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®EPMEHTDI.
NMPEVMMYLLUECTBA

PepMeHTbl — B OCHOBHOM
benkoBble MOneKynbl,
KOTOpPbIle KaTannsvpyroT
XUMUYECKUUN peaKLnm C
HEBEPOSATHOM AN OObIYHOU
XUMUN aKTUBHOCTbLIO U
cneundpPU4YHOCTbLIO
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BUOKATAJIM3ATOPDI

NMuweBasn NMPOMbIWIIEHHOCTb

dapmaueBTUYECKaAA
NPOMBbILWNEHHOCTb

TOHKMK OopraHN4YeCKUn CUHTE3
AHanuntuyeckaa buMoTexHomnorus
EVE

MeauunHa
TekcTUnbHasa NPOMbILUNIEHHOCTb

Lienniono3sHo-6ymaxHas
NPOMBbILUSIEHHOCTb

NMuweBasn NMPOMbILWIIEHHOCTb

PapmaueBTUYECKAS
NMPOMbILUNIEHHOCTb

TOHKNI opraHn4yecKni CUHTE3
AHannTuyeckaa umotexHomnorus
Hayka

OxpaHa okpyxatwLien cpeabl

KpynHOTOHHaXHbIN CUHTE3
OpraHu4YecKux coeaMHeHuUn



®EPMEHTDI.
HEOOCTATKW

Kak npaBuno, depmMmeHTbl BbICOKOAKTUBHbI U
CeneKTUBHbI C NPUPOAHLIMN MOJIEKYIlaMM N OYeHb
4acToO ManoOaKTUBHbI C UX aHaNoramMmm

OnTuManbHblIe YCNOBUSA aKTUBHOCTU OONbLINHCTBA
depmMeHTOB Aaneku oT onTUMasibHbIX YCITOBUMN
peanbHOro npoueccax

[laxke caMbIn aKTUBHbIbIN (PePMEeHT nmeeT npenen
adpeKkTMBHOCTHU

[MpoGrniema onepauuoOHHON U TeMnepaTypHOU
CTabunbHOCTH



CybcTtpaTtHasa cneundpunyHoCTb (hepMEeHTOB.
NeHnumnnuHauunnasa E.coli

amMmnmuumJiinH



Uto penartb??"



Uto penartn???!ll

Co3paBaTb HOBbIE
OnokaTanusaTopbl C
HY>XHbIMU CBOUCTBaMM



Conventional

design
NON-IDEAL
The Ideal CATALYST
Biocatalyst l
-anew
paradigm

I

REACTION
CONSTRAINTS

Burton, Cowan & Woodley (2002) Nature Biotechnol. 30:35-46

IDEAL design
paradigm

REACTION
CONSTRAINTS
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'IDEAL’
PROCESS




PepMeHTbl — co3gaHue «maeanbHOro
OnokaTtanusartopa»

OnTnMmnaaumnsa aKcnpeccum B LWTaMMe-xXo3sanHe
YBenuyeHme katannTn4yeckon akTMBHOCTU
N3ameHeHne pH-onTtnumyma akTMBHOCTHU

3meHeHne cybcTtpaTHOU U (Mnn)
KopepMeHTHON cneundpunyHoCTH

[ToBbILLEHNE TEPMOCTAOUITBHOCTH
[ToBbILLEHNE «ONEPALIMOHHON» CTabUITbHOCTU

Agantauus K OpraHN4Ye€eCKUM pacCTBOPUTETIAM WU
ApyrmiM HeTpaanumnoHHbIM CpeaaM



PepMeHTbl — co3aaHue «ngeanbHOro
OvokaTtanunsatopa»

[Tonck n BeIbop ncxogHoro bepmeHTa

Co3gaHne wrtamMmma — npoayueHTa
peKoMObUHaHTHOro berska

OnTuMmnsaumsa yCnoBmn KynbTUBUPOBAHUS
OIS JOCTMKEHUS MaKCMManbHOIo BbIXQAA.

l3ameHeHne cBOUCTB



UcxoaHbin hepMeHT. chopmumatToerngporeHasa
Pseudomonas sp.101 vs Candida boidinii

[TapameTp wt-RPseFDH | wt-CboFDH
YoenbHas aktuBHOCTb, U/mg 6.3
OTHOCUTErNbHAS 1
TEPMOCTabUIbHOCTb

[MpegnoyteHne NAD*/NADP* 300 000
YCTONYMBOCTb K OpraHn4eCcKknm HU3Kas
PaCTBOPUTENSIM

YCTONYNBOCTL K NpoTeasam ymMepeHHas




[Touck n BbIOOp ncxogHoro doepmeHTa

- ANUTENbHLIN MO BPEMEHM U TPYL0EMKUN
- Manas npeackasyemocTb ycrnexa
- Npobrnema «MonyaLux» reHoB

“Genome mining”

- B HACTOALLEeE BPEMA OnpeaesierHbl nocrnenoBaTefibHOCTH
HECKOMbKMX ThICAY reHOMOB, DOMNbLUMHCTBO — B OTKPbITOM AOCTYRE

