilis ptl-deletion mutant, lacking the
13.4-kb segment containing the entire pt/ cluster (gapl

to ptlL; SAV2990-3002), produced neither pentaleno-
lactone F nor pentalenic acid. In a complementary ex-
periment, when a 14.9-kb Avrll-SnaBl-segment (nt
3,744,874 to 3,759,745) containing the pt/ cluster was
introduced by conjugation into S. /ividans 1326, which
normally does not produce pentalenolactones, the re-
sultant exoconjugants were found to produce mainly
pentalenic acid, accompanied by very small amounts
of pentalenolactone metabolites. Using DNA from .
avermitilis cosmid CL_216_DO07 as template, the
1011-bp presumptive coding region for pentalenene
synthase was amplified by PCR while introducing
Ndel and Hindlll restriction sites at the 5°- and 3’-ter-
mini of the ORF, respectively. The amplified DNA was
ligated into the expression vector pET28a. The result-
ant plasmid, pET28a/SAV2998 was used to transform
the T7 RNA polymerase-based expression host E. coli
BL21(DE3). The resulting soluble protein was subject-
ed to Ni**-affinity purification. The recovered recom-
binant SAV2998 (9.4 mg from 1 liter of culture) was
judged to be >90% pure by SDS-PAGE. Incubation of
the purified SAV2998 protein with 80 M FPP and
analysis of the pentane-soluble extract by capillary chi-
ral GC-MS, revealed the formation of a single sesqui-
terpene product identical to pentalenene by direct com-
parison with an authentic sample, thereby confirming
the predicted pentalenene synthase activity of PtIA
(SAV2998; Fig. 3).
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Fig. 4. Proposed allylic oxidation of pentalenene to 1-deoxypentalenic acid by cytochrome P450.

According to the proposed biosynthetic pathway
(Fig. 2), the enzymes responsible for the conversion of
pentalenene to pentalenolactone must first oxidize
pentalenene to the corresponding unsaturated carbox-
ylic acid (1-deoxypentalencic acid). Cytochrome
P450s are known to catalyze numerous oxygenation
reactions of nonactivated hydrocarbons. The three-step
oxidation of a methyl group to a carboxylic acid is
amongst these reactions (33-35). We therefore specu-
lated that Ptll might be responsible for the allylic oxi-
dation of pentalenene to 1-deoxypentalenic acid (Fig.
4). Ptll was amplified by polymerase chain reaction
(PCR) from DNA of S. avermitilis cosmid
CL_216_DO07 and cloned between the Ndel and Xhol
sites of the vector pET31b. The resulting construct
pET31b-Pt1 was introduced into Escherichia coli
BL21(DE3). After induction with IPTG, the expressed
PtlI protein, carrying a C-terminal Hiss-tag, was puri-
fied to homogeneity by Ni-NTA chromatography. The
purified protein showed subunit peaks M by MALDI-
TOF MS of m/z 51667+50 (calc. 51723 for apo-pro-
tein) and m/z 52078+50 (calc. 52339 for holo-protein).
Treatment of the sodium dithionite-reduced protein
with carbon monoxide gave the characteristic P450
UV difference spectrum. Numerous attempts to ob-
serve Ptll-catalyzed oxidation of pentalenene using pu-
rified P450 in the presence of NADPH and typical re-
dox pairs such as spinach ferredoxin and NADPH:
ferredoxin oxidoreductase or putidaredoxin and puti-
daredoxin reductase (36, 37) were uniformly unsuc-
cessful. Interestingly, when pentalenene and NADPH
were incubated with unpurified cell-free extracts of E.
coli Ptll expression cultures, GC-MS analysis of the
resulting organic extracts indicated that trace amounts
of pentalen-13-o0l had been formed. We speculated that
the endogenous E. coli flavodoxin (fId) and flavodoxin
reductase (fdr) might support the activity of Ptll, as re-
ported for other P450s. A mixture of recombinant Ptll
(0.57 M), flavodoxin (3.9 M) (38, 39), flavodoxin

Me-4 from incubation
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Fig. 5. GC-MS analysis of incubation of Ptll with (£)-pen-

talenene. (A), neutral extract. (B), acidic extract. (C),
Mass spectra of Me-4 (methylated compound) from
enzymatic oxidation. The peaks 1, 2, 3 and Me-4 in-
dicate pentalenene, pentalen-13-ol, pentalen-13-al
and 1-deoxylpentalenic acid methyl ester, respective-

ly.

reductase (6.3 M) (38, 39), NADPH (0.45 mM), and
a NADPH-regeneration system [glucose-6-phosphate
(3.1 mM) and glucose-6-phosphate dehydrogenase (10
units)] in 3.0 ml of 50 mM phosphate buffer, 10%
glycerol (v/v), pH 7.4, was incubated with (+)-pental-
ene (1.1 mM) plus 0.8% DMSO for 16 h at room tem-
perature. After extraction with pentane, the aqueous
phase was acidified to pH 2 and extracted with diethyl
ether. The ether extract was treated with TMS-CHN,.
GC-MS analysis of the neutral pentane extracts re-
vealed two new peaks with m/z 218 (retention time
10.96 min) and 220 (retention time 11.03 min), corre-
sponding to authentic pentalen-13-al and pentalen-13-
ol, respectively (Figure 5A). The methylated acidic ex-
tract showed a new peak with m/z 248 (retention time
11.42 min) with identical properties to authentic meth-
yl ester of 1-deoxypentalenic acid (Figure 5B-5C).



Chiral GC-MS analysis, under conditions in which the
enantiomers of (+)-pentalen-13-ol were well resolved,
confirmed that the enzymatically-produced pentalen-
13-0l was a single enantiomer. A preparative-scale in-
cubation was carried out with Ptll, electron transport
proteins Fld and Fdr, the NADPH regeneration system
and (+)-pentalenene. The resulting organic extracts
were dissolved in methanol and treated with sodium
borohydride to give alcohol (pentalen-13-ol), which
was shown by '"H NMR to be identical to chemically
synthesized pentalen-13-ol. Control incubations with
alcohol and aldehyde, respectively, showed that each of
these intermediates was oxidized to 1-deoxypentalene-
ic acid by PtlI.

BLAST searching indicates that pt/H has 26%
amino acid sequence identity and 44% similarity over
244 residues to phytanoyl-CoA dioxygenase of Agro-
bacterium tumefaciens (Table 1; PhyH, Genbank Ac-
cession No. YP_086787). PhyH, which catalyzes the
a-hydroxylation of phytanoyl-CoA, belongs to the
sub-family of Fe(Il)/ @ -ketoglutarate-dependent hy-
droxylases (40). We therefore hypothesized that PtIH
might be responsible for hydroxylation of the methyl-
cyclopentane ring of 1-deoxypentalenic acid in the ox-
idative conversion of 1-deoxypentalenic acid to penta-
lenolactone D (Fig. 2). A gene ptlH was amplified by
polymerase chain reaction (PCR) from DNA of S.
avermitilis cosmid CL_216_D07 and cloned into the
vector pET28e. The resulting construct pET28e-PtIH
was introduced into Escherichia coli BL21(DE3). Af-
ter induction with IPTG, the expressed PtIH protein,
carrying an N-terminal Hisg-tag, was purified to ho-
mogeneity by Ni-NTA chromatography. The purified
protein had a subunit Mp by MALDI-TOF MS of m/z
37139419 (calc. 37121). The presence of a second
peak at m/z 73965 suggested that PtIH may be a ho-
modimer. A mixture (1.5 ml) of recombinant PtIH (1.66
M), a-ketoglutarate (2 mM), L-ascorbic acid (2
mM), FeSO, (1 mM), DTT (1.5 mM), and bovine cata-
lase (1 mg/ml) in 100 mM Tris-HCI buffer (pH 7.3)
was incubated with (+)-1-deoxypentalenic acid (0.64
mM) overnight at room temperature. After acidifica-
tion with HCI, the mixture was extracted with diethyl
ether and the organic extract was treated with TMS-
CHN, to generate the methyl ester. GC-MS analysis

PHH, Fe(ll)

@7 COZH : . \ C02 "
Oz CO,
a-KG  succinate HO

1-deoxypentalenic acid 11b-hydroxy-1-deoxypentalenic acid

Fig. 6. Fe(Il)- and a@-ketoglutarate-dependent hydroxylation
of 1-deoxypentalenic acid to 11 3-hydroxy-1-deoxy-
pentalenic acid by PtIH.

revealed a single new peak with m/z 264, indicating
the formation of the hydroxylated product. Chiral GC-
MS analysis, under conditions in which the methyl es-
ters of (*)-deoxypentalenic acid were well resolved,
confirmed that the enzymatic reaction product was a
single enantiomer. Control incubations that omitted
a-ketoglutarate or Fe(Il) showed no turnover of 1-de-
oxypentalenic acid. Neither (+)-pentalenene (0.5 mM)
nor (+)-pentalen-13-ol (0.1 mM) underwent PtIH-cata-
lyzed hydroxylation. Ultimately, the experimental re-
sults firmly establish the biochemical function of the
ptlH gene product, which is shown to catalyze the
Fe(Il)- and a-ketoglutarate-dependent hydroxylation
of 1-deoxypentalenic acid to 11/3-hydroxy-1-deoxy-
pentalenic acid (Fig. 6).

2. Geosmin.

Geosmin is a well-known, odoriferous metabolite
produced by a wide variety of microorganisms, includ-
ing Streptomyces, cyanobacteria, myxobacteria, and
various fungi, as well as by higher plants such as liver-
worts and sugar beets (41-47). Geosmin, with an es-
pecially low detection threshold of 10-100 parts per
trillion, is responsible for the characteristic odor of
freshly turned earth and is associated with unpleasant
off-flavors in water, wine, and fish (48, 49). The S.
avermitilis open-reading frame, geoA (SAV2163), en-
codes a protein with 77% identity and 87% similarity
over 713 aa to the S. coelicolor A3(2) germacradienol/
geosmin synthase (50; SCO6073p). Interestingly, the
level of identity between the catalytically functional
N-terminal domains of the S. avermitilis and S. coeli-
color A3(2) proteins is even greater: 89% identity and
98% similarity over 327 aa. Both proteins harbor an
aspartate-rich ¥DDHFLE motif and a downstream
NSE triad **NDLFSYQRE, the universally conserved
Mg?*-binding domains that are found in all known ses-



quiterpene synthases. S. avermitilis produces the typi-
cal strong odor of moist soil when grown in several
different media. GC-MS analysis of the n-hexane or
pentane extract of a liquid culture revealed two main
peaks (Fig. 7B), rt 9.89 min [M"] m/z 182 and 11.42
min [M*+1] m/z 223, that were identical to geosmin
and germacradienol, respectively, by comparison with
authentic samples of each compound. We constructed

a geoA-deletion mutant by homologous recombination
in order to confirm the involvement of the GeoA in
geosmin biosynthesis. Two 1.8-kb segments corre-
sponding to both upstream and downstream regions of
geoA were amplified by PCR and ligated together into
E. coli/Streptomyces conjugative vector. A resistance
gene (aad3”) was inserted between these two ampli-
fied segments. After introducing the recombinant plas-
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Fig. 7. GC-MS analysis of extracts from cultured broth of S. avermitilis and its mutants. (A) Authentic sample of geosmin (1, rt
9.89 min, [M]" m/z 182), (B) n-hexane extract from wild type strain of S. avermitilis. The peak at 11.42 min is germacra-
dienol (3, [M™+1] m/z 223), (C) n-hexane extract from AgeoA::aad3” and (D) n-hexane extract from exoconjugant of
geoA-deletion mutant carrying an extra-copy of geoA. (The peak at rt 13.30 min is diethyl phthalate ([M]" m/z 222).)



mid into wild-type S. avermitilis by selection of the
vector marker, thiostreptone-resistance, homologous
recombination between the chromosome and the re-
combinant plasmid gave the desired geoA-deletion mu-
tants, which were obtained by selection for the thio-
streptone-sensitive and streptomycin/spectinomycin
resistance phenotype. The geoA deletion mutants failed
to produce either geosmin or germacradienol (Fig.
7C). Introduction of an extra copy of wild-type geoA
into these deletion mutants restored the production of
both geosmin and germacradienol (Fig. 7D), indicat-
ing that GeoA is essential for the formation of both
geosmin and germacradienol. We next used PCR to
amplify the 2178-bp coding region of SAV2163, using
DNA from S. avermitilis cosmid CL_228_HO03 as tem-
plate, while introducing EcoRI and Xhol restriction
sites at the respective 5’- and 3’-termini of the ORF.
After ligation of the amplified DNA into the EcoRI/
Xhol cloning sites of the pET21d(+) expression vector,
the derived plasmid, pXH17, was purified from Esche-
richia coli XL-1 Blue and used to transform the T7
RNA polymerase-based expression host E. coli
BL21(DE3). The resultant recombinant protein was
obtained as insoluble inclusion bodies that were readi-
ly solubilized using 20 mM NaOH and purified to ho-
mogeneity, using a protocol previously developed for
the homologous S. coelicolor A3(2) germacradienol/
geosmin synthase. Incubation of 2.5 nM GeoA with
270 nM FPP for 3.5 h at 30°C followed by GC-MS
analysis of the pentane-soluble extract revealed the
formation of germacradienol, germacrene D, octalin,
and geosmin (Fig. 8) in a ratio of 66:24:2:8. The indi-
vidual components were unambiguously identified by
direct comparison of GC-retention times and El-mass
spectra with those of authentic samples that were gen-
erated from FPP in a separate incubation with recom-
binant S. coelicolor A3(2) germacradienol/geosmin
synthase (51). A small amount (3%) of an additional,
unidentified sesquiterpene hydrocarbon, m/z 204, was

~ GeoA
= e M92+
OPP
FPP

germacradienol

germacrene D

also detected in the product mixture. As previously ob-
served for the homologous S. coelicolor A3(2) en-
zyme, no geosmin was detected after 20 min incuba-
tion time, while both the absolute yield and the relative
proportion of geosmin increased with longer incuba-
tion times. The activity of recombinant GeoA, which
was tested over a pH range from 5.4-9.5, showed opti-
mal activity between pH 7.6 and 9.0. The reaction
showed an absolute requirement for a divalent cation,
Mg** (10 mM) being preferred, with Fe** and Zn** ex-
hibiting 50% activity of Mg?*, and Co?", Cu*", or Mn*"
each showing 10-20% activity. Neither Ca®" nor Ni**
supported turnover of FPP.

Minimization of a linear chromosome of S. avermitilis.

