Exploring Protein Functional
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Gene Synthesis and
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Exploring Fitness Landscapes at Multiple Scales

; .' e o .
+ 57 R
booﬂ'.. ...... -~ o
- -
" e v
S E et ..‘. ..f ..‘
o @ - e,
- ° .
- e
000000 . " ° s "ot
te L - *e
..oooo... ....... ', ) o..... R
b ‘. + .: ......... -
' B R T T
. . ...0 . T S S S
o.. .........
S - W
. ‘e,
. - ..0... " J
™ . - -
— e? . AT . 2® Lo L
p, e . .." e
. . )
‘... :..... o > .e .
.. et s s e T et det T eeten .,
o . - b F ’
... > S, L LA
. : . ..o o.. .
.
. - o' ete *
** '. ° .. ....
N .
- ¥ 4 +‘
r‘. .o . > .' ...o: ..
., o o
&
-t B
.
......
& 9
S L
° .
o . -
e S + o
[ ¥ ..oo 0.. - .o *
* ...... A S UL, .‘ :
™ . e . P .. : -
" o’ o )
o e, .o. . + o: oo™
. . .t o
. ‘e See *
— % e _—
“A ;F A . a >

FiG. 2.—Diagrammatic representation of the field of gene combinations in two dimensions
instead of many thousands. Dotted lines represent contours with respect to adaptiveness.

Wright 1932



Seqguence space

Atoms In universe Potential sequences of 64 aa protein
1102 < 2064

Median Bacterial protein length
20/ a.a.

Median H. sapiens protein length
361 a.a.

Seqguence space
2()361









Function space

All sequences capable of
carrying out some function






Evolutionary




Evolutionary
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Observed space



Observed space

The sequence space we
know about due to
metagenomic seguencing.



Observed sequence space is growing exponentially

Number of entries in UniProtKB/TrEMBL
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85,272,789 total sequences



Corresponding functional info is not growing exponentially

Number of entries in UniProtKB/TrEMBL

80M -~

60M -

40M A

20M -+

OM -+

| | | ! ! !
1997 2001 2005 2009 2013 2017

85,272,789 total sequences
693,956 with GO Experimental annotation (0.8%)

Gene Ontology Consortium 2017

Protein existence (PE): entries %
1. Evidence at protein level 128838  0.15%
2: Evidence at transcript level 1082426 1 .27%
3: Inferred from homology 20603690 24.16%

4: Predicted 63457835 74.42%



Sequences of identical function are highly divergent
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Percent identity between orthologs in groups (OrthoMCL DB)

10,672 total groups with at least 20 seqgs.



Exploring Functional Space
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Fi16. 2.—Diagrammatic representation of the field of gene combinations in two dimensions
instead of many thousands. Dotted lines represent contours with respect to adaptiveness.

Wright 1932

Use homologs as an educated guess for fitness
peaks at large distances



How do we get the physical DNA sequence needed for testing?
 PCR impractical - most source organisms inaccessible

* (Gene synthesis - too expensive beyond a few dozen

* Oligo synthesis - short lengths

1000 — Cloned Genes

Column-synthesized

oligos Uncloned Genes

100 —

o
|

Cost ($/1000 bases)
1

o
l

0.01 —
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Kosuri & Church. Nature Methods 11, 499-507 (2014)



Reducing gene synthesis costs
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Reducing gene synthesis costs

1000 —
Column-synthesized
oligos
100 — /
§ N o .
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8 107 e
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S y P l PCR Assembly
<
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o
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Kosuri & Church. Nature Methods 11, 499-507 (2014)



Pool based gene synthesis

OLS Pool

A B C D E F
1 23456 1 23456 1 23456 1 23456 1 23456 1 23456
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* Higher background complexity leads to:

* |arger search space

* Higher probability of off-target hybridization
* Higher error rates (-> local landscape)

Borovkov et al. Nucleic Acids Res. Oct; 38(19): €180. 2010



DropSynth

Z
55°C

l/
| | |||} || | | ssDNA barcode overhang
T — ‘f ’ —= —
Oligo nicking \\

Microarray synthesis OLS pool 4/

> _— ——NNNNN
k X/ _— ————NNNNN
/ / — ————NNNNN ) .
EE b > —> —> —>» Multiplex Functional Assay
& %I %l _ ———NNNNN

