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To access the natural products of uncultured microorganisms, we constructed and screened the
metagenomic DNA libraries by using a cosmid vector and DNA inserts isolated directly from soil.
Initial screening of the libraries in Escherichia coli resulted in the isolation of several clones that
produce a dark brown color when grown in LB medium. One of the positive clones, designed
pYS85C, was transposon mutagenized and the DNA surrounding the transposon insertions in
cosmids that no longer conferred the production of brown pigment to E. coli was sequenced. Anno-
tation of the pYS85C sequence obtained from the transposon mutagenesis experiment indicated a
single 393 amino acid open reading frame (ORF) with a molecular mass of about 44.5 kDa, pre-
dicted to be a 4-hydroxyphenylpyruvate dioxygenases (HPPDs), was responsible for the observed
brown pigment. In a BLAST search against deposited sequence, the translated protein from this
ORF showed moderate-level identity (>60%) to the other known HPPDs and was most conserved
in the C-terminal region of the protein. These results show that genes involved in natural product
synthesis can be cloned directly from soil DNA and expressed in a heterologous host, supporting
the idea that this technology has the potential to provide novel natural products from the wealth
of environmental microbial diversity and is a potentially important new tool for drug discovery.
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Table 1. Microbiological materials used in the experiment
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SuperCos 1 Cosmid cloning vector for the construction of DNA libraries, Km" Stratagen
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Table 2. Molecular characteristics of the libraries constructed from soils

: . Average insert size of the
Library DNA source Cloning vector glibrary (kb) No. clones
YS-1 Soil (Upo wetland) Super Cosl (cosmid) 40~50 . 230,000
YS-2 Soil (Mujeachi bog) Super Cosl (cosmid) 40~50 65,000
YS-3 Soil (Daebudo) Super Cosl (cosmid) 40~50 82,000
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Fig. 1. Restriction profile of random 10 clones of metagenomic
library constructed from a weed in Upo wetland. M; HindllI-cut
bacteriophage lambda molecular size marker. Clones were digested
with EcoRI. Vector bands are indicated by arrow in the figure.

Fig. 2. Colony screening of library clones for production of the
pigment on E. coli. Colonies were grown on LB agar plates with
kanamycin, Arrow indicates the colored compounds.
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GTCTGCGTATTCGAAAAAAAATCACAGT TCAAACTGCGAACT GTGACCAGACGGTGTGGGGTTATAGGCTTAATTTTGCATATCACGACACGGCTGTCTG ~105
CACGGAAGCCGACATATAGAAAATTTTGTCGTCAGATATCGAAAATCTGATTCAGAACTGGAATAGACGCCECCAAGGCAATAGAATCAGAGCTAATAAR —5
GACAATGTCGAGGGAATTTATGACTGAAAAAAATCCGCTGGGGCTAAAGAAGATACATCACGT TGAGTTT TACGTCGGCAACGCTAAGCAGGCGGAATTC 96

M SREFMTEKNPLSGLKK

HHVEFYVGNAKSGAETF 32

TATTAGCGGAAGGCTTTCGGCTTTTCGCGCGCCGCATACTCAGGGCTGGAGACCGGTAATCGTGAAACTACCAGTTACCTGATCAGGCAAAATAATGTCA 196
Y YRKAFGFSRAAY SGLETGNRETTSYLIROGNNVYNE
ATTTCGTTCTAACGAGGCCGCTCTCGCCCGACCATCCCGCCGCAGAACATATCAAGCAGCATGGCGACGGTGTGCGGGATATCGCGTTCCTGRTCGATGA 296

FYLTTPLSPDHPARAEH

K QHGDGVRDI AFLVYDD 9

CGCCGACCATGCATTCAACGAAGCCGTAAAACGCGGAGCTCGCGTTGCTGT TGAGCCGCGCGATCTGAAGGACGATAACGGCAGCGTACGRCACGCAGCE 396
ADHAFNEAVKRGARVAVEPRDLKDDNGSVRHAA 132
ATCGCCACATACGGCGATAGTATCCATTCGTTCATTTCATACAACAATTCTCAGAACGGCCATAAT TACAGCGGCCCGTTCCTTCCCEGTTTTGTCGAGC 496
I ATYGDT I HSF I SYNNSHNGHNYSGPFLPGFVEAQ 166
AGAAAGTCGAAGGCBAGCCCRTCGGCATCATGATCGTCOATCACATCOTCGAGAATETGGAACTCOGGAAAATGGGT TACTGGTGCGATTTTTACCGCOA 596