The linear chromosome (9,025,608 bp) of S.
avermitilis contains 7,577 protein-coding genes, of
which we assigned a putative function to 5,027
(66.3%). Out of the remaining 2,550 genes, 2,277
genes (30.1%) showed the conservation to hypothetical
proteins of unknown function annotated in other ge-
nomes, and 273 genes (3.6%) had no significant simi-
larity to data in the public databases. Clustering of the
7,574 genes by BLASTCLUST showed that 35%
(2,664) of the genes were clustered into 721 paralo-
gous families, ranging from 2 to 91 genes per family.
These included two large gene families, composed of
genes related to membrane-spanning components of
the ATP binding cassette (ABC) transport and the two-
component system transcriptional regulator family. We
identified a putative origin of replication (oriC) at po-
sition 5,287,935-5,289,024 of the chromosome. This
region contained at least 19 dnaA-box-like sequences
(52) and the order of genes flanking this region is al-
most the same as that observed in circular bacterial
chromosomes. The replication origin was positioned at
the middle of the linear chromosome of B. burgdorferi
(4), A. tumefaciens (5, 6) and S. coelicolor A3(2) (14)

O GO (0

octalin geosmin

Fig. 8. Enzymatic reaction products identified by incubation of FPP with GeoA and Mg*".
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and origin of replication (oriC), respectively.

but the location of the oriC in the S. avermitilis chro-
mosome shifted 776 kb away from the center toward
the right end. S. avermitilis and S. coelicolor A3(2)
showed the comprehensive conservation for the linear-
ity and gene order along the chromosomes (Fig. 9).
However, most of the highly conserved internal re-
gions are structurally asymmetric between the S. coeli-
color A3(2) and S. avermitilis chromosomes when
placed each oriC with the same direction at the center
of each chromosome. All of known essential genes are
located in the 6.5-Mb highly conserved internal region
(SAV1625-7142 in S. avermitilis and SCO1196-6804
in S. coelicolor A3(2), respectively). The gene content
and location in the 6.5-Mb conserved region also
showed syntenic feature with the circular chromo-
somes of Actinobacteria, M. tuberculosis, C. diphthe-
riae and C. glutamicun. The analysis also revealed that
the regions near both telomeres are less conserved in
both the sequence and ortholog distribution. These
variable regions are located in the 2.0Mb region from
left telomere and 0.5Mb region from right telomere in
S. avermitiliis and designated the sub-telomeric region.
Corresponding sub-telomeric regions in S. coelicolor
A3(2) are 1.1MD regions from both left and right telo-
meres. The sub-telomeric regions contained 1,020 of S.
avermitilis-specific genes corresponding to 44.5% of
the total 2,291 specific genes in S. avermitilis. Simi-
larly, 972 (42.1%) of S. coelicolor A3(2)-specific 2,307
genes were located in the sub-telomeric regions.

Thus, the left 2-Mb sub-telomeric region con-

tained non-essential genes and might not contain genes
concerning supplement of precursors for secondary
metabolite biosyntheses. As S. avermitilis has an abili-
ty to produce avermectins as the secondary metabolites
in the industrial scale, the microorganism has extreme-
ly efficient regulatory systems; supplement of precur-
sors and generation of cofactor and energy source for
secondary metabolism. It suggests that S. avermitilis
could be used as a versatile host for secondary metab-
olites by introducing foreign gene cluster(s) for sec-
ondary metabolite biosynthesis. Homologous recombi-
nation system was applied to minimize the linear
chromosome of S. avermitilis. Two pieces of segments
corresponding to nt 5,847 to 8,806, and nt 1,494,519
to 1,497,112 were purified from cosmid clones
CL_090_HO1 and CL_225_G12, respectively. A resis-
tance gene (aph) was inserted between these two seg-
ments. After introducing the recombinant plasmid into
oligomycin-deletion mutant, S. avermitilis doimA (de-
letion at nt 3,557,725 to 3,594,005), by selection of the
vector marker, thiostreptone-resistance, homologous
recombination between the chromosome and the re-
combinant plasmid gave the desired large-deletion mu-
tants, which were obtained by selection for the thio-
streptone-sensitive and neomycin resistance phenotype.
To remove resistance marker (aph) in the chromosome
of large-deletion mutant, second homologous recombi-
nation event was done in a similar manner. Two seg-
ments (nt 5,847 to 7,734 and nt 1,494,893 to 1,497,112,
respectively) from above two cosmid clones were li-



gated. After introducing the resultant recombinant
plasmid into the above large-deletion mutants by selec-
tion of the vector marker, ultimately, objective clones
were obtained by selection for the thiostreptone- and
neomycin-sensitive phenotype. The growth and mor-
phology of the large-deletion mutants were same as
those of the wild type strain, and the large deletion
mutants never required cofactors for growth on the de-
fined minimal medium. To confirm the deletion region
in the resultant large-deletion mutants, each chromo-
some was digested by rare-cutter and digests were ana-
lyzed by CHEF electrophoresis. Twenty-six fragments
were generated from the wild-type chromosome by
cutting with restriction enzyme Asel (Fig. 10). The
mutants deleted two regions on the chromosome at po-
sition nt 7,734 to 1,494,893 and nt 3,557,725 to
3,594,005, respectively. The former region contains a
part of Asel-W, Asel-Y, Asel-A, and a part of Asel-U
segments of the wild type chromosome. The deletion
mutants lacked Asel-A segment in the CHEF electro-
phoresis (Figl0). Smaller segments, Asel-W and -U,
also disappeared in FIGE (data not shown). These mu-
tants constructed lacked 1,523,439-bp from the
chromosome and the genome size is 7,502,169-bases
long (Fig. 11) and contained at least 6,377 potential
protein-coding genes. The deletion region in left side
of the chromosome contains many gene clusters for
secondary metabolite biosynthesis, in which caro-
tenoid and melanin biosynthetic gene clusters are lo-
cated. The deletion mutants failed to produce both pig-
ments, carotenoid and melanin (Fig. 12). Since the
deletion mutants lack three biosynthetic gene clusters
for avermectin, filipin and oligomycin, which are ma-
jor secondary metabolites of S. avermitilis, the mutants
did not produce these metabolites. Although the dele-

tion mutants lack some gene clusters for secondary
metabolite biosynthesis, they retain genes for primary
metabolism, some of which are involved in the supple-
ment of precursors, cofactors and energy for secondary
metabolism. S. avermitilis has the ability to produce
many polyketide compounds, and the productivity for
the precursors, malonyl-CoA and methylmalonyl-CoA,
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Fig. 10. CHEEF electrophoresis of Asel-digested wild type (wt)
and deletion mutants (1 and 2) of S. avermitilis chro-
mosome. The condition of electrophoresis is as fol-
lows; 1% agarose gel in 0.5 x TBE (50 mM Tris-bo-
rate, | mM EDTA, pH8.3), ramp time 70 sec for 24
hrs, 140 sec 24 hrs and 180 sec 24 hrs, 5 volts/cm at
12°C. Yeast chromosome (s) was used as a size mark-
er (Each size is indicated in right side).
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Fig. 12. Morphology and pigment production of wild type (wt) and deletion mutants (1 and 2) of S. avermitilis cultured on the
following three differt kinds of agar media at 30°C for 1 week. (A) Yeast-malt extract agar, (B) soyflour-mannitol agar
containing 1 mM CuSO, and 0.1% of L-tyrosine, and (C) Bennet agar containing 15% sucrose (under the light), were
used for examination of morphology, melanin production and carotenoid production, respectively.
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Fig. 13. Production of blue pigment antibiotic, actinorhodin, by (A) S. avermitilis deletion mutant carrying a gene cluster for acti-
norhodin biosynthesis, (B) S. coelicolor A3(2) and (C) S. avermitilis deletion mutant. Microorganisms were grown at
30°C for 5 days on yeast-malt extract agar. S. coeliclolor A3(2) produced a small amount of actinorhodin after 7 days in-

cubation. The plate was photographed from surface (left) and back (right). The actinorhodin biosynthetic gene cluster of S.
coelicolor A3(2) was presented in (D).



of the polyketide compounds would be more efficient
rather than other streptomycetes. S. avermitilis does
not produce aromatic polyketide compounds except for
spore pigment, which might be synthesized by type Il
polyketide synthase using malonyl-CoA as a precursor.
Introducing whole set of biosynthetic gene cluster for
actinorhodin of S. coelicolor A3(2) into the deletion
mutant of S. avermitilis, a large amount of aromatic
polyketide, actinorhodin, was produced by the mutant
as blue pigment (Fig. 13). Gene clusters for aminogly-
coside antibiotic biosynthesis were not found in the
genome of S. avermitilis. It is interesting that S. aver-
mitilis acquired the ability to produce these com-
pounds after introducing the biosynthetic gene clus-
ters. Recently, it was found that the deletion mutants
produced small amounts of ribostamycin after intro-
ducing gene cluster for ribostamycin biosynthesis of S.
ribosidificus.

Discussion

The increasing availability of complete microbial
genome sequences has recently opened up the possibil-
ity of the top-down characterization of the molecular
genetics and biochemistry of entire biosynthetic path-
ways whose genes are frequently organized in discrete
clusters. As an essential first step in the elucidation of
the enzymology and genetics of pentalenolactone bio-
synthesis in S. avermitilis, we have established that
ptlA (SAV2998), one of 13 ORFs within a 13.4-kb
cluster, encodes a 336-aa protein that catalyzes the cy-
clization of FPP to pentalenene, the well-established
sesquiterpene hydrocarbon precursor of the pentaleno-
lactone family of metabolites. The pentalenolactone
biosynthetic pathway is functional in S. avermitilis, as
confirmed by the isolation of both pentalenolactone F
and the shunt metabolite pentalenic acid. Deletion of
the entire ptl-cluster from S. avermitilis abolished the
production of pentalenolactone metabolites, while
transfer of this cluster to the naive host, S. lividans
1326, the transformants were endowed with the ability
to generate pentalenic acid, accompanied by trace
amounts of pentalenolactones.

The results firmly establish the biochemical func-
tion of the prll gene product, which is shown to cata-

lyze the three-step oxidation of pentalenene to 1-de-
oxypentalenic acid. The work reported here fills the
biosynthetic gap between pentalenene, generated by
PtlA-catalyzed cyclization of FPP, and 1-deoxypental-
enic acid. Although S. avermitilis contains six putative
ferredoxin reductases and nine ferredoxins, the natural
electron transport pair for Ptll is unknown. The experi-
mental results also establish the biochemical function
of the ptIH gene product, which is shown to catalyze
the Fe(Il)- and a-ketoglutarate-dependent hydroxyl-
ation of 1-deoxypentalenic acid to 11 3-hydroxy-1-de-
oxypentalenic acid. Further conversion of 1-deoxypen-
talenic acid to pentalenolactone D may involve
oxidation of 1-deoxypentalenic acid to the 11-oxo-1-
deoxypentalenic acid by PtlF, an apparent NAD*-de-
pendent dehydrogenase, followed by Baeyer-Villiger-
like oxidaton of 11-oxo-1-deoxypentalenic acid
mediated by PtIE, which has 49% identity and 62%
similarity over 591 aa to the cyclodecanone-lauryl lac-
tone dioxygenase of Rhodococcus ruber (Genbank
AY052630.1).

Germacradienol was first identified in 1995 as a
cometabolite of geosmin in S. citreus (44, 53). Since
that time, germacradienol has frequently been ob-
served as a cometabolite of geosmin in streptomycetes,
myxobacteria, and liverworts, often accompanied by
germacrene D (45, 46, 54). Consistent with the dem-
onstration that S. coelicolor A3(2) harbors a germacra-
dienol synthase encoded by the SCO6073 gene, and
that this gene is essential for geosmin production, both
germacradienol and geosmin were found in the culture
broth of S. avermitilis. The observed ~5:6 ratio of ger-
macradienol/geosmin was essentially the same in the
several media examined. A geod (SAV2163) deletion
mutant constructed by homologous recombination pro-
duced neither geosmin nor germacradienol, while pro-
duction of both compounds could be restored by com-
plementation of the mutation by introducing an extra
copy of the geo4 gene, confirming that GeoA is essen-
tial for geosmin biosynthesis.

We have established that the GeoA protein of S.
avermitilis, encoded by geoA, which exhibits a high
degree of sequence similarity to the S. coelicolor
A3(2) enzyme SCO6073p, catalyzes the predicted con-
version of FPP to a mixture of germacradienol, ger-



macrene D, and geosmin, as well as the presumed in-
termediate, octalin. Recombinant S. avermitilis GeoA
has a product profile, divalent metal ion dependence,
pH optimum, and steady-state kinetic parameters that
are essentially the same as those previously determined
for the S. coelicolor A3(2) germacradienol/geosmin
synthase. Significantly, for both enzymes, the relative
proportion of geosmin to germacradienol was en-
hanced by increasing the concentration of synthase or
by employing longer incubation times. One would not
expect such a result if both geosmin and germacradi-
enol were to be generated by partitioning of a single
series of enzyme-bound intermediates. Instead, it ap-
pears likely that a substantial fraction of the initially
generated germacradienol is released into solution be-
fore being subsequently rebound and further converted
to geosmin.

From the comparative analysis of S. avermitilis
with S. coelicolor A3(2), it was found that the 6.5-Mb
highly conserved internal region where most of known
essential genes are located with the similar order and
direction exists, and this also has the structural similar-
ity to the circular chromosome of other bacteria. This
finding implies that the 6.5-Mb internal region is the
underlying backbone of the Streptomyces chromo-
somes and may have evolved from an ancestor com-
mon to bacteria having circular chromosomes existing
to date. On the other hand, it was also found the vari-
able and less conserved regions near both telomeres
designated sub-telomeric regions. Interestingly, more
than half of the genes related to the secondary metabo-
lites were found to be located in the sub-telomeric re-
gions where no known essential gene was found at all.
Also, the sub-telomeric regions contained most of mo-
bile elements as well as about half of genes specific to
S. avermitilis but not relevant to the secondary metab-
olites. Similar organization at the sub-telomeric re-
gions was also found in S. coelicolor A3(2). These
findings suggest that frequent gene duplication may
have preferentially occurred in the sub-telomeric re-
gions in the Streptomtces chromosomes. About 1.4Mb-
deletion at the left sub-telomeric region did not affect
the growth and morphological changes. The results
were reconfirmed that no known essential genes are
located in this region. Moreover, the deletion mutants

carrying foreign gene cluster for biosynthesis of an ar-
omatic polyketide antibiotic, actinorhodin, produced a
larger amount of actinorhodin than that the original
strain S. coelicolor A3(2) did, suggesting that the con-
structed deletion mutants possess genes related to pri-
mary metabolism for supplement of precursors, cofac-
tors and energy. The information and materials in this
study will be of great value to make the Streptomyces
more useful for the production of secondary metabo-
lites including antibiotics and bioactive substances.
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Introduction

Cholera is a life-threatening disease associated
with severe watery diarrhea. Vibrio cholerae Ol, a
causative agent of cholera, has been susceptible to the
therapeutic antibiotics. Although outbreaks of cholera
due to drug-resistant V. cholerae O1 were occasionally
reported in some areas, the resistant strains soon disap-
peared, especially after preventive medication was
stopped (1, 2). Cholera can be treated with fluid infu-
sion, and antibiotic therapy is not essential. However,
antibiotic therapy has been routinely performed, as the
duration of diarrhea can be shortened (3).

Usually, drug resistant bacterial pathogens appear
sporadically depending on the use of antibiotics, and
the prevalence of the resistant bacteria gradually in-
creases. However, drug resistant V. cholerae in the past
decade suddenly appeared in a wide district, and al-
most all epidemic strains became resistant at the same
time regardless of antibiotic use. Besides, in some oc-
casion, the resistance suddenly disappeared in the next
epidemic. Cholera epidemic in a wide district started
within a limited period suggested that the infection
foci are multiple and the clone of the pathogens must
be different.