Genome screening

- MOWCK Ha OCHOBE WM3BECTHbIX NOCNEA0BATENBLHOCTEN B FTEHOME
OTAEeNIbHO BblAENeHHbIX OPraHN3MOoB

Metagenome screening

- PELLaETCA npo6nema HEKYJIbTUBUPYEMbBIX MUKPOOPraH3MOB
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Mining of S.cerevisiae genome for search of new
NAD(P)-specific dehydrogenases

Create individual Isolate
overexpression fusion
strains for each ORF GST Yeast ORF proteins

—

Yeast
genomic DNA

Common tag allows
Martzen et al., Science 1999, 286, 1153-1155 one-step purification



Yeast Oxidoreductases

Aldose Reductases Short-Chain Dehydrogenases
YBR149w Native ST YC}N@W GST
YDL124w Nativer | GS; YDR541c GSTI
YDR368w Native 5ST] YGLO39w GST
YHR104w Natfive YGL157w GSTI
YJRO96wW Nativer | GS; YNL331c GST
YOR120w Natve YOL151w GST

YALO60w Native 5S| YGL185¢c GSH
YALO61w Native 5S| YNL274c GSH
YCR105w Native 5S| YOR388c GSH
YJR159w YPL113c GSH)
YLRO70c Native 5 S| YPL275w GSH)

YMR318c Native




Standard Assays of Putative Yeast
Reductases




HoBble hepMeHTbl ANA CUHTe3a
B-NakTaMHbIX aHTUOMOTUKOB

[npponasa acouposB
a-D-anmHokucnot (AEH)

MNMpu coTpyaHuyecTBe ¢ nabopatopuen npod. C.B. Apoukoro

e;,’lnnoTech
MSU



OBLLAA KWHETUHECKAA CXEMA CUHTE3A
B—-JIAKTAMHbIX AHTUBUOTUKOB

E+P,

E+S‘——‘ESTEA—>
Nu/
ky

EANu : EP,—=E + P;

P

I'IeHMuunnMHauMnasa _not (AEH)




Comparison of yields in cephalexin
synthesis with wild-type and
recombinant XrAEH
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®dOI n3s Staphylococcus aureus

0.05

CSaFDH ) |

Cryptococcus
Botrytis
MMagnaporthe
MNeurospora
Gibberella

Emericella
Lgellomyces
Mycosphaerella

[ Candida_tropicalis
———————— albicans

3. cerevisiae

Tarrowia
P pastons

Plants

Candida boiding
Hanzenula
SoyFDH2

SoyFDH1

lalus

Juercus

Zea

Oryza
Eﬂﬁcm

Hordeum

Mesembryanthemum
Lycopersicon
Solanum
Arabidopsis
[BpeFDH
qu aFDH
ErFDH

=meFDH
HypFDH

—{ FarDH
IMorFDH

Bacteria

TrhaFDH
——
FzeFDH

LegFDH
FFDH
UngFDH
UmaFDH

MavFDH

savEDH

eﬁlnnoTech
MSZU



AnggepeHymnanbHasa cCKaHupyrowias
kanopumeTpus (ACK) pasnnyHbix
dbopmuatoerugporeHas

Pseudomonas sp.101 FDH —__

Staphylococcus aureus FDH

Enzyme

PseFDH

Candida boidinii FDH
\

Glycine Max FDH\ SauFDH
CboFDH
SoyFDH
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msauue HoBOM chopmMmmaTaeru-

AporeHasbl U3 TEPMOTOJSIEPAHTHbIX APOXKen
Ogataea parapaymorpha DL-1
(Hansenula polymorpha)

- [lpnHagnexar K orpaHN4YeHHOMY YUCR
METUNOTPOMHbLIX APOXKEN

- TepmMoToneparTHbIN OpraHn3m

- Micnonb3yeTtcsa Kak ogHa 13
OCHOBHBbIX «dabpuK» ‘s =
PekoMOuHaTHbIX hepMeHTOoB A W

XpomocomHasa [JHK 6bina nobe3Ho npeaocTaBneHa COTPYAHUKE
nabopartopum npod. O.A. loHuosoun (HUN ®Xb, MI'Y)

eﬁlnnoTech
MSU




Kinetic properties of formate

dehydrogenases from different sources
kcat/ kcat/

NAD* HCOO" + ,
FDHsource  '» o/ M G e KM, g oo,
mkM mM S (s*'mkM)-
1 (s'mM)-1
Pseudomonas 65 6,5 73 011 1,12
sp. 101 ! ! ! !
C. boidini 37 5,9 3,7 0,10 0,63
O. parapolymorpha 14 1,3 4,6 0,32 3,5
A. thaliana 50 2,8 3,8 0,08 1,36
Glycine max 13 1,5 2,9 0,22 1,93

nnolech

MSU

39 2,6 3,4 0,09 "6';"

! D, patens



D-amino acid oxidase (DAAO)

catalyses oxidative deamination of D-amino acids
yielding the corresponding a-keto acids

