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More than 99% of microorganisms are
difficult to culture

Culturables

Culturability determined as a % of culturable

bacteria (measured as CFU) in comparison
with total cell counts
Unculturables

>99%

Cuturabilty 3%

Seawater

0.001-0.1
Freshwater 0.25
Mesotrophic lake 0.1.1
Unpolluted estuarine waters 0.1-3
Activated sludge 1-15
Sediments 0.25
Soil 0.3

Amann RI, Ludwig W, Schleifer KH (1995) Phylogenetic identification

and in situ detection of individual microbial cells without cultivation
Microbiol Rev. 59(1):143-169.
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Functional metagenomics: Approach to
discovering novel enzymes

Culturables

: Y
Unculturables o .,E.g' .\"‘1-\_.____,_,--"" '-"U.rr].t L ||, Ly .ll'.-.' ; L:.:

>99% TR O TRA FraCEaryT ‘?-:':{h:
isoiation of DNA from manipulation of DNA OO TR
i e ligation of fragments
WAER v [ars

oSt ."IJTIJl'}'
dnetysis

9@@ e Can avoid culturability problem.
@
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Bottlenecks in metagenomic library screening

Xpression

v Accessibility to v Extraction bias v Gene expression
unique natural v Yield, quality of v'Transcription
environments DNA v Translation

v Cloning efficiency vProtein folding
v'Secretion

v' Host-vector system

Low hit-rate problem
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Case study: Functional screening of microbial degradation
pathways for aromatic compounds

— EDO

' >y @

| . - | S |

Common intermediate

Activated sludge meta-cleavage
Catechol compound yellow compound

Phenol
OH CHO
COOH
> > | >»+ TCA
phenol extradlol 7 OH
hydroxylase
dloxygenase
CH;
O
Toluene Naphthalene Dibenzofuran
Biphenyl
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Metagenomic library construction

vw
Metagenomic
DNA

Metagenomic library
® Host, E. coli
® Vector, pCCFOS

® 35 kb insert
® Total number of independent clones: ~10%library
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HTS of metagenomic library

e ¥ 3\ -

E ‘%ﬂﬂwm‘mw‘m* %w ~35 kb DNA in a fosmid
manipulation of DNA METASEREIE DHA vector

CTAGE N Db DA FRADRNT
ligation of fragments
“ with L-'ecargrs

\/ U c d d 1€

Ll

Activated sludge treating
wastewater from coke plant

(rich in phenolic compounds) /

E. coli (host)
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Optimization of screening

Dmpl
CO0OH CO0OH
| COOH COOH
Phenol Catechol i/[\ Q/J\
Dmpc//’ OH O  DmpH
OH OH CHO \

e e Uy - U
- - / o v&o
Dmp(K)LMNOP DmpB DmpD DmpE

optimized optimized
Liquid assay E ;; E 3 O
Agar-plate assay
Negative Positive (slow)

HO

CH3

TCA cycle

CH3-CO-COOH T

COOH +

—» CH3-CHO —3» CH3-CO-SCoA

N0

DmpG

optimized

Positive (rapid)

DmpF

Positive
standard
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Novel EDOs retrieved from the metagenome
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Functional metagenomics is effective for discovering novel class of enzymes.
Proposed four new subfamilies (1.1.C, 1.3.M, I.3.N, 1.2.G).
Genes belonging to new subfamily 1.2.G over-represented the community.
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Suenaga et al., Environ Microbiol (2007)

Suenaga et al., ISME J (2009)




Sequence analysis of positive clones

Analysis of 43 fosmid’s insert (~35 kb, ~“30 ORFs)

v'  EDO (target)
v' Others (non-target)

5’-UTR
¢ Ribosome binding site (RBS).
e Initiation codon.