Before 1995, e.g., in 1980 or thereabout, only a
few cases of cholera epidemic due to drug resistant
strains were reported. In those epidemics, the patho-
gens were highly resistant to many antibiotics, and the
resistance was mediated by plasmid. In the late 1990s,
V. cholerae O1 throughout the world simultaneously
started to become resistant to a variety of antibiotics

(4-7), however, the antibiogram was quite different
from those previously reported. Most of these strains
had specific genetic elements such as class I integron
or SXT constin (a conjugative, self-transmissible, inte-
grating element) that could contribute to the spread of
the drug resistance. Integrons are gene capturing sys-
tems that usually contain a few antibiotic-resistance
genes. SXT constin is a transmissible genetic element
that contains some regions (hot spots) for insertion of
additional DNA such as drug-resistance genes (8).
Dalsgaard et al. characterized V. cholerae O1 isolated
in Vietnam from 1979 to 1996 and found that the
strains isolated after 1990 were resistant to streptomy-
cin and harbored class I integrons which contain a
gene cassette encoding resistance to streptomycin (9).
Nguyen et al. reported that V. cholerae O1 isolates in
Vietnam in 1995 were sensitive to and those in 2000
were resistant to tetracycline and chloramphenicol (10).

It thus seems that the characteristics of V. choler-
ae O1 in the recent epidemic are variable. The purpose
of this study is to clarify genetic composition responsi-
ble for the drug resistance, and to elucidate the reason
why in the past decade, epidemic V. cholerae strains
changed the drug susceptibilities with one accord from
an epidemic to another.

Materials and Methods
Bacterial strains.
V. cholerae strains used in this study were isolated

from cholera patients and from environmental water in
the Lao PDR and Vietnam. Human isolates were col-



lected during the period between 1993 and 2004. The
environmental isolates were collected in 2005. The
isolates were stored in a butt of soft agar at room tem-
perature until use.

Isolation of V. cholerae.

V. cholerae from cholera patients were isolated
from diarrheal stools by the routine laboratory work.
For isolation of the organisms from the environmental
water, Moor swabs (11, 12) and immuno-magnetic
beads were used. Moor swabs were placed in the sur-
face water of a stream or river near the residential area.
The swabs were left as they were until heavy biofilm
was formed (usually 24 to 48 hours). The swabs coated
with heavy biofilm were put into alkaline peptone wa-
ter, and incubated at 37°C for 8 to 20 hours to prolifer-
ate the organisms. A kit of immuno-magnetic beads,
sensitized with anti-V cholerae O1 antibody, (DYNA-
BEADS M-280) was used to select V. cholerae O1
among the heavy growth of the other organisms in the
culture. Twenty micro-liter of the immuno-beads sus-
pension (in PBS Tween buffer) was added to 1 ml of
the incubated alkaline peptone water culture in a small
tube, and mixed under gentle agitation for 10 minutes
at room temperature. Then the tubes were set in the
Dynal MPC-S rack with magnetic plate at the lateral
side of the tubes. After a few minutes, the fluid was re-
moved using micropipette (the organisms attached to
the beads were left on the tube wall faced to the mag-
netic plate ). Then the beads were washed 5 times with
1 ml of PBS Tween buffer, and finally suspended in 0.2
ml of the buffer. All apparatus in this method were the
preparations by Dynal AS, Oslo, Norway.

Drug susceptibility test.

Eight therapeutic drugs: ampicillin (Meiji), tetra-
cycline (Nakarai), chloramphenicol (Wako), erythro-
mycin (Dainihon), ofloxacin (Daiichi), nalidixic acid
(Wako), sulfamethoxazol-trimethoprim (sulfamethox-
azol: Wako, trimethoprim: Sigma), and streptomycin
(Wako) were used to determine the minimum inhibito-
ry concentrations (MICs) against the organisms. The
MICs were determined by the plate dilution method.

A series of heart infusion agar plates containing two-
fold dilutions of the drugs from 100 zg/ml to 0.0125
pg/ml were prepared.

MIC of the compound drug sulfamethoxazol-tri-
methoprim was determined as follows. The ratio of
sulfamethoxazol to trimethoprim in the mixture was 19
to 1, and the concentration of the drug was expressed
as the total amount of sulfamethoxazol and trime-
thoprim. A dilution series from 640 gg/ml to 0.078
pg/ml of the drug combination in heart infusion agar
plates (608 zg/ml to 0.0742 pg/ml of sulfamethoxazol
and 32 pg/ml to 0.0039 pg/ml of trimethoprim) was
prepared.

A 10-fold diluted overnight broth culture of test
organisms was inoculated onto each plate containing
serially diluted concentration of the drug with a Micro-
planter (Sakuma Co. model MITP #00257), and incu-
bated at 37°C for 24 hours. The susceptibility of the
organisms to the drug was expressed as the MIC (ug/
ml) of each drug.

PCR amplification.

All primers used in this study are listed in Table 1.
DNA was extracted as previously described (13). Class
I integrase (intl/l) was detected by PCR using primers
inDS-F and inDS-B. DNAs from strains yielding PCR
product with these primers were subsequently ampli-
fied with the integron primers in-F and in-B, which
amplify the region between the 5’ and 3° CSs. The
primers in-F and aadA-B were used to assess whether
the integron contained a gene cassette encoding resis-
tance to streptomycin and spectinomycin (aadA1). To
investigate the presence of an SXT constin, primers
INT1 and INT2, specific for SXT integrase (intSXT),
were used. Antibiotic-resistant genes included in the
SXT constin were detected using primers reported by
others (14, 15) or designed in this study. The location
of the tet4 gene within the SXT constin was assessed
based upon a strategy of different PCR amplifications
using combination of several primers based on the se-
quence of the antibiotic resistance gene element of V.
cholerae strain V21 (DDBIJ accession number
AB114188).



Table 1. Primers used in this study

Primer Sequence (5’ to 3°) Locus (direction) Reference
inDS-F CGG AAT GGC CGA GCA GAT C intll (-) 6

inDS-B CAA GGT TCT GGA CCA GTT GCG intll (+) 6

in-F GGC ATC CAA GCA GCA AGC 5’-CS 6

in-B AAG CAG ACT TGA CCT GAT 3’-CS 6

aadA-B ATT GCC CAG TCG GCA GCG aadA (—) 6

TetA-F GTA ATT CTG AGC ACT GTC GC tetA (+) 15

TetA-R CTG CCT GGA CAA CATTGCTT tetA (-) 15

INT1 GCT GGA TAG GTT AAG GGC GG intSXT (-) 18

INT2 CTC TAT GGG CAC TGT CCA CAT TG ntSXT (+) 18
LEND4 CCTTTG GTT ACA CATTCG C tnp (+) 18
RUMA CGA GCA ATC CCC ACATCA AG Intergenic 18
FLOR-F  TTATCT CCC TGT CGT TCC AGC G floR (+) 18
FLOR-2  CCT ATG AGC ACA CGG GGA GC floR (-) This study
strB-F GGC ACC CAT AAG CGT ACG CC strB (-) This study
strB-R TGC CGA GCA CGG CGA CTA CC strB (+) This study
STRA-F  TTG ATG TGG TGT CCC GCA ATG C strd (+) 18
STRA-B  CCA ATC GCA GAT AGA AGG CAA strd (-) 18
SUL2-F  AGG GGG CAG ATG TGA TCG AC sulll (+) 18
SUL2-B  TGT GCG GAT GAA GTC AGC TCC sulll (-) 18

TMP-F TGG GTA AGA CACTCG TCATGG G dfrl8 (+) 18
TMP-B ACT GCC GTT TTC GAT AAT GTG G dfirl8 (-) 18
DFRI-F  CGA AGA ATG GAG TTA TCG GG dfrAl (+) This study
DFR1-B  TGC TGG GGA TTT CAG GAA AG dfrAl (-) This study
TMP3 CAT GCT GTTTCT CGA CGG TG npB (+) 18

TMP4 GAT CCGATCTGTTTG TTC AG sO13 (-) 18

YL6 TGT GGA ACG GCT TTC TGA CG sO73 (+) 18

YL3 CGTTGGTTT GGG GTA ACA CC orfC5A4 (+) 18

traF-R GGG GTT CTC ATT GTC AGC TC traF (-) This study
EXO-F AGC GGATCGTTC TCG AAT CC orfl (+) This study
EXO-R CACATGTGGTTT ACA TGG CG orfl (-) This study

4, oligonucleotides corresponding to the coding strand (forward primer);
—, oligonucleotides corresponding to the noncoding strand (backward primer).

DNA sequencing.

Amplified DNA was purified with a GFX column
(Amersham Pharmacia, Little Chalfont, United King-
dom) before sequencing, and the nucleotide sequence
was determined by cycle sequencing with a Big Dye
Terminator Cycle Sequencing FS Ready Reaction kit
and analyzed with an ABI PRISM 310 Genetic Ana-

lyzer or 3730 DNA Analyzer (Applied Biosystems,
Foster City, Calif.). The identities of the determined
sequences were analyzed by comparison with the gene
sequences in databases using BLAST software (16).

Conjugation.

The ampicillin-resistant V. cholerae O34 strain
88UDT119/pGV3 (17) was used as the recipient in



conjugation experiments with SXT constin positive
strains, and the chloramphenicol-resistant V. cholerae
034 strain AM15 was used as the recipient in conjuga-
tion experiments with class I integron-positive strains.
After mating on nonselective Luria-Bertani agar incu-
bated at 37°C for 16 h, exconjugants were harvested,
and appropriate dilutions of the harvest were spread on
Luria-Bertani agar containing 100 pg of ampicillin/ml
and 32 ug of trimethoprim/ml to investigate SXT con-
jugation, and on Luria-Bertani agar containing 5 g of
chloramphenicol/ml and 20 g of streptomycin/ml to
investigate the presence of a conjugative plasmid car-
rying the integron. Exconjugants were analyzed by
PCR to exclude possible spontaneous antibiotic-resis-
tant mutants.

Cloning of SXT*"“Sspecific fragment.

The region between sO73 and traF of V. cholerae
Lao strains was amplified by PCR using the primers
YL6 and traF-R and DNA from V. cholerae O1 strain
OOLAT1 as the template. The 5-kbp PCR product was
cloned into the pCR 2.1 vector, and the nucleotide se-
quence of the inserted PCR product was determined by
primer walking.

Results

Drug susceptibility of V. cholerae Ol in Lao PDR and
in Vietnam.

In Laos, we have continuously monitored cholera

epidemic and drug resistant V. cholerae since 1993.
Before 1997, almost all epidemic strains were suscep-
tible to all drugs examined except streptomycin. But
we did not pay attention to this resistance, because
streptomycin is not used for the treatment of cholera.
There was no cholera case in 1997 in Laos, and when
cholera epidemic came again in 1998, almost all iso-
lates were resistant to tetracycline, chloramphenicol,
sulfamethoxazol-trimethoprim, and streptomycin. Epi-
demic due to these resistant strains repeated in 1999
and 2000 (Table 2). However in Laos, there has been
no cholera since 2001 to date. In Vietnam, all human
isolates in 1995 had a good sensitivity to all drugs ex-
amined except streptomycin. The epidemic due to drug
resistant V. cholerae were seen in 2000 and 2001. The
organisms were moderately resistant to TC and CP, and
highly resistant to co-trimoxazol as seen in Laos. How-
ever, in 2002 and 2003, all epidemic isolates suddenly
became well sensitive to all drugs including streptomy-
cin (Table 3). The antibiogram of the organisms in
Laos and Vietnam were essentially the same.

Environmental V. cholerae non-O1 were exam-
ined in 2005 in Laos and Vietnam. Drug susceptibility
of these organisms was so variable. Majority of the en-
vironmental isolates (34/43) were highly resistant to
sulfamethoxazol-trimethoprim. By contrast, only 2 of
43 were moderately resdistant to tetracycline.

Distribution of class I integron and SXT constin.

The strains isolated in the Lao PDR can be divid-
ed into four groups according to the antibiograms and

Table 2. Drug susceptibility of epidemic ¥ cholerae O1 in Lao PDR

MICs of each drug (zg/ml)

Drugs 1993 ~ 1996 1998 ~ 2000
Tetracycline 0.4~0.8 3.13~6.25
Chloramphenicol 0.8~1.6 6.25~12.5
Ampicillin 3.13~6.25 3.13~12.5
Erythromycin 3.13~6.25 3.13~6.25
Nalidixic acid 0.2~04 02~04
Ofloxacin 0.025 > 0.025 >
Co-trimoxazol 2.5~20 640 <
Streptomycin 25~100 25~100




Table 3. Drug susceptibility of epidemic ¥ cholerae O1 in Vietnam
MICs of each drug (xg/ml)
Drugs 1995 200082001 2002
Tetracycline 04~0.8 3.13~6.25 02~04
Chloramphenicol 0.8~1.6 6.25~12.5 0.8~1.6
Ampicillin 3.13~6.25 3.13~12.5 3.13~6.25
Erythromycin 3.13~6.25 6.25~12.5 3.13~6.25
Nalidixic acid 0.1~0.2 0.2~0.8 02~04
Ofloxacin 0.025 > 0.025 > 0.025 >
Co-trimoxazol 2.5~20 640 < 2.5~10
Streptomycin 25~100 25~100 6.25~12.5
Table 4. Characteristics of V. cholerae (Lao strains)

Group No. of isolates  Yr of isolation Antibiogram* 5’-CS  aadAl  intSXT
A 24 1993-1996 SM + + —
B 2 1993-1996 - - -
C 20 1998-2000  SM, CP, TC, S-T - - +
D 4 1998-2000 - - +

4 SM, streptomycin; CP, chloramphenicol; TC, tetracycline; S-T, trimethoprim-sulfamethoxa-

zole.

Note: No cholera in 1997, 2001 and thereafter.

year of isolation (Table 4). Group A comprises 24
strains isolated between 1993 and 1996 that were
streptomycin resistant. Group B comprises two strains
isolated in 1995 that were susceptible to all the antibi-
otics tested. Group C comprises 20 strains isolated be-
tween 1998 and 2000 that were resistant to streptomy-
cin, chloramphenicol, tetracycline, and trimethoprim-
sulfamethoxazole. Group D comprises four strains
isolated between 1998 and 2000 that were susceptible
to all of the antibiotics tested.

PCR with the primers inDS-F and inDS-B yield-
ed a PCR product of ~800 bp from each of the 24
streptomycin-resistant strains belonging to group A.
Strains belonging to groups B, C, and D did not yield
an amplicon with these primers, indicating that class I
integrons were not present. A PCR product of ~1,000
bp was obtained from each of the 24 class I integron-
positive strains using the in-F and in-B primers. DNA
sequencing of the 1,000-bp amplicons from three iso-
lates confirmed the presence of the gene cassette
aadAl, which conferred resistance to streptomycin on
the host bacteria. PCR with the in-F and aadA-B prim-
ers yielded an ~750-bp amplicon from all isolates that

yielded a product with the in-F and in-B primers.
Streptomycin resistance encoded by the class I inte-
gron could not be transferred by conjugation, indicat-
ing that the class I integron was not carried in a conju-
gative plasmid. PCR for detection of intSXT showed
that all strains belonging to groups C and D yielded a
592-bp amplicon of a size identical to those of the pos-
itive controls ¥ cholerae O139 strain MO45 and V.
cholerae O1 strain CRC182.