KVEGEPVGIMIVDHIVGENYELGKMGYWCDFYRD 19
CATGCTEGGATTTTTCCGCTACATCACCT TCGACGACAAGGATATCTCGACCGAATATTCGGCATTGATGTCTATCGTTATGTCAGACGGAGAACACAAT 696
VLGFFRY I TFDDKDI!STEYSALMSIVNSDGOQHN 232
ATCAAGTTCCCGATAAACGAACCGGCGGAGGGCAAAGGCGGCAAATCGCAGATACAGGAGTACATCGATTTTTATAAGTCAGCCGGTGCOCAGCACATCG 796

I KFP I NEPAEGKES GGKSAQ

QG EY I DFYKSAGAQHT A 266

GCCTGCTGTACCGTGACGTTCTTGACACGGTAGCCAAACT GCAGGCGAACGGCGTGGAGT TTCTTCGCGTGCCGGACACCTaTTAGgACGAGATCCCGEC 896
LLERDVYLDTVYAKLQANGYEFLRVYPDTYYDET!LPA 29
CCGCGTTGGCGAGATAGACGAAGATATCGAGGACCT CAAGCGGCTTGGCATCCTGGTTGACCGCGACGAAGAAGGATATCTGGTACAGATCTTCACCAAA 996

RVGEIDEDIEDLE KR RLG® G

LYVDRDEEGYLLG!IFTEK 332

CCGGTCGAGGACCGGCCGACGGTGTTCTACGAGATCCTGCAGCGTAAAGGGTGCAAAGGTTTTGGTAAGGGAAATTTGAAGGCGCTTTTCGTGTCGATCG 1096
PYEDRPTVFYEILOGRZKGCKG®GF®GK® GNTFZKALFVS | E 366
AAGAAGAGCAGCGAAGACGCGGGAATCGTGAAGGCGGTCGATGCACGCTGACGGTTCTGCGAGTCAGCGTAATACGTATCOGCTGACGTCAGCAGACATT 1196

EEQRRRGNREGGRCTLTVLRLSYVIRILIR=* 393
GAGATGAGAATCAAAGAGGTCGTACATCTTTCATTTGTCGTGCTCGTATTAGCGCATGCTTTCCTCGTAGGTCAGCGAAGGGCGRTTTACCTTGGAGCAA 1296
GTATTGAGCTCGGCGTTCCCTTCGGAGCTTACGGCGGCCCGACGAGGACAACGCATCGCE 1356

Fig. 3. Nucleotide sequence of the metagenomic HPPD gene. The presumptive TATA box is indicated by an underline. The deduced amino acid
sequence is given in the one-letter code below the nucleotide sequence. Translation termination codon is indicated by an asterisk.
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Fig. 5. The Neighbor-joining tree showing the relationship of the
deduced metagenomic HPPD amino acid sequence to the sequence
of other known HPPDs. The scale bar indicates 0.1 substitutions per
amino acid position. Bootstrap values (expressed as percentages of
1000 replications) greater than 50% are shown at the branch points.
This trec was constructed by MEGA 3.1.

Fig. 6. Analysis of pigment production (browning) by transformants
of E. coli DH50 harboring Vector (A), mutant pYS85C (B) and
pYS85C (C) grown in LB plus ampicillin plus L-tyrosine plates 3
days incubation at 28°C.

skt 488 Rew AlRHd,
=

=}
=

e vlAEERE AARAL 7] 9sle] mozNy

[
AHE2] @ DNA9 cosmid vectorZ ©]€3}d metagenomic
libraryS: AZtalaL g4 slick. tiggoll s dEse fape