NNNNN

Selectlve bead Emulsion assembly Gene recovery Barcoding

pulldown

Cost <$2 per gene



Oligo design




Oligo design

AmpF AmpR

gene




Oligo design

AmpF  barcode AMpR
1S 1S 1S 1S
AsmF ovr ovr2 ovr3 ovrd AsmR
gene
Ndel Kpnl

asmi asm? asma3 asm4 asmb



Oligo design

AmpF  barcode AmpR

1S s s 1S



Oligo design

AmpF  barcode AmpR

1S s s 1S



Nicking

12nt ssDNA overhang

*
barcode AmpR

biotinylated fragment

Streptavidin coated bead



Processed oligo

barcode




Processed oligo

BCH

BC

BC2

BC3

BC

BC1

BC

BC3




Processed oligo hybridization

BCH

BC

BC1’ bead

BC2

BC3

BC

BC

BC

BC3




Processed oligo hybridization

BC1’ bead




Processed oligo hybridizatio













Gene Assembly PCA




Gene Assembly PCA




Gene Assembly PCA




Gene Assembly PCA




Gene Assembly PCA







Break Emulsion




Assembled Gene Library




Optimization

572 bP mm
480 bp mm

388 bp ==
296 bp =

MW 3
50bp oligos
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Phosphopantetheine adenylyltransferase (PPAT)

* essential enzyme in coenzyme A biosynthesis
e protein: 159 aa (E. coli), gene: coaD (477bp)

* potential antibiotic target pantothenate

membrane

(Vitamin BYS)
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PPAT Homolog Library + 1,152 PPAT homologs
| * median 50% seq. identity

Sequence
Identity
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Assembly

Lib1 Lib2 Lib3

PPAT
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Library Coverage and Unitormity

10° -
_81000-
c -80
®
: =
a .
i 702 -4
g 800 < § 103 -
S 8 9
[ 605 8
g ~o—®| 3 =
£ | = s}
o 0% Min. |}508 F
S num. S
X BCs by 107 -
E o1 |[402
O 400- @10
' | | | .’100. 30
0 1 2 3 - 5 Rank ordered ortholog

Max. distance from homolog (a.a.)



Perfect Assemblies
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Pooled Complementation Screen

e QO O DO D e
homologs NNNNN

Transform Heat cure NNNNNN
E. coli rescue barcodes NNII\\IJI\I{{FI\J%[IQ\J[I\\]J Fithess
et CDI- oMol —% T
@ 42°C Batph cyltqre NNNNNNN  jog r+1
4 serial dilutions NNNNNNN 217 +1

Rescue plasmid
escape frequency:
11n 20,000




Noise In Barcode Fithess

in Replicate A
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For orthologs with at least 50 BCs



Biological Replicates (just homologs)

I Drase— 1100
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Escherichia coli

L " -Klebsiella pneumoniae
7 /%é )49 _-Pseudomonas aeruginosa
7
/ 2, -Ralstonia solanacearum
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E. coli K-12 MG1655

fithess




Individual Fithess Testing
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Afitness

Topography of the fitness landscape
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What about the local landscape?

seguence space



What about the local landscape?




Mutant Distribution

> /5,000 mutants within distance 20 a.a.
>1,000,000 mutants below read threshold
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20000 -

Counts

10000 -

0 25 50 75 100
Sequence ldentity (%)



Mutant Fithess
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Mutant Fithess

fitness

Adistance

genotype
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Local Peak Landscape

around 360 peaks

fithess

Adistance

genotype

AFitness
|
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[Tt

0.0 0.1 0.2 0.3 0.4
Distance to nearest ortholog (substitusions per site)

-10-




Single sequence

seguence space



Mutagenesis

seguence space



Deep Mutational Scanning

2010 - Fowler
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Fowler & Fields, Nature Methods 11, 801-807 (2014)



Broad Mutational Scanning




Broad Mutational Scanning

1) Select 497 complementing homologs (and their 71,061 mutants
2) Multiple sequence alignment

3) Collapse fitness for orthologs and their mutants onto E.coli reference sequence and
determine mean fitness at each position & a.a. combination.