O

ﬁ R‘H—q + DAAO-FAD,,
+ 0

H,0 NH2

the enzyme consists of two identical subunits
and contains one FAD molecule per subunit

eslnnoTech
MSU



Preparation-of 7-aminocephalosporanic
acid (7-ACA) from cephalosporin C

N\M_T,S

NP
o

COOH
cephalosporin C a-ketoadipyl-7-ACA
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glutaryl-7-ACA
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Genome mining of O.parapolymorpha
for new DAAQOs

Genome analysis of O.parapolymorpha
resulted in 6 ORF which could be
potential DAAO

Genome analysis of other methanol
utioizing yeasts Candida boidinii, Pichia

pastoris resulted ONLY in 2 (I!I) ORF
which could be potential DAAO (one is
DASPO, the second DAAO)
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Metagenome screening

arget gene
1111t and proc

cdewww®

nvironmental |
. :

DNA extraction

ommuni
DNA

Restriction,
Size separation

Ligation into vector,

Host transformation
fractionated



FROM WHERE WILL MANY OF THE NEW APPLICATIONS COME?

Group of organisms Estimated Accessible
species (known) species
(as % of total)

Animals (mammals, birds, fishes) 3.5x 10 >90
. . . Arthropods/invertebrates 106-107 10
- Biodiver Slty Nematodes 5x 105 3
Higher plants 2.7 x10° >90
Algae? 104-105 [70]
Bryophytes 2.5x 104 70
Fungi® 1.5x 108 [5]
Bacteria? 104- 105 [1-10%)]

WHERE IS THE GREATEST i 10°10 01-1%
iruses? _
SOURCE OF NEW _ _
aThese values are thought to be underestimated, possibly by one to two
BIODIVERSI 'Y orders of magnitude. Estimates of accessible species will be proportionally
lower.
TO BE FOUND?

Eukarya

- The microbial world

_Crenarchaeota

Euryarchaeota

Archaea
Bacteria

TRENDS in Microlsalagy
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Olga Golyshina-genomicist

s
Kenneth Timmis-
environmentalist...

http://www.proteus.fr/

Pproteus

Biocatalysis Group-enzymologists http://www.vialactia.com/




WHERE ARE ALL THE MICROBES?

Whitman et al. (1998)

2.6 x 1029 (4%)
i 2.0 x 1030 (3 3% )

1.2 x 1029 (2%)

3.5 x 1030 (58%)




Deep Hypersaline Anoxic Basins (DHABS)
Of Mediterranean Sea

L 'Atalante

Bannock

Ocean Datz View

A

19°E 20°E 21°E 22E 23°E 24°E 25°E

Ferrer, M., Golyshina O.V., Chernikova T.N., Khachane A.N., Martins dos Santos V.A.P., Yakimov M.M., Timmis K.N.,
and P.N. Golyshin. (2005). Novel microbial enzymes mined from the Urania deep-sea hypersaline anoxic basin.
Chemistry and Biology. In Press




Normal Sea Water

Upper Interface Layer

Lower Interface Layer

o Totally anoxic environments

 High level of H;S

« Hypersaline

 High pressure




Sampling strategies
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Unusual structure on one out of flve DHAB esterases

770 AA 198 AA

Thio-esterase Carboxyl-esterase
domain domain

N-terminal C-terminal
domain — domain
446

S807 S839
0 0 0

1]
HOCH — G — NHCH, CH, oo MHCH, CH, 5 G- CHEECI—E)chS
M 2

Nf/frm A >=° p-NP acetate
&N NJ o//N QO

o] o] fxLi )

11 Il
CRECR0 =R =0 = —00h 4 <:> ;0_/_ Parabens
CH, OH H . HO
0 Propionyl-CoA o

Il
HO —F—0  OH

I
OH

* Bifunctional: carboxylesterase + acyl CoA thioesterase activities in distinct
domains
« 3 catalytic serines and a multicatalytic site for carboxylesterase activity
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EXAMPLE 2: RUMEN ENZYMES

THE RUMEN PROJECT:
EXPLORATION OF BOVINE RUMEN
MICROFLORA

&
ViaLacti

- i ' http://www.vialactia.com/




Novel hydrolase diversity retrieved from a
metagenome library of bovine rumen microflora

Generation of a genomic expression
library in a surrogate host like E.
coli

sampling—, DNA — library ., screening,—., characterize_, apply
extraction generation sequencing optimize

RESULTS:

13 | ast Cellulases Esterases
* 13 novel esterases
« 9 endoglucanases - w!:_ 1
- 1 ciclodextrinase E;ﬁ T
* 25 glucosyl hydrolases af —

» 1 laccase o




Novel hydrolase diversity retrieved from a
metagenome library of bovine rumen microflora

Proteins with a Mesophilic ¢
known function

w Hypothetical
proteins

Conserved hypothetical
proteins

Psychrophilic ermophilic

No similarity to ~ AN@erobic  Apaaropic
D  GenBankentries  fungus archaea

Anaerobic

Aerobic Gram + bacteria

Gram - bacteria

Anaerobic

_ Gram - bacteria
Aerobic

Gram + bacteria




[opsAYne NCTOYHMKM BYIIKaHa ATHa
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METOLbI NPOBEAEHNA MYTAIEHES3A

- Knaccuueckuin (0bpaboTka XMMUYECK M peareHTamu,
paguauust yneTpaduonet u T.4.)