Analysis of SXT constin in group C V. cholerae.

Conjugation experiments showed that intsxt was
transferable by conjugation. Antimicrobial susceptibil-
ity testing of the V. cholerae transconjugants showed
that the resistance genes contained in the SXT element
were transferred and expressed in each of the transcon-
jugants (Table 5). PCR assays designed to detect the
genes that encode resistance to chloramphenicol (floR),
streptomycin (strA and strB), sulfamethoxazole (sulll),
and tetracycline (tet4) yielded the expected PCR prod-
ucts of 526 (floR), 383 (strd), 459 (strB), 625 (sulll),
and 950 (tetA) bp for each of the 20 strains of group C



Table 5. MICs of various antibiotics and PCR results for V. cholerae strains used in conjugation
experiments and obtained transconjugants

. . MIC (pg/ml) PCR
Description Strain UBpC P SM_ ST TC  imSXT teid
Donor 99LA79 3.13 12.5 100 640 3.13 + +
Donor 00LA1 3.13 12.5 100 640 6.25 + +
Recipient 119/pGV3 100 0.8 6.25 5 04 — -
Transconjugant TC79-8 100 6.25 100 640 3.13 + +
Transconjugant TCO002 100 6.25 100 640 3.13 + +

ABPC, ampicillin ; CP, chloramphenicol ; SM, streptomycin; S-T, trimethoprim-sulfa-

methoxazole; TC, tetracycline.
+, present; —, absent.

Transconjugant TC79-8; obtained by mating strains 99LA79 and 88UDT119/pGV3.
Transconjugant TC002; obtained by mating strains 00LA1 and 88UDT119/pGV3.
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Fig. 1. Schema of SXT constins. Only antibiotic resistant genes and some adjacent orfs are presented. Primers
used in PCR analysis to investigate the insertion sequence between sO73-traF are indicated.

in Table 4, while strains in group D failed to react. As
tetA was also transferable by conjugation, we investi-
gated the location of fet4 within the SXT constin. In
PCR analysis, an amplicon of ~2.3 kbp was obtained
with TetA-F and strB-R, and an amplicon of ~3.0 kbp
was obtained with TetA-F and STRA-F (Figure 1,
SXTH98), The presence of fetd upstream of strB was
also confirmed by nucleotide sequence analysis of the

2.3-kbp amplicon obtained with primers TetA-F and
strB-R.

Analysis of SXT constin in group D V. cholerae.
PCR assays utilizing the primers LEND4 and

RUMA, which flank the antibiotic resistance genes in
SXTMOI10, yielded a product of ~3.3 kbp for each of



the four strains in group D in Table 4. Partial sequenc-
ing of these products revealed that there was a deletion
of the antibiotic resistance genes as previously report-
ed for V cholerae O139 strain 2055 by Hochhut et al.

(18).
SXT 95 is different from previously reported SXTs.

All strains in group C in Table 4 failed to give an
amplicon with primers designed to detect dfrr/8 and
dfrAl, which are the trimethoprim resistance determi-
nants reported for SXTMO!® and SXTET, respectively
(18). PCR with primers TMP3 and TMP4, which an-
neal to sequences that flank dfir/8 in SXTMO, gave a
PCR product of 1.3 kbp. These primers give a PCR
product of 5.35 kbp with V. cholerae O139 DNA as a
template (18). The results revealed that a 3.34-kbp
fragment which included dfi/8 is missing in SXT"A%%
as in SXTET, However, SXTM08 is distinct from SXTET
in that no PCR product was obtained with primers YL6
and YL3. To further characterize SXT'%S, PCR with
primers YL6 and traF-R was performed. An amplicon
of ~5 kbp was obtained for SXT5, as well as SXT-
MO0 and SXTF". Nucleotide sequencing of this frag-
ment from SXTH9S revealed the presence of two novel
open reading frames (ORFs) (orf1, 1,875 bp, and orf2,
1,605 bp) (Table 6). The deduced amino acid sequence
of ORF1 had 36% identity and 54% similarity to that
of an exonuclease (encoded by sO24) found in the ge-
nomic island associated with the multidrug resistance
region of Salmonella enterica serovar Typhimurium
DT104 (19), while the deduced amino acid sequence
of ORF2 had 26% identity and 45% similarity to that
of a helicase (encoded by sO23) found downstream of
the exonuclease in the same genomic island (18). PCR
analysis with primers EXO-F and EXO-R showed that
only SXT™9S gave the expected amplicon of 890 bp.

Class I integron and SXT constin in the environmental
isolates.

Among 43 strains examined, Class I integron was
found in one and SXT constin in 5. A strain with Class
I integron revealed resistance to many antibiotics but
not to streptomycin. SXT constin carrying 5 strains
showed different patterns of drug susceptibility. The
three isolates showed resistance only to sulfamethoxa-
zol-trimethoprim, one was resisrtant to chlorampheni-
col, sulfamethoxazol-trimethoprim and streptomycine,
and another was resistant to tetracycline, chloramphen-
icol, nalidixic acid, sulfamethoxazol-trimethoprim and
streptomycin. Class | integron positive strain was re-
sistant to many antibiotics but not to streptomycin, so
different from human isolates. Thus, a variety of anti-
biograms were observed in the environmental isolates.

Discussion

We have studied the drug susceptibility and the
genetic determinants of drug resistance in V. cholerae
strains isolated in the Lao PDR and in Vietnam. In the
Lao PDR, ¥ cholerae in cholera epidemic has been
collected every year between 1993 and 2000. While in
Vietnam, the strains were collected in 1995 and every
year between 2000 and 2004 .

Strains isolated before 1997 (a year without chol-
era) in the Lao PDR were clearly different from those
isolated after 1997. A class I integron with an aadA41
gene cassette was present in pre-1997 strains, while an
SXT constin was present in the reemerged (post-1997)
El Tor Ol strains. Recently, Amita et al. (19) have re-
ported that a class I integron with an aadA1 gene cas-
sette was widely distributed among the pre-1992 0139
O1 strains isolated in India. In contrast, most of the

Table 6. Analysis of novel ORFs in hotspot-3 of SXTM40S

Gene Length (bp) Closest similarity to Similarity %

orfl 1875
orf2 1605

s024 exonuclease *
sO23 helicase*

54%
45%

*s024 and sO23 genes located in the genomic island as-
sociated with multidrug resistance region of Salmonella
enterica Typhimurium DT104.



post-1992 0139 Ol strains contained the SXT constin
and were devoid of the class I integron. Although ¥/
cholerae 0139 has not been isolated in the Lao PDR,
it seems that strains isolated in the Lao PDR after 1997
are similar to Indian post-1992 O139 O1 strains, as
they showed resistance to trimethoprim-sulfamethoxa-
zole, chloramphenicol, and streptomycin, the resis-
tance genes of which are encoded in an SXT constin.
However, strains from Laos are tetracycline resistant,
in constrast to Indian strains which were susceptible to
this antibiotic (19). ¥ cholerae O1 strains isolated in
Mozambique and South Africa in 1998 were also re-
ported to be tetracycline-resistant (20). Tetracycline
resistance in African strains, as well as Laotian strains,
is encoded by fetA. In Laotian strains, as well as V/
cholerae strain V21 isolated in Vietnam, fetA is located
within the SXT element. PCR analysis of the SXT
constin showed that SXT"A°S is different from the
SXTMO™ and SXT*T reported previously. Comparison
of two conjugative integrating elements, SXT of V
cholerae and R391 of Providencia rettgeri (21), re-
vealed that the conserved backbone apparently con-
tains three hot spots for insertion of additional DNA
sequences, the first between sO43 and tral, the second
between trad and sO54, and the third between sO73
and fraF. SXT*' contains a class 9 integron in hot spot
sO73-traF that harbors dfrAl as a gene cassette (14).
We first hypothesized that this integron structure has a
different gene cassette in SXTMA9S; however, PCR of
integrase Intl9 (14) failed to produce a reaction (data
not shown). The nucleotide sequence of this hot-spot
region of SXTMS revealed the presence of two ORFs
possibly involved in conjugal transfer (19). A trime-
thoprim resistance determinant was not found in this
region, and we therefore could not identify the gene
responsible for trimethoprim resistance. Trimethoprim
resistance was also transferred by conjugation, and we
hypothesized that the responsible gene is located with-
in SXT™"9S as in previously reported SXTs. However,
the possibility that the trimethoprim resistance deter-
minant is located on the chromosome outside the SXT
constin and cotransfers with the SXT constin in an
Hfr-like manner cannot be ruled out (22).

Gene compositions of Vietnam strains were es-
sentially the same with Laotian strains. Pre-1997

strains of Lao-isolates corresponded to Vietnam iso-
lates in 1995. Post-1997 Laotian isolates corresponded
to Vietnam isolates in 2000 and 2001.

A rapidly changing antibiotic resistance pattern
was also observed among V. cholerae O139 strains (23,
24; R. Mitra, A. Basu, D. Dutta, G. B. Nair, and Y.
Takeda, Letter, Lancet 348:1181, 1996). V. cholerae
0139 strains are becoming increasingly resistant to na-
lidixic acid but are susceptible to trimethoprim- sulfa-
methoxazole and streptomycin. Our results suggested
that variation within sequences inserted in the hot
spots and the antibiotic resistance gene cluster might
occur in V cholerae strains, allowing rapid adaptation
to changing environment. SXT constins are present in
virtually all recent clinical V. cholerae isolates from
Asia, and SXT variants are arising in a manner similar
to the Salmonella genomic island 1 multidrug resis-
tance regions from serovars Typhimurium DT104 and
Agona (25). The presence of IntSXT-positive, antimi-
crobial-susceptible strains should also be carefully
monitored, since “empty SXT constins” (group D) are
capable of inserting not only antibiotic resistance
genes but also other virulence factors which could be
easily transferred to other strains by conjugation.

Distribution of environmental V. cholerae O1
must be a key to predict cholera epidemic in the near
future. Although in this study period, we tried to iso-
late V. cholerae O1 for a few days in August and failed
to isolate the organism in spite of an intensive work.
However, many strains of the same species V. cholerae
non-O1 were isolated from the environment, so, they
were analyzed. It was revealed that some strains of V
cholerae in the environment carry Class I integron or
SXT element with drug resistance genes. A variety of
antibiograms in the environmental vibrios suggested a
frequent exchange of the drug resistance genes. Envi-
ronmental V. cholerae O1 should cause cholera epi-
demic, so which category of the organisms plays an
important role in the epidemic is to be clarified. There-
fore the study on the environmental V. cholerae just be-
fore the epidemic is important, and continuous study
through the whole year is required.
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Introduction

Pseudomonas aeruginosa is an opportunistic
pathogen that causes a wide range of acute and chronic
infections, including sepsis, wound and pulmonary in-
fections [1]. In particular, this organism is a major
cause of pulmonary damage and mortality in patients
with cystic fibrosis (CF), diffuse panbronchiolitis
(DPB) and other forms of bronchiectasis [2, 3]. Colo-
nization of the respiratory tract with P aeruginosa
leads to an exuberant inflammatory response in the air-
ways, characterized with large numbers of neutrophils
[4]. Although the mechanisms by which the organism
evades neutrophils-defenses are unclear, P aeruginosa
persists in the tissues, resulting in chronic colonization
and infection of the lungs of these patients. Despite
treatment with potent antibiotics, infection of these pa-
tients’ lungs by P aeruginosa typically leads to death
by respiratory failure or other complications.

This organism is known to produce a variety of
virulence factors, such as pigment, proteases and exo-
toxins. The synthesis of these factors is regulated by a
cell-to-cell signaling mechanism referred to quorum
sensing [5], which was originally described in Vibrio
fischeri as a LuxR/LuxI-type system [6]. Las and RhA/
are known to be two major quorum-sensing compo-
nents in P aeruginosa, and this mechanism enables
bacteria to coordinately turn on and off genes in a den-
sity-dependent manner by the production of small dif-

fusible molecules called autoinducers. P aeruginosa
predominantly produces two autoinducers, N-3-oxodo-
decanoyl homoserine lactone (3-oxo0-C;,-HSL) and
N-butyryl-L-homoserine lactone (C,~-HSL) [7, 8]. The
expression of these autoinducer-regulated virulence
factors directly contributes to the colonization and dis-
semination of the bacteria, which may determines the
course and outcome of the disease of the individuals
infected with P aeruginosa.

A break-through of antibiotic chemotherapy for
patients with chronic P aeruginosa pulmonary infec-
tion was brought by a case with DPB. This patient
happened to be treated with erythromycin over years,
and Dr. Shoji Kudoh noticed dramatic improvement of
the patient, including clinical symptoms, respiratory
function and chest X-ray findings. After that, Kudoh
and associates conducted an open trial study and re-
ported for the first time clinical efficacy of long-term
erythromycin therapy in DPB patients [9, 10]. The re-
cent progress in the clinical trial data demonstrated
successful extension of application of the long-term
macrolide therapy, not only to DPB patients, but also
to other types of chronic respiratory infection, such as
chronic sinusitis, bronchiectasis and CF. In contrast to
accumulating clinical evidence of macrolide efficacy,
mechanisms of its action are still unknown, although
many investigators are working on two major research
directions, effects of macrolide on host inflammatory
and immune systems or on bacterial virulence factors.
Recently we have reported that azithromycin, a



15-membered macrolide, suppresses quorum-sensing
systems of P aeruginosa at sub-MIC, without affect-
ing growth of the bacteria [11].

In this project, we examined potential of several
strategies to inhibit bacterial quorum-sensing systems
as a novel therapeutic approach for treatment of infec-
tious diseases. Especially, effects of sub-MIC macro-
lides on quorum-sensing of P aeruginosa were of our
great interest, and some promising data were obtained.
Additionally, search for autoinducer analogues as a
quorum-sensing inhibitor, vaccine strategy against
3-0x0-C;,-HSL, in addition to interspecies communi-
cation and interference by P aeruginosa autoinducer,
were explored.

1. Quorum-sensing systems and P. aerugino-
sa infection

Quorum sensing is an important mechanism for
the regulation of genes in many Gram-negative and
Gram-positive bacteria. P aeruginosa quorum-sensing
systems consist of two separate but interrelated sys-
tems, las and rhl [12, 13]. As the bacterial population
increases, the autoinducer signal molecules produced
by P aeruginosa, 3-oxo-C,,-HSL and C,-HSL, accu-
mulate, and as soon as they reach intracellular thresh-
old concentrations, these molecules bind to and acti-
vate their cognate transcriptional regulators (Figure 1).
Both systems have been found to regulate the produc-
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tion and expression of multiple virulence factors, such
as extracellular toxins (e.g. elastase, alkaline protease,
exotoxin A), rhamnolipid and pyocyanin. In addition,
Glessner and associates have reported that the las and
rhl quorum-sensing systems are required for pilus-de-
pendent twitching motility and the ability of P aerugi-
nosa to adhere to human bronchial epithelial cells is
also found to be dependent on the 74/ system [14]. To
investigate the effects of quorum-sensing systems dur-
ing infections, strains of P aeruginosa that contain de-
letions in one or more of the quorum-sensing genes
were tested in various infection models. These include
a burnt-mouse model, a murine model of acute pneu-
monia and a rat model of chronic lung infection
[15-18]. General observation obtained from these
models is that strains containing a mutation in quo-
rum-sensing genes were found to be less virulent com-
pared with wild-type P aeruginosa. Another interest-
ing aspect in quorum-sensing research is contribution
and association of this system in biofilm formation.
Accumulating data demonstrate that quorum-sensing
systems are essential for differentiation and maturation
of biofilm in P aeruginosa infection [19-23].