WEBLOGQ

(= Weblogo 3: Public Beta)

- about - create - examples -

@ Multiple Sequence Alignment

> The -10 hexamers of 350 E.coli promoters
gatgacgtggtttacgaccecal I TAGT agtcaaccgcagtgagtgagte [ ’}
>

[=

ttgaaaccagacgtttegcccc TATTACagactcacaaccacatgatgac
>
ctggcggegtagegatgegetgGTTACTctgaaaacggtctatgcaaatt
>

tgacttttagegcccatatctcCAGAATgecgeegtttgccagaaatteg
>

gatttacgtcatcattgtgaatTAATATgcaaataaagtgagtgaatatt b
@ Upload Sequence Data: (TrALEER) 7rIADE. hTWEEA
Image Format & Size
@ Image Format: __PNG (bitmap) % @ Logo Size per Line: 1;1—3(‘ >
)
rm‘ (Reset )

Advanced Logo Options

@ Seieancs Tipe: ") amino acid ) DNA / BNA (*) Automatic

Detection
@ First Position Number: 21 @ Logo Range: o |-7
© Small Sample Correction: v @ Frequency Plot:
@ Multiline Logo (Symbols per I
L (32 )
Line): -
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Expression problems in functional screening of metagenomic

libraries

Expression

v Accessibility to v Extraction bias
unique natural v Yield, quality of
environments DNA vTranslation

v Cloning efficiency

o
e mi Targets

Detection

v Sensitivity
v Throughput
v/ Assay system

® Uchiyama & Miyazaki (2008) Functional metagenomics for enzyme discovery: challenges to efficient screening. Curr. Opi.

Biotechnol. 20(6):616-22

® Hosokawa-Okamoto R, Miyazaki K (2011) Escherichia coli host engineering for efficient metagenomic enzyme discovery.
in "Metagenomics: Current Innovations and Future Trends" (ed. Diana Marco, pp. 241-252, Horizon Scientific Press)
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Translational machinery (Ribosome) engineering approach to
solving heterologous gene expression problems

Bacterial ribosome

Rikbosomal proteins
5

23SIRNA
e

.
308

Ribosomal oroteins 188rRNA

newly born protein

_, amino acids
T

.‘"‘ large subunit

small subunit —

Factors affecting translational efficiency

Ribosome binding site (RBS)
Initiation codon
Secondary structure of mRNA
Rare codons
and more

3D structure available, but the structure is extremely
complex (3 ribosomal RNA plus >50 proteins).

Functions of each components are not well
understood.

Target rRNA to induce perturbation into the
whole ribosome molecule.

Relax the specificity of E. coli ribosome to
recognize mRNA’s expression signal of diverse
bacteria.
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Ribosome engineering may be extremely difficult (?)

30S subunit
16S rRNA + 21 ribosomal proteins

o BRSO B
DRETFRED ST S R ER

ha1
16S rRNA

v Structural scaffold of 30S subunit

v Molecular clock (indigenous to the host organism)

v Susceptible to mutations?

v Mutations, if accepted, should induce functional
perturbation (i.e., altered translational profile).

00 6
°  Escherichia coli

e h8

(o oA BT ATHZAR




Systematic replacement of 16S rRNA in E. coli 30S ribosome

E. coli 16S rRNA

Hybrid 30S
E. coli 30S ribosome

Functional screening

16S rRNAs from non-E. coli bacteria
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“Horizontal gene transfer” test of 16S rRNA

% Kitahara & Miyazaki (2011) Nature Communications 2:549

&% @ Kitahara et al. (2012) PNAS 109:19220

Rescue plasmid

lacks all 7 rrn operons

Amplify 16S rRNA gene
l from the metagenome

(or natural isolates) E. coli A7

pSC101 gri
Foreign 16S rRNA pRB101

gene fragments ’
Q
235 ,5S Eliminate pRB101 on sucrose plates
(counter selection)
Q

Hybrid rrn operon \ /
E. coli A7 \

23S °5S
Test plasmid carrying foreign 16S rRNA gene  psc101gri
Y4

eoR

i

pSC101 ori

Transformation

Q

ﬂ Functional 16S rRNA in E. coli
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Functional complementation test of foreign 16S rRNA genes in

E. coli A7
16S-donor E. coli S. ficaria R. pickettii S. jaspsi  D. aquiradiocola
% identit
of 165 rRNA 100 94.62 82.36 76.59 74.95
Phylogenetic ~ Gamma- Gamma- Beta- Alpha- Deinococcus-
group proteobacteria proteobacteria proteobacteria proteobacteria Thermus
Zeocin
plate