- HanpaBneHHas aBonouus

- Mytupytowmn wramm E.coli

- “Gene Shuffling”

- JKCNepuMeHTansHasa 3BosoLus

(Rational design)



MymazeHe3 ¢ nomouwjbr0 Memooda «HarpaesieHHoU 380J1I0UUU»

[NonyyeHne 6MONMOTEKN MYyTaHTHbIX FEHOB

BeeneHue TpaHcdopmauums
Heynops40YeHHbIX baKkTepumn
— I — >
. MyTauun C
MicxopHbIn I'IOl\y/IOLLI,b}O MLP

reH

=p!
~
O\
=
~
©)
=
<
A
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MYTAQHTHBIX I'CHOB

AHann3 ononnoTeku

[Mpamon oTbop AHanma Ha Yyalukax c NoMoLLbHo,
KONopuMeTpuyeckoro, donyopec-
LEHTHOro 1 Ap. METOOOB

x106 - 108

buoTtpaHcopmaLus
C NOMOLLBIO LIerbIX
KIETOK

}

!

(GC/LC) MS analysis




NMPEMMYLLUECTBA MW HEOOCTATK METOLA

A4

«HAIMNPABJIEHHOW SBOJTFOLNA

® rlpOCTOTa METOANKU NpoBEAEHUA SKCREPUNMEHTA

e He TpebyeT 3HaHMA He TONbKO NPOCTPAHCTBEHHOM
CTPYKTYpPbI, HO NOCNeaoBaTeNbHOCTU reHa

e MeToa ovyeHb goporon U TpygoeMokum — 1 nono
myTaumsa Ha 10 000 — 500 000 knoHoB

® 3a OAWH LUMKI1 HENBb3SA BBECTU bonee 1 nonoxurtenb
MyTaumu, Heobxoamumo npoBoanTb A0 6-10 UKMKNoB.

e OuyeHb YacTo OTCYTCTBYET npocTasi u 3 deKkTnBHAA
METOAMKa CKPUHUHIra dubrnmoTekn reHoB

e He no3songeTt BBOOAUTb BCTaBKU U AenaTb Aeneyum



Directed-evolution of enzyme catalysts

O.Kuchner, F.H.Arnold, Trends in Biotechnology, 1997, 15, 553

Box 1. The number of possible variants of a protein that can be created by introducing
M substitutions simultaneously over N amino acids is 19 [N! / (N - M)! M)

Sequence length = N (number of positions targeted)

5 10 200

Number of amino acids
changed simultaneously

1
3 0500
4 8 429 807 368 950
5 623 976 948 6 278 520 528 393 960
6 9879635010 3876986 426 283 270 000
7

107 264 608 860 2041 510 281 040 010 000 000

This table lists the number of variants that could be made if every possible amino acid substitution were accessible
(for example, by codon-synthesis methods). If point mutations are introduced randomly at the DNA level, the accessk
ble sequence diversity is limited. On average, only 5.7 different amino acids are accessible by single-base-pair changes
in a codon. Furthermore, the number of clones that must be screened to see a given number of unique amino-acid-
level variants must increase to account for wild-type variants arising from the degeneracy of the genetic code. To have
95% confidence that a given number of amino-acid-level variants has been sampled in a screen or selection, the
number of unique clones must be multiplied by a factor of approximately ten.

The feasible upper limit for screening with a high-throughput assay is indicated by the darker gray area. The upper
limit of feasibility for selection in microbial hosts is indicated by lighter gray. Neither screening nor selection allow
exhaustive searches of libraries containing multiple mutations distributed over long sequences.




Catalyst Screening Technology

HTP microbe
handling:
FACS, Tecan
Q-bot

Facilitates HTP
handling:
10*- 10'° /day

2D arrays 1% tier screening:
500,000 /day

Natural Diversity, EEE | Thoroughbred™
or Shuffled Gene " Catalvsts
Libraries S HTP-Kinetics: Y
UV-VIS, 2 tier screening:
fluorescence, 1,000 - 50,000 /day
enzyme purification

HTP-analysis:
GCMS, LCMS,
MSMS, CE, SC

3d tier screening:
500 - 20,000 /day

= CODEXIS

»
B ROADEN YOUR IMAGINATION




MyTareHe3 ¢ noMOLbLIO MyTUpYHOLLEro wramma E.coli
» MeToq OCHOBaH Ha pa3MHOXEHUM KROHMPOBAHHOIO B Nyiasmuay reHa B
cneuyuanbHoMm wtamma E.coli XL1-Red (Stratagene), MyTaHTHOrO o
TpPeM reHam, OTBETCTBEHHbLIM 3a nNepBuYHYyto penapaunto AHK:
- mutS (ygarneHue HecoBnagawLwmx nap ),
-mutD (oTBeyaert 3a 3'-5’-3K30HYyKNneasHy akTUBHOCTL B

OHK-nonumepase ) n

-mutT (oTBevaerT 3a rugponna 8-okcodGTP).