There is increasing evidence that quorum-sensing
is functionally active during P aeruginosa infections
in humans. Sputum samples from CF patients chron-
ically colonized with P aeruginosa contain mRNA
transcripts of the quorum-sensing genes [24]. The pro-
duction of autoinducer molecules in vivo was corrobo-
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Fig. 1. Schema of quorum-sensing systems in P aeruginosa.



rated in a human disease setting by studies that sputum
from P aeruginosa-colonized CF patients was able to
produce both 3-oxo0-C,,-HSL and C,-HSL [19]. Sub-
sequently, the autoinducer molecules were directly ex-
tracted from the sputum of CF patients colonized with
P aeruginosa [25]. These samples contained approxi-
mately 20 nM 3-oxo0-C,,-HSL and 5 nM C,-HSL. In
contrast, in experiments where bacteria were grown in
a biofilm, concentrations of 300-600 M 3-0x0-C,,-
HSL were measured in association with the bacteria
[26]. Although it is difficult to define exact concentra-
tions of autoinducer molecules at the site of infection,
particularly in biofilm, these results demonstrate that
quorum-sensing systems are active during P aerugino-
sa infection and it potentially regulates the expression
of various genes in vivo.

Advances in researches in the past several years
have demonstrated that the quorum sensing signal
molecule 3-0x0-C;,-HSL is also a potent stimulator of
multiple eukaryotic cells and thus may alter the host
responses to P aeruginosa infection. In vitro experi-
ments have shown that 3-oxo-C;,-HSL stimulates the
production of the inflammatory cytokine IL-8 from
human lung bronchial epithelial cells [27, 28]. It was
subsequently demonstrated that 3-oxo-C,,-HSL could
stimulate a broad-spectrum of responses in vivo by in-
ducing several inflammatory cytokines and chemo-
kines [17]. It has also been shown that 3-oxo-C;,-HSL
can inhibit the production of IL-12 and TNF-a from
LPS-activated mouse peritoneal exudate cells or hu-
man peripheral blood mononuclear cells [29, 30].
These data demonstrate that, under certain conditions,
3-0x0-C,-HSL also acts as an immunosuppressor.
More recently, we have reported that 3-oxo0-C,,-HSL at
a concentration of 12 M induces apoptosis in certain
types of cells, such as macrophages and neutrophils,
but not in epithelial cells [31]. Taken together, these
data suggest that the quorum-sensing molecules have a
critical role in the pathogenesis of P aeruginosa infec-
tion, not only in the induction of bacterial virulence
factors but also in the modulation of host responses.
Precise mechanisms in bacterial quorum-sensing sys-
tems and their regulation have been reviewed else-
where [32-35].

2. Potential of macrolides as a quorum-sens-
ing inhibitor

There are two broad strategies for the control of
bacterial infection: either to kill the organisms, or to
attenuate their virulence by making the organisms fail
to adapt to the host environment thus resulting in clear-
ance of the organisms by the innate defenses of the
host. The discovery that gram-negative bacteria em-
ploy HSL autoinducer molecules to regulate globally
the production of virulence determinants offers a novel
target. The ability to interfere with bacterial virulence
by jamming signal generation or signal transduction in
the quorum-sensing is intellectually attractive and
pharmaceutically appealing, and may be clinically
timely. These strategies may include chemical antago-
nists and specific antibody to inhibit the autoinducers,
HSL-destroying enzyme lactonase, and suppression of
quorum-sensing by interfering with the associated
genes and their products. Several investigators have
reported potential of HSL-analogues [36, 37] and syn-
thetic derivatives of natural furanone in inhibition of
bacterial quorum-sensing systems [38].

To find a quorum-sensing inhibitor, clinical and
experimental data described above provided a hint that
certain macrolides and their analogues may be a candi-
date as Pseudomonas quorum-sensing inhibitors. Par-
ticularly, it became more realistic after we knew that
long-term azithromycin therapy is effective to chronic
P aeruginosa pulmonary infection, irrespective of un-
derlying disease, DPB or CF. These facts prompted us
to examine whether clinically achievable concentra-
tions of macrolides affect the quorum-sensing systems
in P aeruginosa. Previously we have reported that 2
pg/ml of azithromycin suppressed transcription of las/
by 80% and rhll by 50% in P aeruginosa PAO1 [11].
Well correlated to these data, the production of 3-oxo-
Cy,-HSL and C4-HSL was inhibited to approximately
6% and 28% of the control, respectively. In contrast,
azithromycin treatment did not affect expression of the
xcpR gene, which codes for a structural protein be-
longing to the type II secretion pathway. These data
suggested that the effects of azithromycin on P aerugi-
nosa may be selective, but not nonspecific. In comple-
mentary study, the addition of exogenous autoinducers
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restored the expression of transcriptional regulator
lasR and rhlR, which were associated with restoration
of virulence factor expression. In contrast, no effect of
supplementation of autoinducers was observed in tran-
scription of autoinducer synthase gene /as/. Impor-
tantly, we have observed suppression of las/ gene ex-
pression by erythromycin, clarithromycin and
roxithromycin, in addition to azithromycin, but not by
oleandomycin and josamycin (Figure 2). These results
suggested that clinically effective macrolides are also
active for suppression of quorum-sensing system, and
macrolides might reduce the production of Pseudomo-
nas virulence factors by inhibiting the synthesis of the
autoinducer molecules.

How macrolides interfere with the transcription
of genes belonging to the quorum-sensing circuitry re-

mains fully unknown. The absence of a reduction of
xcpR transcription suggests that macrolides do not act
in a nonspecific manner. Macrolides inhibit protein
synthesis at the ribosomal level, and therefore a direct
effect of macrolides on gene transcription seems un-
likely. As the expression of /as/ could not be comple-
mented by exogenous autoinducers, we hypothesize
that macrolides might interfere with the translation of
a so-far-unidentified protein important for the tran-
scription of the autoinducer.

3. Agonistic and antagonistic activities of
HSL-analogues

Quorum-sensing is a bacterial intercellular com-
munication device for controlling gene expression
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through production of a small signal molecule, autoin-
ducer. Recently, we have reported that 3-oxo-C,,-HSL,
but not C,-HSL, induces apoptosis and chemokine
MIP-2 production in eukaryotic cells [31], although
mechanisms of the action of 3-oxo0-C,,-HSL are large-
ly unknown. We explored molecular basis and cellular
signaling in biological activities of the autoinducer, in
addition to screening of quorum-sensing antagonist
from a panel of derivatives of the autoinducer. We
synthesized a panel of 3-oxo-C,-HSL analogs to char-
acterize critical structures of autoinducer (Figure 3).
These compounds were evaluated in their antagonistic
activities in several ways: induction of apoptosis, apop-
tosis markers, such as caspase 3 and histone-associated
DNA fragmentation activity, and IL-8 production in
eukaryotic cells. To explore cellular signaling mecha-
nisms, responses of macrophages from receptor-defi-
cient mice (Fas, FasL, toll-like receptor 2 and 4) were
examined. Effects of 3-0x0-C,,-HSL on cellular sig-
naling factors, such as caspases and MAP kinases,
were investigated. The structure-activity correlation
demonstrated that fine structures of 3-oxo-C,;,-HSL,
such as presence of 3-oxo, length of acyl-side chain

and hydrophobicity, are crucial for apoptosis-inducing
activity in macrophages. A few compounds inhibited
virulence factor expression to some extents. Caspase
and MAP kinase inhibitors prevented apoptosis and
IL-8 production caused by 3-oxo-C;,-HSL, respective-
ly. These data demonstrated that fine structures of au-
toinducer may be crucial in maximum activity of this
molecule [39]. Our data suggest potential of certain
autoinducer analogs as antagonist to P aeruginosa
quorum-sensing.

4.Vaccine strategy against autoinducer molecule
3-0x0-C,-HSL

Quorum-sensing systems have been reported to
play a critical role in pathogenesis of several bacterial
infections. Recent data demonstrated that Pseudomo-
nas 3-0xo0-C;,-HSL, but not C,-HSL, induces apopto-
sis in macrophages and neutrophils. In this study, ef-
fects of active immunization with 3-0x0-C,-
HSL/carrier protein conjugate were investigated on
acute P aeruginosa lung infection in mice. Immuniza-
tion of mice with 3-oxo0-C;,-HSL/bovine serum albu-
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min conjugate (subcutaneous, 4 times, at 2-week inter-
vals) elaborated significant amounts of specific
antibody in the serum. Control and immunized mice
were intranasally challenged with approximately
3x10° CFU of P aeruginosa PAO1, and then survival
was compared. All control mice died by day 2 post
bacterial challenge, while 36% of the immunized mice
survived to day 4 (P<0.05) (Figure 4) [40]. Interest-
ingly, bacterial number in the lungs was not different
between the control and immunized groups, whereas
the levels of pulmonary TNF-« in the immunized mice
were significantly lower than those of the control mice
(P<0.05). Furthermore, the extractable 3-oxo0-C,,-HSL
levels in the serum and lung homogenate were also
significantly low in the immunized mice. [In vitro, im-
mune serum completely rescued macrophages from re-
duction of cell viability by 3-oxo0-C,,-HSL-mediated
apoptosis. These results demonstrated that specific
antibody to 3-oxo-C,-HSL plays a protective role in
acute P aeruginosa infection, probably through block-
ing of host inflammatory responses, without altering
lung bacterial burden. The present data identify a
promising potential of vaccine strategy targeting bac-
terial quorum-sensing molecules, including autoinduc-
ers.

5. Effects of P. aeruginosa 3-0x0-C,,-HSL on other
bacteria: Potential of interspecies communication
and interference

Bacteria commonly communicate each other by a
cell-to-cell signaling mechanism referred to as quo-
rum-sensing. Recent studies have shown that Las-quo-
rum-sensing autoinducer 3-oxo-C,-HSL of Pseudo-
monas aeruginosa possesses a variety of functions, not
only intra-species signaling, but also inter-species and
inter-kingdom communications. We examined effects
of Pseudomonas 3-0x0-C,,-HSL on growth and viru-
lence factor expression of other species of bacteria,
which frequently co-localize the lesion with P aerugi-
nosa in nature. Type strains and clinical isolates of Le-
gionella pneumophila, Serratia marcescens, Proteus
mirabilis, Ecsherichia coli, Alcaligenes faecalis and
Stenotrophomonas maltophilia were used in this study.
The bacteria were incubated in liquid medium with or
without synthetic 3-oxo0-C,,-HSL or its analogues (5—
50 M), and 24 h later their growths were examined
by plating. Effect of filter-sterilized culture superna-
tants of P aeruginosa PAO1 and its Las-quorum-sens-
ing deficient mutant was examined. Expressions of
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Fig. 5. Effects of 3-ox0-C,,-HSL on growth of L. pneumophila and other bacteria.

virulence factor genes (dotA, rtxA or Ivh) were ex-
plored in L. pneumophila by RT-PCR in the presence
of 3-0x0-C;,-HSL. 3-0x0-C,,-HSL, but not its ana-
logues, suppressed growth of L. preumophila in a
dose-dependent manner (Figure 5) [41]. We also ob-
served growth suppression of L. preumophila by cul-
ture supernatant of PAO1, but not that of Las-quorum-
sensing mutant. The growth of L. pneumophila was
completely inhibited by 50 M of 3-ox0-C,,-HSL, and
interestingly, significant suppressions of virulence fac-
tor genes were demonstrated in L. pneumophila ex-
posed to Pseudomonas 3-0x0-C,-HSL. Our results
suggest that Pseudomonas quorum-sensing autoinduc-
er 3-0xo0-C,-HSL possesses bacteriostatic and viru-
lence factor-suppressing activity against L. pneumoph-
ila. These data identify a novel activity of quorum-
sensing autoinducer in bacterial inter-species
communication.

6. Conclusions

The potential of macrolides as a prototypic inhib-
itor of bacterial quorum-sensing systems was explored.
Given that clinical efficacy of macrolides is associated
with suppression of bacterial virulence, including quo-
rum-sensing activity, further investigation aimed at
characterizing molecular mechanisms involved may
prove fruitful in identifying novel strategies of antimi-
crobial chemotherapy against disease caused by antibi-
otic resistant organisms and biofilm disease. Also, the

present data demonstrated potential of multiple ap-
proaches to inhibit bacterial cell-to-cell signaling sys-
tems, through autoinducer antagonists, vaccine strate-
gy and interspecies interference.

This study was done in collaboration with Ka-
zuhiro Tateda of this Department.
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Introduction

Dental plaque is a biofilm formed by numerous
organisms bound tightly to the tooth surface and is
closely associated with the etiology of oral infectious
diseases. The biofilm formation is associated with in-
tercellular communication, quorum sensing (QS) (1).
For QS, bacteria synthesize and secrete extracellular
signaling molecules, autoinducer (2). When a critical
threshold concentration of the autoinducer is attained,
a signal transduction cascade is triggered, resulting in
the density dependent regulation of gene expression
and a change in behavior of the organism for facilitat-
ing environmental adaptation (3). The predominant
signaling molecules of gram-positive bacteria are pep-
tides, while in gram-negative bacteria, some different
systems of QS, which use different types of signaling
molecules, have so far been described (4). The autoin-
ducer of gram-negative bacteria has been identified as
an N-acyl homoserine lactone (N-acyl HSL) (5). Frias
et al. (6) suggested that the gram negative periodontal
organisms do not possess N-acyl HSL-dependent sig-
naling systems. However, several of these organisms
such as Porphyromonas gingivalis and Actinobacillus
actinomycetemcomitans secrete signals functionally
related to AI-2 (7-10).

P gingivalis has frequently been isolated from
periodontal lesions and shown to be related to the on-
set and progression of periodontal disease (11, 12).
Although previous researchers were unable to obtain
any evidence to suggest that the gram negative anaer-
obe P gingivalis employs N-acyl HSL-mediated QS,
they have demonstrated that this periodontopathic bac-

teria produces a diffusible signal molecule capable of
activating the V. harveyi AI-2 biosensor (6-8). To deter-
mine whether N-acyl HSLs play a role in P gingivalis,
we investigated the influence of synthetic N-acyl HSLs
on the growth and production of proteins in this organ-
ism.