E. coli 16S + Foreign 16S

(Dominant lethal)

Sucrose
nlata

Foreign 16S only KT103/Eco KT103/Sfi KT103/Rpi

(no growth)
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FISH analysis of 16S rRNA-substituted E. coli

_ . E. coli A7 E. coli A7
Wildtype E. coli +E. coli 16S rRNA +Ralstonia 16S rRNA

Probe

Eubacterial

Enterobacterial

Ralstonia-specific
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Functional complementation
test using metagenomes-
derived 16S rRNAs

Kitahara et al. (2012) PNAS 109:19220

Escherichia coli (rmB)
Escherichia fergusonii
Shigella flexner

FO2
Salmonella enterica

i Sé 7 lia ficana

Proteus vulgaris

L

Rheinheimera aquimaris
(AD2)
Thalassomonas loyana
Methylophaga marina
EIF
Aicamvorax dieselolei

Hahella chejuensis
- —— Simiduia agarivorans

1AQ4
—E Pseudomonas thivervalensis

Microbulbifer thermotolerans

Nitrincola lacisaponensis

Legionella rowbothamii
Halochromatium glycolicum
Marichromatium incicum
Thiohalospira alkaliphila

Ectothiorhodosinus mongolicus
Methylonatrum kenyense

AD
Methylococcus capsulatus
HO 1

]S
Sedimenticola selenatireducens
Meth y-’obacter marinus

‘Thno virga sulfuroxydans

[ [

Halothiobacillus hydrothermalis
Ralstonia picketti [ 5 )]

r[—’TAzoarcus buckelii (8 )
BO/|

Malikia spinosa ()

X Scale:

0.1

tHaemomeus parainfluenzae

Sphingomonas jaspsi (o)
Deinococcus aquiradiocola (Deinococcus-Thermus) in KT103

Enterobacteriaceag]
family

non-functional

v-Proteobacteria




Doubling times

Yy vy B
- .09
Eco Sfi Cm o &
o | &0 &7
& 4
;‘ L—4 - - oo 1«—1-—4
— ~ : - ; : .
E T ! % “T' ! Environmental clones: ™
e 1 : — ‘, : © Gammaproteobacteria .
% 90 : E ' : + @ Betaproteobacteria ]? ;)F;Eﬁieez}ifsy
£ : S | R
|_ 60 1 (4h] v
l®)) & 1 — 1
% ; % S. ficaria " coli
= 1 (4] @
o 30 + ' o B7
- t : R2=0.2611
0 : . : } : :
75 80 85 90 95 100
% ldentity of 16S rRNA Genes (o E. coli)
Kitahara et al. (2012) PNAS 109:19220 Ave. increase in DT = 4.6 sec/mutation
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16S rRNA is transferable beyond classes

Lineage
Bacteria; Superkingdom
Proteobacteria; Phylum

Gammaproteobacteria; Class
Enterobacteriales; Order
Enterobacteriaceae; Family
Escherichia Genus

Escherichia coli Species
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Basis for the functional compatibility -1
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E. coli
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HO1

A7 bases ¢
uc

Basis for the functional compatibility -2

BO1

+13 bases .
E. coli

G A u
A A=y
G- c UG
A - v u Ge=C
A =u u G c u A=
G=c C=G G .U G=¢C A 25 bases
A =u C=0 C=c A
B - A =) A - G u
G- Co=GG G =i G u G u
A A G u G
G=C U= G=C . A A A A
A=U A A=U E CO," G=C G=C
c=a AOG c=c . [ ]
A A=U A G u A u
A A uc A U A u
U—a G oA - u G G A G A
G=C C=0G Ge=0C C=G G=C G=C
o= G- G-
Go G o A G=C U=A
C - C=- - G C =0 U =4
A - A= - G=c -c -
3 g % L fals A 15 bases e
G G G G .U c G c G
u
C=0G C=0 =0 G=C U A U A A
U-G U-G G A== uou UeA u
5|r,-c a sus-c 3 srg-c q 5rc -u3| 5|u c3| 510 G 3 5:1; (‘3

h10

30S subunit
wariREA FES Interface view



Diversifying cellular phenotype through
translational engineering

( Replication (DNA polymerase)