« YactoTta myTtaumn B 5000 BbIlWe, YeM B 0ObIYHbIX WTaMmMax E.coli.

« 1 myTauma Ha 2000bp nocne 30 umnknos pocTa.?

1 Greener et.al (1997), Molecular Biotechnology, 7, 189-195



Pure clone assayed against D-enantiomer Pure clone assayed against L-enantiomer




“Gene Shuffling” (' eHHaa mo3auka)

Gene Variants ! e '

(Diversity) — ——
| =

DNASHUFling™ — ==t s e e e b e — e —

Novel Genes

Library of { = : .. .

HTP Screening e e e e e

Novel Genes With — — . ,
Improved Properties F— : : ' '




Gene Shuffling Semi-Synthetic Shuffling ~ Synthetic Shuffling
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T 0000 s
\ ¢ J. Ness et al.,
[——) [ ]

Nat Biotechnol., 2002, 20 (12):1251-5




Protein Science (1998), 7:698~705. Cambridge University Press. Printed in the USA.
Copyright © 1998 The Protein Society C

Serial increase in the thermal stability of
3-isopropylmalate dehydrogenase from

Bacillus subtilis by experimental evolution

SATOSHI AKANUMA,'? AKIHIKO YAMAGISHI,' NOBUO TANAKA 2 AND TAIRO OSHIMA

'Department of Molecular Biology, Tokyo University of Pharmacy and Life Science, Horinouchi, Hachioji 192-03, Japan
2Department of Life Science, Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama 226, Japan




70°C BTH7024 - BTH7.044
(195L/M2921/T3081) (195L/M2921/T308I)

| |

66°C BTH6622 BTH6623 BTH6642 BTH6643 BTH6652
(I95L/T3081) (19SL/T3081) (195L/T3081) (195L/T3081) (T3081)

N N/ ]

61°C BTH6121 BTH6141 BTH6151
| (T3081) (T3081)

]

T. thermophilus BTHS601

Fig. 5. Evolution pathway of T: thermophilus mutant strain, which carried

" B. subtilis leuB gene. Temperatures at which mutant strains were selected
are shown.




dopmupoBaHME YCTONYNBOCTU
B. antracis K oprnokcaumHy In vitro
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"RATIONAL DESIGN”

MeToa ocHoBaH Ha BblObope MyTauuii nocrne aHanuaa
4YeTBEPTUYHOM CTPYKTYPbI Oenka

icnonb3yoTcAa BbICOKO3I(PEKTNBHLIE. METOALI CANT-
HanpaBlieHHOro MmyTtareHesa

MeTon no3songaeTr NoNy4YaTbIMyTaHTbI C
pa3HbIMWU aMUHOKMUCIIOTaMu B OJIHOM MOJ10
(HacblWarLWwmnmn mytareHes)

[1ns aHanu3a TpebyeTtca 5-25 KNOHOB

[lo3BongaeT BBOAUTb MyTaLUuU, HEOOCTUXNUMbIE C
NOMOLLIbIO ApYrnx MeToaoB (BBeaeHmne S-S cBAse
OAHOBPEMEHHOE BBEAEHNE HECKOMNbKNX MyTaL K
onpeaerneHHbIX NONOXeHNAX




Yearly Growth of Total Structures

number of structures can be viewed by hovering mouse over the bar
Numkber

45,000 50,000

PocT konnyecTtBa
CTPYKTYp B DaHke
PDB

2008




Yearly Growth of Total Structures
! "UCTuUr n be viewed by hovering mouse over the bar
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Growth Of Unique Folds Per Year As Defined By SCOP

number of folds can be viewed by hovering mouse over the bar

Mumber
100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300

al
2008

il
2007|g

il

ZOOSﬁ
-

20005_.’.

1999-‘-’ i

1998-"

i '
1997

- .
1996-.’

il i
1995

i
1994.’

A
1993-.

i
1992..1’

-

199129
il
1990/
al
19895
il
1988,
il
1987 4
al
1986
il
1985
il
1984
al
1983
il

1982l/’
4

19819
-




Growth Of Unique Folds Per Year As Defined By SCOP (v1.75)

number of folds can be viewed by hovering mouse over the bar
Number
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Bonee 50% CTpyKTyp MMEIT paspellieHne <
2,0A

Resolution Distribution - subrange from 0.0 to 5.0
Mean: 2.18 Std. Deviation: 1.23 Total Count (not null): 46327

18300

sifis
i)

There are 916 values outside the current range - for a complete histogram click here.