Cariogenic bacteria and periodontopathic bacteria
live in dental plaques as oral biofilms and induce re-
spective infections. Recent studies have suggested that
these bacteria are associated with systemic disease (13,
14); therefore the need for oral care in a systemic
health regimen has also been emphasized. In this
study, the inhibitory effect of the lectin purified from
the skin mucus of Japanese eels on biofilm formation
by oral bacteria was also evaluated.

Materials and Methods
Bacterial strains and culture conditions.

P gingivalis ATCC 33277, ATCC 53977, Su63
and W50; Prevotella intermedia ATCC 15032, ATCC
25611 and ATCC 49046; A. actinomycetemcomitans
Y4, ATCC 29523 and ATCC 29524; Streptococcus so-
brinus 6715 and B13; Streptococcus mutans MT8148R
and JC2 were used in this study. These strains were
maintained anaerobically on blood agar plates contain-
ing trypticase soy agar (Becton Dickinson Microbiolo-
gy System, Cockeysville, MD, USA) supplemented
with 10% defibrinated horse blood, hemin (5 xg/ml;
Sigma Chemical Co., St. Louis, MO, USA) and mena-
dione (0.5 g/ml; Wako Pure Chemical Industries,
Osaka, Japan). The bacterial strains were cultured an-
aerobically in trypticase soy broth (TSB; Becton Dick-



inson Microbiology System) supplemented with hemin
and menadione at 37°C.

Effect of synthetic N-acyl HSLs or acyl coenzyme A on
the growth of bacteria.

N-butyryl-DL-homoserine lactone (HSL), N-hex-
anoyl HSL, N-heptanoyl HSL, N-octanoyl HSL, and
N-tetradecanoyl (myristoyl) HSL were used as synthet-
ic N-acyl HSLs (Sigma-Aldrich Co., Steinheim, Ger-
many). Each N-acyl HSL was added to the culture
broth at various concentrations (100xM, 10uM and
100 nM), and its influence on the growth of test bacte-
ria was evaluated. Growth was monitored by optical
density (OD) at 660 nm for 48 h. In order to confirm
survival for 48 h, 100 x1 aliquots were taken from cul-
tures with N-acyl HSL showing no increase in OD, in-
oculated onto blood agar plates, and cultured for one
week under anaerobic conditions.

In order to study the effect of acyl coenzyme A
(acyl CoA) on P gingivalis autoinducer synthesis, P
gingivalis ATCC 33277 cells were cultured in the broth
containing myristoyl CoA or lauroyl CoA (100 M and
10 #M; Doosan Serdary Research Laboratories, Toron-
to, Canada). Growth was monitored by OD at 660 nm.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis.

P, gingivalis ATCC 33277 and ATCC 53977 were
cultured with/without N-tetradecanoyl HSL for 24 h.
Cells were harvested by centrifugation. Harvested cells
were suspended in distilled water, and disrupted by
sonication. The protein content of the sonicated sample
was adjusted to 1 mg protein per ml. The adjusted
samples were suspended in SDS-PAGE loading buffer
(15) and boiled for 10 min. The samples were loaded
on the gel. SDS-PAGE was done in 10 to 20% gradient
micro slab gels (Daiichi Pure Chemical Co., Tokyo, Ja-
pan) and stained with Coomassie brilliant blue (CBB;
Amersham Biosciences AB, Uppsala, Sweden).

Purification of eel lectin AJL-1.

The lectin, AJL-1 (16), was purified from the skin

mucus of the Japanese eel, Anguilla japonica. Skin
was gathered from ice-chilled eels and immediately
bufferized with 0.02 M Tris-HCI buffer (pH 7.5). The
extract was fractionated with gel filtration chromato-
graphy and affinity chromatography (17).

Effect of AJL-1 on biofilm formation of oral bacteria.

Aliquots of 10 x1 of precultured cells were inocu-
lated into wells of 96-well (flat-bottom) cell culture
plates (Sumitomo Bakelite Co, Ltd, Tokyo, Japan) con-
taining 25, 50, or 100 zg/ml of AJL-1 in 100 xl of
broth. The plates were anaerobically incubated for 24 h
or 48 h. After incubation, the biofilm formations on
the bottom of wells were quantified.

Quantification of biofilm.

Quantification of biofilm was achieved by using
the protocol of Yamanaka et al. (18). Briefly the cul-
ture medium containing floating bacteria was removed.
The wells were washed with 200 z1 of distilled water.
The adherent bacteria were stained with 50 1 of 0.1%
crystal violet for 15 min at room temperature. After
rinsing with 200 «1 of distilled water twice, the dye
bound to biofilm was extracted with 200 «1 of ethanol
for 20 min. Biofilm formation was then quantified by
measuring the OD of the extract at 595 nm with a mi-
croplate reader (Model 3550, Bio-Rad Laboratories,
Hercules, CA).

Results

Effects of synthetic N-acyl HSLs or acyl CoA on the
growth of P gingivalis.

N-tetradecanoyl HSL completely inhibited the
growth of all P gingivalis strains tested in this study at
100 «M (Table 1). Growth inhibition of this N-acyl
HSL was dose-dependent. Myristoyl CoA also inhibit-
ed P gingivalis growth in a dose- dependent manner
(Table 2). However lauroyl CoA showed no inhibitory
effect on the growth of P gingivalis (Table 2). P gingi-
valis cells from cultures showing no increase in OD
formed many colonies on blood agar plates (data not



Table 1. Effects of N-acyl HSLs on the growth of P gingivalis strains
P, gingivalis strains
N-acyl HSLs ATCC 33277 ATCC 53977 W50 Su63
Control ++ + ++ ++
N-tetradecanoyl HSL
100 uM - - -
10 uM + - + +
100 nM ++ + - -
N-butyryl HSL
100 M ++ + ++ ++
N-hexanoyl HSL
100 M ++ + ++ ++
N-heptanoyl HSL
100 M ++ + ++ ++
N-octanoyl HSL
100 M + + o -
Growth was monitored by optical density (OD) at 660 nm.
++:0.25<0Dgsp  +: 0.1=0D450<0.25 +: 0.05<0D450<0.1 —: OD4<<0.05

Table 2. Inhibitory effect of acyl CoA on the growth of P gingivalis

ATCC 33277 strain

Acyl CoA

Concentration

Culture time

24 h 48 h
Control - ++ ++
Myristoyl CoA 100 M -
10 uM - +
Lauroyl CoA 100 M + +
10 uM ++ ++

Growth was monitored by optical density (OD) at 660 nm.

++:0.2520Dg50 +: 0.1<0Dgs<0.25  +: 0.0520Dg40<0.1

shown), indicating that this microorganism survived at
least 48 h in the broth containing N-tetradecanoyl HSL
or myristoyl CoA.

Effect of N-tetradecanoyl HSL on the protein expres-
sion of P. gingivalis.

We compared the SDS-PAGE profiles of sonicat-
ed samples of P gingivalis cells cultured with or with-

- OD(,(,()<0.05

out N-tetradecanoyl HSL. The effects of N-tetradec-
anoyl HSL on the protein expression of P gingivalis
ATCC 33277 and ATCC 53977 are shown in Fig. 1.
We found that protein production of P gingivalis was
changing by addition of N-tetradecanoyl HSL. We con-
firmed that the alteration of the protein profile was not
due to contamination by black-pigment produced by
bacteria themselves.
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Fig. 1. SDS-PAGE profile (CBB staining) of P gingivalis sonicated samples. Lanes, S; molecular weight standards,
1; sonicated sample of P gingivalis cells in control culture, 2; sonicated sample of P, gingivalis cells cultured
with 100 #M N-tetradecanoly HSL. a) ATCC 33277, b) ATCC 53977.

Table 3. Effects of AJL-1 on the biofilm formation of oral bacteria

Amounts of biofilm (Optical density at 595 nm)

AJL-1 (pg/ml)

Bacterial strains 0 (control) 25 50 100

S. sobrinus 6715 0.59+0.14  0.35+0.09* 0.39+0.14* 0.96+0.18*
S. sobrinus B13 141+£032 0.51+£0.25* 0.52+0.18* 0.52+0.25%
S. mutans JC2 0.87+0.54 039+036* 0.76+0.64 0.80 £ 0.66
S. sobrinus MT8148R 1.60+0.46  1.44+0.32 1.44+0.42 1.61 +£0.22
A. actinomycetemcomitans Y4 0.90 +0.11 0.31 £0.06* 0.17+0.07* 0.11 £0.02*
A. actinomycetemcomitans ATCC 29523  0.20+0.07  0.06 £0.02* 0.02+0.01*  0.02 +0.03*
A. actinomycetemcomitans ATCC 29524  0.51+0.25  0.06 £0.04* 0.04 £0.05* 0.03 +£0.03*
P, gingivalis ATCC 33277 037+0.07 043+0.18 0.44+0.15 0.37+0.16
P, gingivalis 381 1.15+0.24  1.12+047 1.31 +£0.57 1.01 £0.35
P, intermedia ATCC 15032 .16 £0.29  1.13+0.22 1.00 +0.33 1.26 +0.34
P, intermedia ATCC 25611 0.73+0.08  0.69 +0.12 0.76 +0.09 0.71+0.12
P, intermedia ATCC 49046 1.18£0.28  1.08 +0.25 1.02+0.18 0.93+0.42

*p<0.05 vs. control



Effect of AJL-1 on oral bacterial biofilm formation.

The effects of AJL-1 on oral bacterial biofilm for-
mation on the 96-well plates are shown in Table 3.
AJL-1 significantly reduced biofilm formation of all 4.
actinomycetemcomitans strains tested and S. sobrinus
B13 in a dose dependent manner (Mann Whitney U
test, p<0.05). However, no inhibitory activity was
shown against all P gingivalis and P intermedia strains
tested in this study at any concentrations.

Discussion

Since bacteria within the biofilms reach a high
density, it has been suggested that QS might play a key
role in bacterium-bacterium communication and, there-
fore, in the formation of biofilm (1). QS mechanisms
control the production of virulence factors in some
species of bacteria (19-21). P gingivalis has long been
considered one of the main periodontopathic bacteria,
playing an important role in bone and tissue destruc-
tion (22). To facilitate adaptation for life within the
oral cavity, P gingivalis must be capable of sensing
and responding to prevailing environmental conditions,
including variations in temperature, oxygen tension,
pH, nutrient availability and the presence of other cells
(23, 24).

Several investigators (6-8) suggested that peri-
odontal bacteria including P gingivalis do not possess
N-acyl HSL dependent signaling circuits. In their re-
ports, those bacteria were tested for production of ex-
tracellular autoinducer-like activities that stimulates
the expression of the genes for biosensors of V. harveyi
or Chromobacterium violaceum. It suggests that P gin-
givalis does not employ N-acyl HSLs which are able to
stimulates the biosensors. The objective of the present
study is to investigate whether P gingivalis possesses
N-acyl HSL system as one of the QS signal by the as-
say using synthetic N-acyl HSLs. N-tetradecanoyl HSL
inhibited the growth and affected protein production in
P gingivalis. The growth of P gingivalis was inhibited
by myristoyl CoA but not by lauroyl CoA, suggesting
that P gingivalis responds to auto-produced N-tetra-
decanoyl (myristoyl) HSL-like molecule(s), and slows

their growth.

Cinl, LuxI homologue, produces the N-(3-hy-
droxy-7-cis tetradecanoyl) HSL, and CinR is a LuxR-
type regulator (25). Cerl, which is also LuxI homo-
logue, in Rhodobacter sphaeroides synthesizes N-(7-
cis-tetradecanoyl) HSL (26). Laue et al. (27)
demonstrated that Pseudomonas fluorescens F113
makes at least three different N-acyl HSLs including
N-(3-hydroxy-7-cis tetradecanoyl) HSL and identified
a gene hdtS which does not belong to the LuxI or
LuxM family of N-acyl HSL synthases. Interrogation
to the P gingivalis W83 genome sequence database
(www.tigr.org) for homologues of N-acyl HSL syn-
thases belonging to either the LuxI or LuxM family
failed to identify any candidates. However, one open
reading frame (ORF) with significant homology with
HdtS amino acid sequence was identified (TIGR lo-
cus: PG1249, 1-acyl-sn-glycerol-3-phosphate acetyl-
transferase, putative). The ORF showed 25% identity
and 48% amino acid similarity with the HdtS at over
201 amino acids. The ORF possesses two motifs which
are conserved in the lysophosphatidic acid acyltrans-
ferases (28, 29). It is possible that the ORF is an acyl-
transferase which transfers acyl-chains onto a substrate
to generate some N-acyl HSLs. Further study is re-
quired to define its function for N-acyl HSL forma-
tion.

Animal lectins are classified as C-type (30), ga-
lectin family (31, 32), P-type (33), I-type (34) or oth-
ers (35). The eel lectin AJL-1 was composed of 142
amino acid residues, and showed homology to member
of the galectin family (16). This lectin showed aggluti-
nating activity against pathogenic bacteria, Streptococ-
cus difficile. This suggests that AJL-1 plays an impor-
tant role as a defensive factor at the body surface in
eel. AJL-1 showed agglutinating activity against S. so-
brinus B13, but not against any other bacteria tested
(data not shown). The present study shows that the eel
lectin effectively inhibits biofilm formation by some
oral bacteria such as S. sobrinus and A. actinomy-
cetemcomitans. We intend to confirm these effects in
vivo and apply them clinically.



Conclusions

The present study suggests that P gingivalis re-
sponds to N-tetradecanoyl HSL-like signaling mole-
cule and changes protein production to become more
fit for habitation in the worse environment.

The eel lectin AJL-1 effectively inhibited biofilm
formation by some oral pathogens.

This study was done in collaboration with Eiichi
Saitoh, Department of Applied Chemistry and Bio-
technology, Niigata Institute of Technology, and Akiyo
Ito, Department of Periodontology, Tokyo Dental Col-
lege.
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Introduction

In 1972, a group of patients with overlapping fea-
tures of systemic lupus erythematosus (SLE), systemic
sclerosis (SSc) and polymyositis, associated with the
serum autoantibodies to nuclear RNP, was described,
and this condition was designated as mixed connective
tissue disease (MCTD) (1). In addition, pulmonary hy-
pertension (PH) with particularly severe intimal and
medial thickening of the blood vessel has been report-

Phospholipids

V=

ed in the patients of MCTD (2, 3).