# 27] @ A LB ol 2 AlebiA Heke azkg u)
< A 09 cloneg AW et AwE oy IR clone®
PYS85CE =HolE freslalom AzZ-S AR clone
S0l thsle] 7ML 247 stk B0 cloneE 2R E
A9 pYS85C B71ME A7} opn|Ato] 39370l 445 kDa

dioxygenase(HPPD) §-342 o3 HIcl FESh, BLASTHIZ
EHolM o8 7|Fe] HE HPPDEAS} 60% B E9
identityS: HR{3L C-EHo\M= 22 conserved domain®] U
. olEg A2 B o AJELS I & F de %
= EYDNAZHE AY EeEo] #dE 4 3o o]z

S
] N2e 52 =) 838 toolo] E 4 9ok

N

2=
=

N

(o3
i |
)

flo
o

Key words: EYDNA, metagenomic library, 4-hydroxy-
phenylpyruvic acid dioxygenase (HPPD)

ZAle| =
¥ ATE FYIhE ATz Sagion] aw A
A A =g,

—_

. Whitman, W. B., Coleman, D. C. and Wiebe, W. J. (1998)
Prokaryotes: The unseen majority. Proc. Natl. Acad. Sci. USA
95, 6578-6583.

.Short, J. M. (1997) Recombinant approaches for accessing
biodiversity. Nat. Biotechnol. 15, 1322-1323.

. Pace, N. R. (1997) A molecular view of microbial diversity and

the biosphere. Science 276, 734-740.

Waksman, S. A. and Tishler, M. (1942) The chemical nature of
actinomycin, an anti-microbial substance produced by

Actinomyces antibioticus. J. Biol. Chem. 142, 519-528.

.Zachner, H. and Fiedler, F. P. (1995) In Fifty years of
antimicrobials: past perspectives and future trend. Cambridge
University Press, England, pp. 67-84.

. Handelsman, J., Rondon, M. R., Brady, S. F., Clardy, J. and
Goodman, R. M. (1998) Molecular biological access to the
chemistry of unknown soil microbes: a new frontier for natural
products. Chem. Biol. 5, 245-249,

. Schleper, C., Swanson, R. V., Mathur, E. J. and DeLong, E. F.
(1997) Characterization of a DNA polymerase from the
uncultivated psychrophilic archaeon Cenarchaeum symbiosum.

J. Bacteriol. 179, 7803-7811.

Eisen, J. A. (1998) Phylogenomics: improving functional
predictions for uncharacterized genes by evolutionary analysis.
Genome Res. 8, 163-167.

Rondon, M. R., August, P. R., Bettermann, A. D., Brady, S. F.,
Grossman, T. H., Liles, M. R., Loiacono, K. A, Lynch, B. A,
MacNeil, I. A, Minor, C., Tiong, C. L., Gilman, M., Osburne,
M. S, Clardy, J., Handelsman, J. and Goodman, R. M. (2000)
Cloning the soil metagenome: a strategy for accessing the
genetic and functional diversity of uncultured microorganisms.

Appl. Environ. Microbiol. 66, 2541-2547.

Handelsman, J., Liles, M., Mann, D., Riesenfeld, C. and
Goodman, R. M. (2002) Cloning the metagenome: culture-
independent access to the diversity and functions of the

W

10.

uncultivated microbial world. Methods in Microbiology. 3, 241-
255.

11. Wang, G Y., Graziani, E, Waters, B. Pan, W. Li, X



EYDNA 25E 4-hydroxyphenylpyruvate dioxygenase 37 £

351

McDermott, J. Meurer, G. Saxena, G, Andersen, R. J. and
Davies, J. (2000) Novel natural products from soil DNA
libraries in a streptomycete host. Org. Lett. 2, 2401-2404.

12. Brady, S. F., Chao, C. J,, Handelsman, J. and Clardy, J. (2001)

13.

14.

15.

Cloning and heterologous expression of a natural product
biosynthetic gene cluster from eDNA. Orga. lett. 3, 1981-1984.
Gillespie, D. E., Brady, S. F., Bettermann, A. D., Cianciotto, N.
P, Liles, M. R., Rondon, M. R., Clardy, J., Goodman, R. M.
and Handelsman, J. (2002) Isolation of antibiotics turbomycin
A and B from a metagenomic library of soil microbial DNA.,
Appl. Environ. Microbiol. 68, 4301-4306.