Crystals of different complexes of formate

dehydrogenases%m &haliana and soya

-~
AraFDH + NAD™ apo-AraFDH AraFDH +
F
SoyFDH +
NAD*+ azide
SoyFDH +

NAD*




® Crystal of AraFDH
' \Omajned in space



KOH®opMmaLOHHbIE M3MEHEHNS B MOJIEKY e

opMmnaTaeruaporeHasbl




de novo prediction

% Sequence identity

Insignificant sequence similarity
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APPLICATIONS

Studying catalytic
mechanism

Designing and improving
ligands

Docking of macromolecules,
prediction of protein partners

Virtual screening and
docking of small ligands

Defining antibody epitopes

Molecular replacement in
X-ray crystallography

Designing chimeras, stable,
crystallizable variants

Supporting site-directed
mutagenesis

Refining NMR structures

Fitting into low-resolution
electron density

Structure from sparse
experimental restraints

Functional relationships
from structural similarity

Identifying patches of
conserved surface residues

Finding functional sites by
3D motif searching

Protein Structure
Prediction
and
Structural Genomics

D. Baker and A."Sall,
Science, 2001, 294, 93



[lonydyeHne manartgerngporeHasbl U3

Asp-197 4
= Wild tyoe
% 3 SRR
His-195 HEs

nakTaTtaoerngporeHasbl

|

Jo

/s
(AT I

-

kc a'/Km (pyruvate)
k../K,, (oxaloacetate)

> GIn102->Arg102

|

Q-
log

0 INRORSUE R
AT

46 SN
Thr?%6Gly :

Holbrook J.J. et al, Science 1988

LDH




Rational design vs directed evolution

Pseudomonas sp.101 FDH

- 16 myTauum npeanoXxeHo U BbIMOMTHEHO

- 13 myTauum okasbiBarniu NONOXUT. AP eKT

- 8 MyTauum oobLeanHUNNU

- 100-KpaTHOE yBennyeHue
TepMOCTaOMNNMBLHOCTU U

- 2-KpaTHoe ynyuuweHue K,, ana NAD®

Candida boidinii FDH

- 400 000 KNOHOB — 1-bIU CKPUHMI

- 1500 — BTOPOU CKPUHMUT

- 5 MyTaumm c nonoxuteribHbIM 3 eKToM

- 5 myTaumm obveanHunu - 50-KkpaTtHoe
yBeJfinyeHme TepMmoctadbunbHocTn de3
N3MEHEeHU A KaTariIuTU4eCKnX CBOUCTB

olech

SU



Purification of recombinant Pseudomonas sp. 101
FDH with improved thermal stability by heat treatment

min 0 10 20 30 40 60 90 120

Heat treatment of disrupted cell suspension at 60 °C

e;,’lnnoTech
MSU



N3meHeHne pH-onTumMyma akTMBHOCTW
9HO0-P-rntokoHa3sbl |
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OnpegeneHne pH onTtMyma akTUBHOCTHU
mcxogHoum n mytadtHou EBGII|

—o— Mutant EG Il D95N

—=— wild-type EGIII




HAMPABAEHHbLI MYTAITEHES3
[MEPOKCUOA3blI TABAKA

Bbixoa akTMBHOM nepokcuaasbl Tabaka npu pedonaunure ana pepmeHTa
oukoro Tuna (Kpusas 3) u ee mytaHta Glu141Phe (kpuas 1)



pH-Dependence

of K., for NADP*
for the first and the
third generations of

NADP*-specific
mutants of bacterial
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NunarHoctuka SARS COV-2 ¢
nomoLibio nsorepmmyeckou NLUP

lena Bioscience | TH€ racing car among Bst
Polymerases

r N




®-® Jena Bioscience
N Building Blocks of Life

CpaBHeHue 3achpeKTMBHOCTU MyTaHTHOM Saphir
Bst2.0 Turbo ¢

Time (minutes)




FUSION ENZYMES




"~ Scheme of catalysis with

NAD(P)H regeneration

SUBSTRATE ==22¥Mel_ prRODUGCT

'

NAD(P)H  NAD(P)

CO, & HCOO-

linker
FDH  Enzymel




Cytochrome P450 monooxygenase
from Bacillus megaterium (P450 BM3)

RH + O, + NADPH =====) ROH + H,0 + NADP*

. / \//\_J ‘*«-\ \ %
Heme-containing FMN-containing FAD-containing
\ domain ]| domain domain |
Catalytic domain Reductase domain

InnoTech
MSZU



Two-step oxidation of valencene
to nootkatone

(+)-Valencene (+)-Nootkatone

Op——— | _—" NADPH+H"—+__

~

P450 BM3 |
— | T———~ NADP

HomY

(+)-Nootkatol

S. Schulz et al. ChemCatChem 2015, 7, 601-604.



Hybrid enzymes based on
PseFDH and BM3 P450

Total lengh of polypeptide chain is. more
than 1 600 amino acids
- 400 aa PseFDH
- 1200 aa BM3 P450

Dimer of two hybrid subunits,
2 X 1600 =3 200 aa (at least)




PROBLEMS TO SOLVE

1. Estimation of the best order of enzymes in hybrid
(could be predicted by structure modeling)

linker
Enzyme 1 FDH

linker
FDH Enzyme 1

2. Polylinker

3. Position of His-tag (N- o C- terminii) for purification

eﬁlnnoTech
MSU



Modeling full structure P450 BM3
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-FDH and FDH-BM3

M3

Modeling of active sites orientation
In hybrids B

FDH-BM3

BM3-FDH

=L
TmS
EE
L)

In collaboration with Prof M Khrenova




Position of His-tag in FDH

9,

-
X - |
-
[ \
!
N s

o
AKTUBHbIE LLeHTpPbI

His,-PseFDH PseFDH-His

N K NAD+ K HCOO—
cat’ C
12,

OpaFDH

7
OpaFDH-HI86 2,3 83 “ InnoTech




Hybrid molecules prepared
with FDH and BM3 P450

.