Prostaglandin D synthase (PGDS) produces PGD,
from PGH,, which is the common precursor of prosta-
glandins (PGs) synthesized from arachidonic acid (AA)
by cyclooxygenase I and II (Fig. 1). Two kinds of
PGDS have been isolated and designated as lipocaline-
type PGDS and hematopoietic PGDS, respectively. Li-
pocaline PGDS is a brain enzyme and its product,
PGD,, is the most potent somnogenic substance so far
known and is involved in various physiological events,
such as regulation of sleep and pain responses (4). He-
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Fig. 1. Arachidonic acid cascade and metabolites. Prostaglandin D synthase (PGDS) produces PGD,
from PGG,/H, and one of its non-enzymatically converted metabolite, 15d-PGJ,, directly or via
NF £ -B suppresses Cox-II. Prostaglandin I synthase (PGIS) produces PGI,, short-acting vasodi-

lator, from PGG,/PGH..



matopoietic PGDS is a splenic enzyme and is ex-
pressed in antigen-presenting dendritic cells as well as
in mast cells of various organs. Its product PGD, and
one of its metabolites, cyclopentenone 15-deoxy-4'*
“-PGJ, (15d-PGl,), have the capability to down-regu-
late inflammatory cytokine production via peroxisome
proliferator-activated receptor ¥ (5). In addition, pros-
tacyclin (PGI,) produced from PGH, by PGIS is a po-
tent short-acting vasodilator and inhibitor of platelet
aggregation produced by vascular endothelium (Fig. 1).
Indeed, epoprostanol (prostacyclin) was used as oral
vasodilator therapy (6) and continuous intravenous in-
fusion (7), for the treatment of pulmonary hyperten-
sion. In addition, an animal model of prostacyclin gene
therapy for human pulmonary hypertension has been
done using PGI, synthase gene incorporated HV1J lipo-
somes to monocrotaline (MCT)-induced pulmonary
hypertensive rats (8).

Endothelin-1 (ET-1) is known to have potent ef-
fects on contraction and proliferation of vascular
smooth muscle cells and is also known to induce myo-
cardial cell hypertrophy. In addition, endogenous ET-1
contributes to the progression of cardiopulmonary al-
teration in rats with MCT-induced pulmonary hyper-
tension (9). Two ET-1 receptors, ET, and ETjy are con-
sidered to contribute to vasoconstriction and
proliferation of vascular smooth muscle cells, and
clearance of ET-1 in endotherial cells, respectively (10).

Based on those findings, we tried to cure the
MCT-induced pulmonary hypertension of rats by cell
therapy using PGI,- or PGD,- producing cells, in order
to clarify the role of those prostaglandins, and ET-1
and its receptors in remodeling of pulmonary artery af-
fected by pulmonary hypertension.

Materials and Methods
Rats, cells and cell lines.

Male SD rats (age 6 weeks, b.w. 200 g) were pur-
chased from CLEA and fed standard chow pellets and
water ad libitum. Human pulmonary artery endotherial
cells (HUVEC) were purchased from Cambrex Bio
Science Walkersville, Inc and cultured with endotheri-
al cell medium- 2 (EGM- 2) bullet kits (Cambrex Bio

Science Walkersville, Inc) supplemented with 2% heat
inactivated fetal calf serum (Hyclone) in a 5% CO, at-
mosphere at 37°C. Human smooth muscle cells
(HPAEC) derived from artery were purchased from
Asahitechno Glass then cultured with normal human
muscle cell system (Asahi-techno) supplemented with
2% heat inactivated fetal calf serum (Hyclone) in the
same culture condition as that for HUVEC. C57BL/6J
(C57) cells were purchased from Riken, and normal rat
kidney (NRK) cells were gift from Dr. Hayashi (Kita-
sato University). C57 cells expressing human prosta-
glandin D synthase by retrovirus vector pLXSN (BD
Biosciences Clontech), and C57 cells expressing pLX-
SN alone were designated as C57-PGDS and C57-EV,
respectively (11). Similarly, NRK cells expressing rat
prostaglandin I synthase by pLSXN and NRK cells ex-
pressing pLXSN alone were designated as NRK-PGIS
and NRK-EV, respectively. Those cells were cultured
in Dulbecoo’s modified Eagle’s medium (Sigma) sup-
plemented with 10% heat-inactivated fetal calf serum
(Hyclone) in a 5% CO, atmosphere at 37°C.

The cell-therapy for monocrotaline-induced pulmonary
hypertension (MCTPH) of rats using PGD,- or PGI,-
producing cells.

MCTPH rats were prepared according to the pre-
vious report (10); 60 mg monocrotaline (Wako) /kg b.w.
was injected to the neck of the rats.

The cell-therapy was carried out as follows: 0.5
ml PBS (Takara) containing 2.5 x 10° cells of C57-
PGDS or C57-EV or C57-PGIS or the same volume of
PBS not containing cells (control) were intravenously
injected into the tail vein of the rats.

Measurement of systemic and right ventricular blood
pressure.

Three weeks after the injection of the PGD,- or
PGl,-producing cells, the MCTPH rats were anesthe-
sized with Nembtal (50 mg/kg b.w., i.p., Abbot), and
systemic arterial and right ventricular blood pressure
were measured under tracheal intubation for respira-
tion with volume-regulated respirator (tidal volume 1
ml/kg, rate 60 breaths/min).



Table 1. Oligonucleotide primers used for reverse transcriptase-polymerase chain reaction

Target Product . s s ..
gene length, bp Primer (5°-3) Description
Rat BT 148 CCATGCTGGCTGGGATCTTA 20-mer
atbls TGCTACCAGCGGATGCAAA 19-mer
Rat BT % CGCCATTGAAATTGTCTCCAT 20-mer
atbla TGCTCGCCCTTGTATTCGA 19-mer
Rat BT 180 TGGCCATTTGGAGCTGAGAT 20-mer
arbls TCCAAGAAGCAACAGCTCGAT 21-mer
GAPDH 380 TTGGATCCGTCAGTGCCGGCCTCGTCTCATAG  32-mer
TTCTCGAGGACCCTTTGGCACCACCCTTCAG 32-mer
Human ET1 147 CTTCTGCCACCTGGACATCAT 20-mer
uman £ - TTGGCTAGCACATTGGCATCT 20-mer
Human ET 0 CACAGAGCTCAGCTTCCTGGTTA 23-mer
uman £ fa AGTCTGCTGTGGGCAATAGTTGT 23-mer
Human ET 147 CCAATATCTTGATCGCCAGCTT 22-mer
uman &1 ACGGAGGCTTTCTGTATGAAAGG 23-mer

Wet weight of the lung, heart and right ventricle
was also measured after sacrifice of the rats.

Real time polymerase chain reaction (PCR) and re-
verse transcriptase (RT)-PCR.

Total RNA was extracted from the lungs and right
ventricle using a Trizol reagent (Invitrogen Life Tech-
nologies), and from the cultured cells using an RNeasy
Mini Kit (Qiagen). The first stranded cDNA was syn-
thesized from 1 pg of the total RNA using AMV re-
verse transcriptase and p(dN)s random primer (Roche
Diagnostic). Oligonucleotide primers used for RT-PCR
were listed in Table 1. Primers used for PGDS RT-PCR
and COX 2 real time PCR were previously reported
(11).

Prosta-5,13-dien-l-oicacid, 6, 9-epoxy-11,15-di-
hydroxy-, monosodium salt (PGI,) and cyclopentenone
15-deoxy-4'>14-PGJ, (15d-PGJ,) were purchased from
Cayman Chemical.

Results
Characterization of C57-PGDS and NRK-PGIS.

The first stranded cDNA was synthesized from
the RNA extracted from C57-PGDS and NRK-PGIS,
and expression of retrovirally transfected DNA and
their transcripts were confirmed by specific DNA PCR
and RT-PCR, respectively (data not shown). PGD, pro-
duction and its biological activity concerning suppres-
sion of COX-2 expression were evaluated on C57-
PGDS and C57-EV by PGD, ELISA (Cayman
Chemical) and COX-2 real time PCR analysis, respec-
tively.

The results of PGD, ELISA (Fig. 2A) show clear-
ly that C57-PGDS produce significantly large amounts
of PGD, in the presence of arachidonic acid (AA).

The COX-2 real time PCR analysis showed that
expression of COX-2 induced by TNF « is significant-
ly inhibited in C57-PGDS (Fig. 2B). This suggests that
15-d-PGJ, produced from PGD, suppresses COX-2 ex-
pression (see Fig. 1).

As an experiment in a similar lines, 6 keto
PGF1a, stable metabolite of PGI,, was measured on
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acid (AA) and then 6-keto PGF1«, stable metabolite of PGI,, was measured by specific ELISA.




NRK-PGIS by ELISA. The results shown in Fig. 3 in-
dicate that NRK-PGIS produce significant amounts of
6ketoPGF 1« in the presence of arachidonic acid (AA).
Thus, all these results showed that retrovirally
transfected PGDS and PGIS genes were successfully
introduced into C57 cells and NRK cells, then tran-
scribed and produced PGD, and PGI,, respectively.

Suppression of right ventricle blood pressure in
MCTPH rats by C57-PGDS or NRK-PGIS cell thera-

py.

Right ventricle blood pressure was measured on 4
groups of MCTPH rats inoculated with C57-EV, C57-
PGDS, NRK-EV or NRK-PGIS, 21 days after the cell
inoculation. As shown in Fig. 4, the results clearly in-
dicated that C57-PGDS and NRK-PGIS cell therapy
successfully improved the right ventricle blood pres-
sure in comparison with controls inoculated with C57-
EV or NRK-EV.

Suppression of increase in wet weight of right ventricle
by C57-PGDS and NRK-PGIS cell therapy.

The rats in the preceding section were sacrificed
after measurement of the right ventricle blood pres-
sure, and then wet weight of their lungs (data not
shown), heart (data not shown) and right ventricle was
measured. No significant change in the wet weight of
the lungs and heart was observed in the rats treated
with MCT, but these rats showed significant increase
in the wet weight of the right ventricle. This increase
in the weight of the right ventricle caused by MCT was
obviously suppressed by NRK-PGIS cell therapy and
C57-PGDS cell therapy (Fig. 5).

Expression of retrovirally transfected genes in the
lungs of MCT-treated and C57-PGDS inoculated rats.

RNA was extracted from the lungs of the rats in
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Fig. 4. Suppression of right ventricle blood pressure by C57-PGDS and NRK-PGIS cell therapy for
MCTPH in rats. Monocrotaline (60 mg pro kg b.w.) was injected to the neck of rats. Then, 2.5
x 10° cells of C57-EV or C57-PGDS or NRK-EV or NRK-PGIS were intravenously inocu-
lated to the rats. 21 days after the cell inoculation, right ventricle blood pressure was mea-
sured under tracheal intubation for respiration with volume-regulated respirator.



the preceding section after measurement of the wet
weight of the organs and used for PGDS-specific RT-
PCR. The results (Fig. 6) showed clearly that retrovi-
rally transfected PGDS genes were transcribed until
day 19 of the cell inoculation. Similarly presence of
PGIS gene transcripts in the lungs of the rats were also
observed until day 19 of C57-PGIS inoculation (data
not shown).

Expression of ET-1, ET, and ETy in the right ventricle
and the lungs of MCT-treated and C57-PGDS or NRK-
PGIS inoculated rats.

RNA was extracted from the right ventricle and
lungs of MCT-treated and C57-PGDS or NRK-PGIS
inoculated rats and subjected to the RT-PCR for rat

ET-1, ET. and ETjp transcripts. The results showed that
ETg transcript increased in the right ventricle but not
in the lungs, after C57-PGDS (Fig. 7A) or NRK-PGIS
(Fig. 7B) cell therapy.

Effect of 15d-PGJ, and PGI, on expression of ET-1,
ET, and ETy on human pulmonary artery endotherial
cells (HUVEC) and smooth muscle cells (HPAEC).

We tried to retrovirally transfect PGDS or PGIS
genes into HUVEC cells and HPAEC cells, but selec-
tion of the transfected cells was not successful. There-
fore, we used PGI, and 15d-PGJ, to evaluate the effect
on transcripts of ET-1, ET, and ETy by real time PCR
assay. Approximately 1 x 10° cells of HUVEC and HE-
PAEC were incubated with 1 x 10* M PGL,, 1 x 107 M
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Fig. 5. Suppression of wet weight of right ventricle by C57-PGDS and NRK-PGIS cell therapy
in MCTPH rats. Wet weight of right ventricle of MCTPH rats inoculated with C57-EV,
C57-PGDS, NRK-EV or NRK-PGIS were measured after 21 days of cell inoculation.
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Fig. 6. Expression of PGDS mRNA in the lungs of MCT-treated rats after C57-PGDS cell thera-
py. RNA was extracted from the lungs of MCT-treated and C57-EV or C57-PGDS inocu-
lated rats at 3, 7 and 19 days after the cell inoculation, and subjected to PGDS specific
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Fig. 7. Expression of ET-1, ET, and ETj in the right ventricle and lung of MCT-treated
and C57-EV, C57-PGDS (A), NRK-EV, or NRK-PGIS (B) inoculated rats. RNA
was extracted from the lungs and right ventricle of MCT-treated and C57-EV,
C57-PGDS, NRK-EV or NRK-PGIS inoculated rats, and then was subjected to
RT-PCR for ET-1, ET, and ETs.
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Fig. 8. Effect of 15d-PGJ, and PGI, on expression of ET-1, ET, and ET on human
smooth muscle cells (HEPAC). PGI, at concentration of 10°°M (12—-6), 107 M
(I2—7), and 15d-PG]J, at concentration of 10°M (J2—6) were added to approx-
imately 1 x 10° cells of HEPAC. RNA was extracted after 24 hours, and sub-
jected to real time PCR for ET-1, ET, (ET-AR) and ETy (ET-BR). Control: 1.

PGI, or 1 x 10°°M 15d-PGJ, for 24 hours, and then
were used for RNA extraction. The extracted RNA was
subjected to the real time PCR analysis for transcripts
of ET-1, ET,, and ETg. As shown in Fig. 8, 15d-PGlJ,
but not PGI, dramatically increased transcript of ETg
on the smooth muscle cells, HPAEC. By contrast both
PGI, and 15d-PGJ, did not affect the amounts of tran-
scripts of ET-1, ET, and ETg on the endotherial cells,
HUVEC (Fig. 9).

Discussion

MCT-induced pulmonary hypertension was dra-
matically improved by C57-PGDS and NRK-PGIS cell
therapy. Retrovirally transfected PGDS and PGIS
genes were effectively transcribed and produced high
concentration of their products (700-800 pg/ml). Inoc-

ulation of C57-PGDS or NRK-PGIS resulted in im-
provement of MCT-induced pulmonary hypertension
of rats in terms of suppression of right ventricle blood
pressure and weight of the ventricle, suggesting effec-
tiveness of PGD, or PGI, produced by the inoculated
cells.

In vivo experiments suggested that one of the
mechanism of the cell therapy with those prostaglan-
din synthase genes, was up-regulation of ETy receptor
which contributes to the clearance of ET-1 in the ven-
tricle. This result seems to suggest that proliferation of
smooth muscle cells by MCT is suppressed because of
clearance of ET-1 via ETg. Actually, proliferation of
smooth muscle cells of pulmonary artery in MCT-
treated rats was totally suppressed by C57-PGDS cell
therapy when evaluated by histological findings (data
not shown). /n vitro experiments suggested that tran-
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Fig. 9. Effect of 15d-PGJ, and PGI, on expression of ET-1, ET, and ET on human pul-
monary artery endotherial cells (HUVEC). PGI, at concentration of 10°M (I2—6),
107 M (I12-7), and 15d-PGJ, at concentration of 10°M (J2—6) were added to ap-
proximately 1 x 103 cells of HUVEC. RNA was extracted after 24 hours, and
subjected to real time PCR for ET-1, ET, (ET-AR) and ETy (ET-BR). Control: 1.

scripts of ETg in human smooth muscle cells (HPAEC)
were up-regulated by 15d-PGlJ, but not by PGI,.