DNA

4,686,137 nt
4,126 proteins

Transcription (RNA polymerase)

&
RNA
p”
000900090909 Protein

T G
Rewired cellular network
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Phenotypic diversity

beta-Glucosidase

soft agar plates Standard agar plates
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Phenotypic diversity obtained by ribosome
engineering
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Phenotypic diversity — alcohol resistance (spot test)
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Synonymous GFP genes as the model for
metagenomic genes

Agaricus bisporus Bacillus subtilis Escherichia coli Homo sapiens S. cerevisiae S. coelicolor Trichoderma reesei

In MG1655 (Wild-type)

5000 10000 15000 20000 25000 30000
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Phenotypic diversity - heterologous gene expression
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Improved expression in ribosome-engineered E. coli mutants
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Functional complementation test using metagenomic 16S rRNAs
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Enhanced reporter gene expression in mutant E. coli

45000
40000

3000¢

20000
15000
10000

SULU

0

350C0 =

25000 -

Library screening result

—4—

0 100 200 300 400

v'Types of 16S rRNA?
v Sequence?

v’ Secondary structure?
v'Reporter gene specificity?
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Creating chimera

Escherichia coli X XXXXXXXXXXXXX

[GENETYX-MAC: Multiple-Alignment]

Date
Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

Eco.seq
Sfi.seq

: 2013.02.19
1 AAATTGAAGAGTTTGATCATGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAALCGGTA| GAAGA|
1 AAATTGAAGAGTTTGATCATGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGICGGTA)
121 TGTCTGGGAAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAG
121 TGTCTGGGAAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGT(
241
241 GGATTAGCTAGTAGGTGGGGTAA|
361 GGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTC
361 GGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTIRITGAAGAAGGCCTTCGGGTTGTAAAG
481
481 GACGTTAC]
601
601 GATGTGAAATCCCCG] GGGAACTGCATTTGAAACTGGCAAGCT]
721
721 GGTGGCGAAGGCGGCCCCCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGC
841
841
961 TCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCCACGGAAGTTT|TICAGAGATGAGAATRTGCCTTCGGGAACLG
961 TCGATGCAACGCGAAGAACCTTACCTACTCTTGACATCCAGAGAACTTTICCAGAGATGGATTGRTGCCTTCGGGAACITC
1081 AATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCG GGCCGGGAACTCAAAGGAGACTGCC
1081 AATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCG GG
1201
1201
1321
1321 [TCGACTCCATGAAGTCGGAATCGCTAGTAATCGTAGATCAGAATG(C]
1441
1441

GCTTGCT[TCT GACGAG[TGGCGGACGGGTGAGTAA
AGGAGAGCTTGCTLTC FGACGAG GCGGACGGGTGAGTAA

ACG

ACCAAAG

GGGG|

CTTCGGGCCTCTTGCCATCGRATGTGCCCAGATG
GGGGICLCTTCGGGCCTCACGCCATCAGATGTGCCCAGATG

GATTAGCTAGTAGGTGGGGTAAFEGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGG

GCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGG

CTTTC

AGCG
AGCG

GAGGAAGGGARGITAAAGTTAATACCTTTGICTICATT]
GAGGAAGGGCGATGTCTTAATACGGCATCGICATT)

GCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCA

ACGTTACFEGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCA

AGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACC

ATGTGAAATCCCCGEFGGGAACTGCATF GA KCTGGCAAGCTEEAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACC
CT[TRAC A

GTGGCGAAGGCGGCCCCCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCFETAAACGATGTCGAFFTGGAGGTTGTGCﬂ

TAAACGATGTCGATTTGGAGGTTGTGCC

TTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAGITCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAAT)
TTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAAT

GAGA
GAGA

CAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGA]
CAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGA]

GGGAACTCAAAGGAGACTGCC]

TGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTC
TGATAAACLGGAGGAAGGTGGGGATGACGTCAAGTC

TCATGGCCCTTACGACCAGGGCTACACACGTGCTACAATGGCGICATACAAAGAGAAGCGACICTCGCGAGAGCAAGCGGACCTCATAAAGTGICGTCGTAGTCCGGATTGGAGTCTGCAAC
TCATGGCCCTTACGARTAGGGCTACACACGTGCTACAATGGCGITATACAAAGAGAAGCGAACTCGCGAGAGCAAGCGGACCTCATAAAGTACGTCGTAGTCCGGATTGGAGTCTGCAAC

CGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGGGTTGCAAAAGAAGTAGGT

FCGACTCCATGAAGTCGGAATCGCTAGTAATCGTEEATCAGAATGCFKCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGGGTTGCAAAAGAAGTAGGT

GCTTAACCTTCGGGAGGGCGCTTACCACTTTGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAACCGTAGGGGAACCTGCGGTTGGATCACCTCCTTA
GCTTAACCTTCGGGAGGGCGCTTACCACTTTGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAACCGTAGGGGAACCTGCGGTTGGATCACCTCCTTA

120
120

240
240

360
360

480
480

600
600

720
720

840
840

960
960

1080
1080

1200
1200

1320
1320

1440
1440

1542
1542
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StEP DNA shuffling
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A 0307 09020801-1

A\ 0307 09020801-2

A\ 0307 09020801-3

A 0307 09020801-4

A\ 0307 09020801-5

A\ 0307 09020801-6

A\ 0307 09020801-7

A 0307 09020801-8

A\ 0307 09020801-9

A 0307 09020801-10
A 0307 09020801-11
A 0307 09020801-12
A 0307 09020801-13
A 0307 09020801-14
A\ 0307 09020801-15
A 0307 09020801-16
A 0307 09020801-17
A 0307 09020801-18
A 0307 09020801-19
A 0307 09020801-20
A 0307 09020801-21
A 0307 09020801-22
A 0307 09020801-23
A 0307 09020801-24
A 0307 09020801-25
A 0307 09020801-26
A 0307 09020801-27
A 0307 09020801-28
A 0307 09020801-29
A 0307 09020801-30
A 0307 09020801-31
A 0307 09020801-32
A 0307 09020801-33
A 0307 09020801-34
A 0307 09020801-35
A 0307 09020801-36
A 0307 09020801-37
A 0307 09020801-38
A 0307 09020801-40
A\ 0307 09020801-41
A 0307 09020801-42
A 0307 09020801-43
A 0307 09020801-44
A 0307 09020801-45
A 0307 09020801-46
A\ 0307 09020801-47

Functional DNA shuffling products

MAA AR AR A AR

MAAAAAR2RRR UM A BB A% 4B A% 445 5B E 5T BEBUVVVDVDVDVVVDVVDOAAAAAARRR

BT RBROYNDDBBBOVVANRBOBABEER BT T T T BI2RBAEEARTBBOONAARR22BBRRRBIIANY

BREHETROOVDANRD DBABABEEBODARDANBABOEOATARBABATBAREOVDARRBOABODIDIBT D

GGCAGGAGCTCGG CATGCACATGTCGGCATGTC ﬂﬂﬂﬂl@ﬂﬂﬁﬁﬂi‘ﬁﬂﬂﬂﬂﬂﬂn GTT
C GTCGGC GTC CCGATTG

TACGTCACAT
|G|

TACGTERACAT

(A C Al
i CATGTCGGCATGT
L

GCACATGTCGGCATGTCTG
A

TACGTCACA

CTACGTC

CTACGTCACATGCACATGTCGGCATGT
Cc
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Growth curves
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Conclusion & perspective

** E. coli ribosome can be engineered through interspecies exchange of 16S
rRNA genes.

** Hybrid ribosomes carrying foreign 16S rRNAs showed diverse expression
profiles.

** Some hybrid ribosomes showed enhanced expression relative to the
wild type (E. coli) 16S rRNA.

+* Ribosome engineering may be useful for expression of metagenomic
genes.

» Ribosome engineering may be useful for bacterial cell breeding.
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