Henne, A., Schmitz, R. A., Bomeke, M., Gottschalk, G. and
Daniel, R. (2000) Screening of environmental DNA libraries
for the presence of genes conferring lipolytic activity on
Escherichia coli. Appl. Environ. Microbiol. 66, 3113-3116.
Healy, F. G, Ray, R. M., Aldrich, H. C., Wilkie, A. C., Ingram,
L. O. and Shanmugam, K. T. (1995) Direct isolation of
functional genes encoding cellulases from the microbial
consortia in a thermophilic, anaerobic digester maintained on
lignocellulose. Appl. Microbiol. Biotechnol. 43, 667-674.

16. Richardson, T. H., Tan, X., Frey, G, Callen, W., Cabell, M.,

17.

18.

19.

20.

Lam, D., Macomber, J., Short, J. M., Robertson, D. E. and
Miller, C. (2002) A novel, high performance enzyme for starch
liquefaction. Discovery and optimization of a low-pH,
thermostable alpha-amylase. J. Biol. Chem. 277, 26501-26507.
Cottrell, M. T, Moore, J. A. and Kirchman, D. L. (1999)
Chitinases from uncultured microorganisms. Appl. Environ.
Microbiol. 65, 2553-2557.

Kavana, M. and Moran, G. R. (2003) Interaction of (4-
hydroxyphenyl)pyruvate dioxygenase with the specific inhibitor
2-[2-nitro-4-(trifluoromethyl)benzoyl]-1,3-cyclohexanedione.
Biochemistry 42, 10238-10245.

Moran, G. R. (2005) 4-hydroxyphenylpyruvate dioxygenase.
Arch. Biochem. Biophys. 433, 117-128.

Norris, S. R., Barrette, T. R. and DellaPenna, D. (1995) Genetic

21.

22.

23.

24.

25.

26.

27.

28.

dissection of carotenoid synthesis in Arabidopsis defines
plastoquinone as an essential component of phytoene
desaturation. Plant Cell 7, 2139-2149.

Zhou, J., Bruns, M. A. and Tiedje, J. M. (1996) DNA recovery
from soils of diverse composition. Appl. Environ. Microbiol.
62, 316-322.

Biirgmann, H., Pesaro, M., Widmer, F. and Zeyer, J. (2001) A
strategy for optimizing quality and quantity of DNA extracted
from soil. J Microbial. Methods. 45, 7-20.

Vining, L. C. (1992) Secondary metabolism, inventive evolution
and biochemical diversity-a review. Gene 115, 135-140.
Shizuya, H., Birren, B. Kim, U-J., Mancino, V., Slepak, T,
Tachiri, Y. and Simon, M. (1992) Cloning and stable
maitenance of 300-kilobase-pair fragments of human DNA in
Escherichia coli using an F-factor-based vector. Proc. Natl.
Acad. Sci. USA 89, 8794-8797.

Brady, S. F., Chao, C. I. and Clardy, J. (2002) New natural
product families from an environmental DNA(eDNA) gene
cluster. J. Am. Chem. Soc. 124, 9968-9969.

Kim, S. J., Koo, B. S., Park, I. C., Yun, S. H, Yun, S. S, Sa,
T. M. and Yeo, Y. S. (2004) Evaluation of DNA recovery from
soil and sediment samples. Agric. Chem. Biotechnol. 47, 194-
198.

MacNeil, 1. A, Tiong, C. L., Minor, C, August, P. R,
Grossman, T. H., Loiacono, K. A., Lynch, B. A., Phillips, T,
Narula, S., Sundaramoorthi, R., Tyler, A., Aldredge, T., Long,
H., Gilman, M., Holt, D. and Osburne, M. S. (2001)
Expression and isolation of antimicrobial small molecules from
soil DNA libraries. J Mol. Microbiol. Biotechnol. 3, 301-308.
Denoya, C. D., D. D. Skinner, and M. R. Morgenstern. 1994.
A Streptomyces avermitilis gene encoding a 4-hydroxy-
phenylpyruvic acid dioxygenase-like protein that directs the
production of homogentisic acid and an ochronotic pigment in
Escherichia coli. J. Bacteriol. 176, 5312-5319.