These results suggest the following important as-
pects; therapeutic effect of PGDS cell therapy and
PGIS cell therapy on pulmonary hypertension should
be achieved through different path-ways, and ETy on
smooth muscle cells in the artery may be one of the
important path-ways in the PGDS cell therapy. It is
worth to note that ET, are mainly expressed on smooth
muscle cells and ETy are on endotherial cells (10). Our
present study revealed that ETy expressed on smooth
muscle cells as minor ET-1 receptor played important
role in the C57-PGDS cell therapy. Detail of the mech-
anism of the therapeutic effect of the PGDS through
ETg, together with the path-way in the therapeutic ef-
fect of PGIS cell therapy should be clarified in the fu-

ture.
Conclusion

Cell therapy using retrovirally transfected PGDS
and PGIS genes successfully improved MCT-induced
pulmonary hypertension in rats, and it was revealed
that ETg on the smooth muscle cells should play im-
portant role in the C57-PGDS cell therapy.
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Immunotherapy Targeting VEGFR-2 for Prevention
from Pathological Retinal Angiogenesis
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Introduction

Angiogenesis is a common progressed pathology
in vision-threatening retinal diseases including diabet-
ic retinopathy and age-related macular degeneration
(AMD). These retinal diseases are the major causes of
severe vision loss and blindness in the elderly in the
developed countries. Therefore, a new therapy for sup-
pressing ocular neovascularization needs to be urgently
established in terms of both clinical ophthalmology
and vascular biology.

Visual impairment in diabetic retinopathy results
from ischemia-induced pathological retinal neovascu-
larization, whereby new retinal vessels invade the vit-
reous cavity without physiological revascularization
for the ischemic retina. Diabetic retinopathy character-
ized by pathological neovascularization is called “pro-
liferative diabetic retinopathy’, which develops vitre-
ous hemorrhage and traction retinal detachment.

In AMD, neovascularization develops beneath the
macula (the central retina), or new vessels from the
choroid invade the subretinal space. The process is
termed ‘choroidal neovascularization (CNV)’, which
complicates wet form of (exudative or neovascular)
AMD with subretinal hemorrhage and exudative reti-
nal detachment.

Previous analyses on human surgical samples and
animal disease models have revealed that neovascular-
ization seen in these retinal diseases depends on vascu-
lar endothelial growth factor (VEGF). VEGF has five
isoforms generated from the single gene via alternative
splicing. They are named VEGF121, VEGF145,

VEGF165, VEGF189, and VEGF206, based on the
number of amino acids comprised in each isoform (i.e.,
VEGF121 is a 121-amino-acid form of VEGF). Of
these, two major isoforms constitutively expressed in
the retina are VEGF121 and VEGF165. VEGF recep-
tors expressed on vascular endothelial cells are known
as VEGFR-1, VEGFR-2 and neuropilin-1. VEGFR-2,
but not VEGFR-1, mediates intracellular signal trans-
duction for endothelial cell mitogenicity and vascular
permeability. Neuropilin-1 was shown to be a specific
receptor for VEGF 165, enhancing VEGF165 bioactivi-
ty through VEGFR-2. Indeed, our previous data re-
vealed that coexpression of VEGFR-2 and neuropilin-1
increased the vascular density of fibrovascular prolif-
erative tissues in diabetic retinopathy (1). Recently,
pegaptanib, generated as a VEGF165-specific antago-
nist, proved to be useful for the treatment of neovascu-
lar AMD (2) and prolifertive diabetic retinopathy (3).
The results of these clinical trials confirmed the im-
portant role of VEGF165-VEGFR-2/neuropilin-1 li-
gand-receptor system in these retinal diseases compli-
cated by angiogenesis.

Our recent studies using the rodent models of dia-
betic retinopathy and proliferative retinopathy suggest-
ed that three major retinal pathologies (edema, isch-
emia and angiogenesis) are associated with
inflammation and immunity, and that monocyte-lin-
eage inflammatory cells and cytotoxic T lymphocytes
(CTLs) function as positive and negative regulators for
angiogenesis, respectively (4-7). Activated endothelial
cells in the angiogenic state upregulate the expression
of VEGFR-2. Based on the hypothesis that VEGFR-2-
targeting CTLs suppress neovascularization (8,9), we



aim to establish immunotherapy targeting VEGFR-2
for prevention from pathological angiogenesis in the
eye.

Materials and Methods
Induction of CNV.

Laser-induced CNV is widely used as an animal
model for neovascular AMD and regarded to reflect
the pathogenesis of inflammation-related CNV seen in
AMD. In this animal model, new vessels from the cho-
roid invade the subretinal space through Bruch’s mem-
brane after photocoagulation. Laser photocoagulation
was performed with the wavelength of 532 nm, the
power of 200 mW, the duration of 100 ms and the spot
size of 75 pm by a single individual. Laser spots were
applied in a standardized fashion around the optic
nerve, using a slit lamp delivery system (NOVUS
spectra™; Japan Lumenis, Tokyo, Japan). The morpho-
logic end point of the laser injury was the appearance
of a cavitation bubble, a sign thought to correlate with
the disruption of Bruch’s membrane. Laser-induced
CNV was formed between the retina and the choroid
as fibrovascular proliferative tissue as is seen in human
neovascular AMD, and the highly vascularized patho-
logical structure was visualized by immunohitisochem-
istry for CD31/PECAM-1 (a marker for endothelial
cells) (Fig. 1).

H-E staining (arrowheads)
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Quantification of laser-induced CNV.

One week after laser injury, eyes were enucleated
and fixed with 4% paraformaldehyde (PFA) for 30
minutes. Eye cups obtained by removing anterior seg-
ments were pretreated with buffer [PBS containing 1%
bovine serum albumin (BSA; Sigma) and 0.5% Triton
X-100 (Sigma)] for 30 minutes at room temperature,
and then incubated overnight at 4°C with 0.5% FITC-
isolectin B4 (Vector Laboratories, Burlingame, CA).
After two washes with PBS containing 0.1% Triton
X-100, the neurosensory retina was detached and the
choroid-sclera complex was flatmounted.

Flatmounts were evaluated with a scanning laser
confocal microscope (FV1000; Olympus, Tokyo, Ja-
pan) and choroidal neovascularization was visualized
with blue argon laser (wavelength 488 nm). Horizontal
optical sections (1 pm step) of choroidal neovascular-
ization were obtained from the surface to the deepest
focal plane in which the surrounding choroidal vascu-
lar network connecting to the lesion could be identi-
fied. The area of choroidal neovascularization-related
fluorescence was measured by NIH image. The sum-
mation of whole fluorescent area was used as the vol-
ume of choroidal neovascularization.

RT-PCR for VEGFR-2.

Three days after laser photocoagulation, total
RNA was isolated from the choroid of CNV and nor-

CD31(PECAM-1) immunostaining

Fig. 1. Histopathological and immunohistochemical stainings of the laser-induced CNV in murine model.



mal mice using an extraction reagent (TRIzol; Invitro-
gen, Carlsbad, CA) and reverse-transcribed with a
cDNA synthesis kit (First-Strand; Amersham Biosci-
ences, Piscataway, NJ) according to the manufacturer’s
protocols. PCR was performed using 7ag DNA poly-
merase (Toyobo, Tokyo, Japan) in a thermal controller
(Gene Amp™ PCR system; Applied Biosystems, Fos-
ter, CA). Human/mouse VEGF R2 PCR Primer Pair™
(R&D Systems, Minneapolis, MN, USA) (569 bp) was
utilized for RT-PCR of VEGFR-2. The primer sequences
and the expected size of amplified cDNA fragments
for B-actin are 5°-ATG TGG CAC CAC ACC TTC
TAC AAT GAG CTG CG-3’ (sense), 5’-CGT CAT
ACT CCT GCT TGC TGA TCC ACA TCT GC-3’ (anti-
sense), and 837 bp.

Analyses for CD4 and CDS positive cells in CNV tis-
sues.

Six days after laser photocoagulation, CNV tis-
sues were extracted from the choroid and analyzed
lymphocyte subsets therein by using fluorescence-la-
beled anti-CD3, -CD4 or -CD8 monoclonal antibody,
and fluorescence activated cell sorter (FACS). Immu-
nohistochemisty for CD4 and CDS8 were performed on
frozen sections of CNV tissues separated at six and
eight days after laser photocoagulation.

Induction of cellular immunity by using Helios™ Gene
Gun.

Full-length VEGFR-2 cDNA was cloned and in-
serted to the expression vector pcDNA3.1. The cDNA
inserted plasmid was coated with gold particles and
administered intradermally to mice by the particle de-
livery technique (Helios™ Gene Gun, Bio-Rad) for
gene transfection. The aim of this technique was to in-
duce CTL-mediated cellular immunity since VEGFR-2
was expressed in and presented to T cells by the pro-
fessional antigen-presenting cells, Langerhans cells.
This VEGFR-2 immunization was performed twice at
a two-week interval and CNV was induced with laser
photocoagulation at the same time with the second im-
munization. One week after the CNV induction, eyes
were enucleated and the inhibitory effect of the immu-

nization on CNV volume was evaluated.
Induction of peptide-specific cellular immunity.

To show that the CNV inhibition was mediated
via antigen-specific reaction to VEGFR-2, cellular im-
munity was induced in HLA-A24 transgenic mice us-
ing epitope candidates for human VEGFR-2 peptide
described previously (10)(Fig. 2). Peptides with epitope
of which amino-acid sequence was consistent with
murine homologue (i.e., peptides 3 and 4 in Fig. 2)
were selected. Two weeks and three days prior to laser
photocoagulation, 100 xg of VEGFR-2 peptide 3 or 4
was intradermally administered with 100 x1 of IFA
(incomplete Freund’s adjuvant) and 100 ug of tetanus
toxoid as adjuvants. One week after CNV induction,
CNV volume was measured.

Elispot assay.

To examine whether antigen-specific immunity
against these VEGFR-2 peptides was induced, Elispot
assay for IFN-y was performed. Three weeks after im-
munization with the peptide 3 or 4 in Fig. 2, spleen
cells were harvested from the immunized A24 trans-
genic mice, and cultured with the VEGFR-2 peptide
used for immunization (10, 1 or 0.1 zg/ml) as the spe-
cific stimulant or control peptide (myelov) and Jarkat
cells as the antigen-presenting cells. Twenty-four hours
after the stimulation, the number of IFN-y -positive
CTLs was evaluated by ELISA for IFN-y.

numan murin€ nomologue
(D VYSSEEAEL — VYSSDEAGL
(2 GYRIYDVVL — GYRIYDVIL
@ SYMISYAGM — SYMISYAGM
(4 KWEFPRDRL — KWEFPRDRL

Fig. 2. Amino acid sequences of the candidates for the hom-
ologous epitopes between human and murine VEG-
FR-2.



Results
VEGFR-2 expression following CNV induction.

RT-PCR for VEGFR-2 showed marked upregula-
tion of VEGFR-2 mRNA expression in the choroid ex-
trated from mice with CNV at day 3 after laser photo-
coagulation, compared with that from mormal mice

(Fig. 3).

VEGFR2

B -actin

CNVmodel Control

Fig. 3. Markedly upregulated VEGFR-2 mRNA expression
in murine CNV tissue.

Time course of changes in CNV volume after laser
photocoagulation.

As compared to CNV volume at week 1 after la-
ser photocoagulation, CNV volumes at weeks 2 and 3
significantly decreased. Although no statistically sig-
nificant difference was detected between the volumes
at weeks 2 and 3, a tendency of spontaneously regres-
sive change in CNV volume was noted in the time
course after week 1 (Fig. 4).

Infiltration of CD4 and CDS positive cells in CNV tis-

sues.

FACS analyses revealed that the ratios of CD4 to
CD3 and CD8 to CD3 positive cells in CNV tissues at
day 6 after laser photocoagulation are 18.5% and
11.0%, respectively (Fig. 5). Immunohistochemistry
demonstrated the infiltration of CD4 positive cells and
CDS8 positive cells in the CNV tissues at day 6 and a
substantial increase in the number of these infiltrating
CD4" cells and CD8" cells in the CNV tissues at day 8

(Fig. 6).
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Fig. 4. Time course of changes in CNV volume after laser photocoagulation.
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Fig. 6. Increase in the number of infiltrating CD4-positive cells and CD8-positive cells in the CNV
tissue during the course after the laser photocoagulation.



Generation of CNV after inoculation of full-length
VEGFR-2 cDNA via Gene Gun.

Mice were inoculated intradermally with VEG-
FR-2 full-length cDNA inserted plasmid or not insert-
ed plasmid (control) via Gene Gun. Volume of the
CNYV generating after laser photocoagulation tended to
become smaller in the VEGFR-2-cDNA inoculated
group than the control group (Fig. 7).

200000

150000

100000

CNV volume(um3)

50000 -

GeneGun control

Fig. 7. Effect of VEGFR-2 gene inoculation via the “Gene
Gun” on generation of the CNV after the laser photo-
coagulation.

Examination of antigen-specific cellular immunity af-
ter VEGFR-2 peptide inoculation.

To confirm that the peptide-specific cellular im-
munity was induced by inoculation of VEGFR-2 pep-
tides, spleen cells of the peptide 3 or 4 (in Fig. 2) inoc-
ulated A24-transgenic mice were cultured with the
inoculated peptide or non-rlated peptide (control), and
IFN-y production in the culture was evaluated by
Elispot Assay. As compared with the control peptide-
applied group, the number of IFN-y -producing cells
increased mildly but significantly in the VEGFR-2
peptide-inoculated groups (both peptides 3 and 4) in
the dose-dependent manner (Fig. 8).

Thus, it was confirmed that peptide-specific cel-
lular immunity was induced by inoculation of VEG-
FR-2 peptides.

Generation of CNV in A4 mice immunized with VEG-
FR-2 peptide.

Volume of the CNV induced by laser photocoagu-
lation was compared between the mice immunized
with VEGFR-2 peptide 3 or 4 in Fig. 2 and the animals
received the control peptide (myelov). There was no
statistically significant difference in CNV volume be-
tween theVEGFR-2-immunized mice and the control

group (Fig 9).
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Fig. 8. Antigen-specific cellular immunity after VEGFR-2 peptide inoculation examined by Elispot assay for [IFNy.
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Fig. 9. Volume of the CNV after laser photocoagulation in the mice immunized with VEGFR-2 peptide.

Discussion

The present study shows that, unlike VEGFR-2
full-length ¢cDNA inoculated via Gene Gun which in-
duced cellular immunity to prevent CNV generation,
VEGFR-2 peptide 3 or 4 failed to induce cellular im-
munity potent enough to suppress the CNV generation.
Considering future plans for clinical application, it is
necessary to first establish peptide immunization in
the animal model, since peptide immunization is sim-
ple and far from ethical problems as compared to other
methods. In these experiments so far, there has been
much room for improvement including the inoculation
with other epitopes, the combined application of other
adjuvants and the additive injection of IL-2 and -12 for
enhancement of induced immunity. Future and further
investigation is required for the more effective induc-
tion of cellular immunity against VEGFR-2, a key tar-
get molecule in retinal neovascular diseases.
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