HisTag | BM3 P450

BM3 P450




Hisg

FDH1 P450 BM3 je

Link

FDH2 P450 BM3 &

P450 BM3 FDH1

Hisg Link
P450 BM3 FDH2 BF2

* FDH1 - PseFDH SM4 D221Q
* FDH2 - PseFDH D221Q

= Link - linker SGGGGS




Expression of free enzymes
and\m/brids




P450 BM3“m) A74G/F87V/L188G/R471C

| FDH-1 (1m) | NADP* D222Q

F1B [TFBRAT ascsoos IS T R
BF1 IR <GS [EDRET]

FDH
LM/Y m

- NADP* NADPH

12-pNCA
002

o }"410
< 180 169
S 160 152 152
~
§ 140
a8 120 114
=] 8
£ 100
c 83
~ 80
S 53
> 60
'3' 40 31
— 22
17

— 20
2 [ :
E o

BF1 BF2 FIB F2B BM3 BM3

4m wt (lit)
B BM3 [NADPH] B FDH + BM3 [formate + NADP+]

InnoTech
MSZU



Tested substrates of P450 BM3

NO,
8

12-pNCA Naphtalene Octane Decane




Hydroxylation of naphthalene
by BM3 P450

)= (LT

Full conversion
Enzyme A, U/ml Asusion/ Asm3 time NADPH,
min

BM3 0,15+ 0,01 1 705
F1-BM3 0,54 + 0,05 3,5 13+2
F2-BM3 0,88 + 0,04 D,7 8+ 1

0,05M NaPB pH 7,5, 0,3 mM naphtalenea, 0,15 mM NADPH

es’lnnoTech
MSU



Test conversion

Activity with octane (0,05M NaPB pH 7,5, 0,3 MM octane, 0,15 mM NADPH). Time — 15 min

Enzyme A, U/ml Atusion/ Asm3 Conversion, %
BM3 0,39 + 0,02 1 3,005
F1-BM3 0,87 + 0,02 2,2 34 %2
F2-BM3 1,03 £ 0,03 2,6 49 +2

Activity with decane (0,05M NaPB pH 7,5, 0,3 MM decane, 0,15 MM NADPH) Time - 15 min

Enzyme A, U/ml Atusion/ Asm3 Conversion, %
BM3 0,23 + 0,02 1,0 20+0,2
F1-BM3 0,40 £ 0,04 1,8 4,0+0,5
F2-BM3 0,46 + 0,02 2,0 50+£0,5

es’lnnoTech
MSU



Converstion of Myristic Acid with
NADPH regeneratior

(=2
[—]

o~ 50

o
[—]

2 mM NADP* 1,5 M HCOON
10 minutes

Room temperature

200 yM substrate

50 nM enzyme
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BF2 F1B F2B BM3 +FDH

All hybrid biocatalysts showed B 4-6 fold higher
activity compared to mixture of individual enzymes

Avtivity of system FDH-BM3 was higher than of BM3:

—



KneTkmn — cosgaHune «uaeanbHOro
bnokaTtanmnsartopa»

Bbonee HMU3Kaga cebecToMmMmoCTb Mo
CpaBHEHUIO C pepMeHTaMu

«Bocnpoussoanmbiny bnokatann3atop

OTcyTCcTBYET NpobriemMa pereHepauum
KodpaKkTopoB

[lelneBoe ncxogHoe chipbe



KneTkun — cosgaHue «maeanbHOro
bnokaTanusaropa»

KynbTBMpoBaHue npu cenekTmBHOM
OaBrneHnn

benkoBaga nHxxeHepus OepMeHTOB,
y4yacTBYHOLLMX B OBMOCUHTE3E

Genome fusion

Metabolic engineering



Biochemical Pathway to Avermectins

lle, Val —» +o-
—>

aveAl, A2, C

Product 1 vs. 2 Nature of R, (A/B)
Nature of R, (a/b)

Avermectin B1 is the desired product
for commercial applications.




Doramectin Fermentation:

Mixture of Avermectins produced
by Streptomyces avermitilis

Avermectin B1 (Doramectin) I Avermectin B2
Desired product aVGC Undesirable by-product

OH

| J\ cH,
06:10 > ((‘,Rz
(wild type) )

CH,

aveC s essential for biosynthesis

aveC deletion knocks out most B1+B2 production
most aveC mutants increase B2, decrease B1
function of aveCis UNKNOWN

Product: (B1), a broad spectrum
antiparasitic antibiotic (Dectomax)




Improved Doramectin Fermentation
by Shuffling of a Biosynthetic Pathway Gene

100+

801

Product 60-

Selectivity |
(%) 40

207

0_
wild type 1st round last round

B1:B2Ratio:  06:1 2.5:1 >15: 1
Commercial Status: Original Process Commercialized  In Development

Rel. Yield vs. WT: 1 1.4 TBD

...leads to greatly simplified product isolation




Muations in aveC can influence B1:B2 ratio
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PSE187 PSE188
aveC aveC

S95F A139T

Stutzman-Engwall et al.,
Biotechnol. Bioeng. (2003) 82:359




Efficient Protoplast Fusion for Shufﬂing of Genomes

protoplasting

QO =

cell wall cell -
membrane (iterate)

| Recursive fusions
Screen for strains enable recombinations
with improved among multiple
phenotypes parental strains

@ @ recombmahon
@ and division
regeneration @ C%Q




The Rationale behind Genome Shuffling

Classical Strain Genome Shuffling
Improvement

R

Mutagenesis

Pick one

Shuffl|e

S U
|

® ~ Select and shuffle all
Progeny improved progeny

Cycles (evolutionary time)

Y. Zhang et al., Nat Biotechnol., (2002) 415, 644-6




mprovement of Tylosin Titer by Genome Shuffling

%
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Prod'n Original Classic 1! Round 24 Round
Strain Strain Mutagenesis Genome Shuffle Genome Shuffle

Rel. g/L 6.2+24 1+ 0.2 8l 1.2

Dev. Time | > 20 years 1 year
#screened |  ~108 1,000 1,000

Colony .

Morphology

BROADEN YOUR IMAGINATION




Metabolic engineering

® /IameHeHue cyLLecTBYIOLL
METabONMNTNYECKUX NYTEN

o Co3naHue HOBbIX



\Increasiﬂg NADPH Yield

« Under aerobic conditions, |sme dehydrogenase supplies 2.0
equivalents of NADPH per glucose m\lecule

« Additional NADPH (2.0 equivalents per g ucose molecule) might

be obtained by increasing flux through the péﬁ 0se phosphate
pathway.
Glucosef—> Glucose-6- phosphate
2 NADP*
RENLOSE’
Glycolysis {  Fructose- 6 phosphate posphal

2 NADPH pathway;

Glyceraldehyde -3-phosphate

1 2 NADP* 2 NADPH

Citr
Acetyl-CoA \——/ = CO, " acid cycle




ObecrnevyeHne OoNoNMHUTESNTbHOW SHEPTUN KNETOK
C MOMOLLIbIO doopmMuaTaerngporeHasbl

dopmMmnaT-moH — MHIMBUTOP POoCTa KNETOK — MOXKET
MCMOJIb30BaTbCA KaK CENEKTUBHbIA Mapkep ans
COXPaHEHNS TOJTbKO KITETOK C nia3Muaamu

dopmmnaTt-uoH — agellesbin cyocTpar

dopmmaT-noH — NEerko NPOHNKAET B KNETKY C
MOMOLLIbIO MAaCCUBHOIO TpaHcnopTa

OpgHa monekyrna goopmuaTa obecrnedmsaeT
nonydyeHue ogHou monekysrsl NAD(P)H — 3
monekynbl ATP

[MpoaykT okucneHna popmmata — CO, — He
3arpsA3H{ET LeneBon NpPoaYKT U fIErko yaansieTcs mn3a
cpeabl



Bbixog buomacchl knetok E.coli npw
KYyNbTUBUPOBAHUN - HA popMuaTe

LTtamm E.coli

dopmuar,
4 x 0,03 M (2 r/n)

Bbixon 6uomaccsl,
E/r

E.coli BL21(DE3) - 30
E.coli BL21(DE3) + <0,5
E.coli ) 33
BL21(DE3)/pFDH8

E.coli N 55

BL21(DE3)/pFDH8
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Synthesis of chiral £-lactones in a two-enzyme system of
cyclohexanone mono-oxygenase and formate dehydrogenase with
integrated bubble-free acration

Sebastian Rissom,? Ulrich Schwarz-Linek,” Marina Vogel,® Vladimir I. Tishkov ¥ and
Udo Kragl>*

2 Institut fiir Biotechnologie, Forschungszentrum Jilich GmbH, D-524235 Jiilich, Germany
® [nstitut fiir Organische Chemie, Universitit Leipzig, TalstraBe 35, D-04103 Leipzig, Germany
¢ Department of Chemical Enzymology, M. V. Lomonosov Moscow State University, RUS-119899 Moscow,
Russia
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NADPH NADP*
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CO, <«———— FDH 65131’{"?2}[‘




Synthesis of Natural Product Precursors by Baeyer-Villiger Oxidation with
Cyclohexanone Monooxygenase from Acinetobacter

Ulrich Schwarz-Linek,'>* Andreas Krodel,* Friedrich-Alexander Ludwig,® Alexander Schulze,* Sebastian Rissom,”
Udo Kragl,'™® Vladimir 1. Tishkov, Marina Vogel*?

iﬁ”%% O

NADPH+H* NADP (R) -2 (S) -1
(R) -4 (S)-3

C HCOOH
© FDH

1 R = COOEt
3 R =CHz0Ac

Lactone Yield® (%)  ce® (%) Configuration

39 >99 Rd

34 >09 R¢

Synthesis, 2001, v.33, N6, p.947-951 eﬁlﬁgﬁ