N

# Fitness Organism MSA
1 2.2 Clostridiales bacterium VE202-09 S E'E IIEE WA W IIImEEE N W I EmE
2 1.8 Clostridia bacterium UG5.1-2E3 T IENIIT BT T S iv TN FTRE]E
3 1.7 Roseburia sp. CAG:182 IIEEEEEE TR0 IN NI I OEE RSl P INEEEY | NI OE N .
4 3.3 Leptotrichia sp. oral taxon 215 T T B BN IENEITRIT T ST REIET TN it I
5 -2.1 Ethanoligenens harbinense BTSN N INIE NI W FEEI I 0 NI E MiEE E IEEENIN IB
6 0.7 Eubacterium siraeum HIEEIFIE EEII] BN PN IN W ) WEI ISR I 0 N Wy 00 00 RN M N-
7 2.7 Clostridium perfringens IFEEEE BNl NIEIE NP0 RUOEEE RDIEEE W D0 0 WA 0 EINININIE HE
8 2.8 Clostridium cellulovorans. . FEEVEE INIININEE BN BN EEE | B NI BN W W | Imml AN
9 -1.4 Caldicellulosiruptor bescii , N EEIPEE BN 1NN NEE Nl IH N EEmIEIil ] ] EIEIEE NN
10 3.0 Thermoanaerobacterium thermosaccharolyticurm /R DR R R S R e s
1 -3.6 Megamonas rupellensis NIEWIPEE INIII IS MIEINIEIII NI N EEl 1 EEE e
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13 1.6 Bdellovibrio bacteriovorus C FEETEEINEI] I F O IN INIEW I NS N I EEDERER DRNND DN DIEES
14 3.7 Clostridium sp. CAG:306 EIFEEEI N NIEEEI N O IN I EiEEA N [ I NEEE N (N0 WED IENE -
15 0.6 Anaerococcus sp. SB3 FIFEEEEEIIE EE FEN INE ] INEEE E A I I e N
16 -3.6 Clostridium hiranonis INIENTEE BN EIEEE I I IIEE] Wi 1 NI mIEEI I
17 1.8 Clostridium litorale I FEEEETEE | B O IF EIEE s SN PEEEA N N WA R i
18 2.6 Bacillus clausii RN T BIT I B BT ET TR IRl 7T T ey e
19 0.8 Bacillus thermotolerans N EENTEE SN | BNl N I Wl NS N B JIINEA EINDWEmE I0D-
20 2.7 Bacillus koreensis FIEEWIFE] HWE IEEN NIl BIME] | I EIID B I N I IPE BN INEm
21 -3.6 Mycobacterium abscessus E FEEEI NI NINIEED] M) (NN NIMEE 1 W i— imE— i1+
22 2.9 &yanobaoterlum stanieri . HINENIEE Nl RIEmIIIND-F I NIENIN D Am O IEINND I EmipImI-
23 1.8 arinithermus hydrothermalis T T B ENIT IR I T e NE RN i
24 1.6 Ktedonobacter racemifer 1 EEITE NI EEIIEIE BN EE NI NIAEEE N = EE -
25 -1.4 Candidatus Entotheonella PSS B NIl N IR EEEIEN I NI EEIE @I EIINIPEO
26 3.1 Acidobacteriaceae bacterium URHE0068 HIEE S BN I FIENE 0 W NN R0 IWED R0 O NNNINNE ] N IGEEE Nl -
27 -1.2 Desulfotomaculum ruminis FEENTEE EEN | BN I IINE N I PN ] EEMINID EH I BN DI HW -
28 1.7 Desulfosporosinus sp. HMP52 NI I P W El IE (ES I I EEE] B mEE N IN
29 -0.7 Dehalobacter sp. UNSWDHB A ITE I Il Wil JEE fIEN W I MEIED N N NG AN DIIN-
30 1.5 Geobacter daltonii N PN TN TEEE § NI -E- PNl JPIEE NI EEE DI WA EEE-
31 1.5 Fervidobacterium nodosum Rt17-B1 T T 10 T I T NI BRI BT NI i
32 0.4 Desulfovibrio sp. X2 Bl TTIEE T T TI T I T el NI TR B Nl :
33 -1.6 Desulfobacula sp. TS T T W BT AR NI ENiimtl i ARl
34 2.8 Anaeromyxobacter dehalogenans NN AN U1 INIEDIN N IEG ) INEIN N Il EEI I NIN 1 = ANl mF
35 2.4 Leptospira T 1T N JTIETINCI T TINIETE i e I o
36 1.3 Leptospira sp. B5-022 Tl 1 B T T ITETE TIRnTe iris el 1
37 2.8 Solitalea canadensis , PRI B P I EID D D NI EEE I N I EIEmEII AN O a—
38 -1.4 Omnitrophica WOR_2 bacterium SM23_72 Tl INIEEN IN PEEI B B RO EAIIEE N BN N 0 N EE NI
39 1.6 Pedosphaera parvula IIEEEEEY W § 1NN W PN PEEl ] NS NINOD N W NN DN EINED B -
40 1.5 Hydro%er,lob_a_lculum ) 1IN E] EEEIIMIITEIEE T B IEmilEE Il BNl miElmeEeEs—
41 3.0 haloalkaliphilic bacterium ACht6-1 I ThET P AIT R T R e e inNnEl i
42 1.9 bacterium UASB14. o H RS Bl NI NNl I8 NIl mII ONINIE 1N O IN-
43 -0.8 Campylobacter hyointestinalis CIENEIN Il | MIEMEI] EENI NI 0 N IN NINIIE N ] DOmImEE—
44 2.8 Nautilia profundicola NI I NI INIEE I NN I EEA NI NN N O EA
45 0.9 Sulfurospirillum arcachonense NN T NI I DD NI JIPEA NI NI N N aEee—
46 1.2 Sulfurovum sp. AS07-7 (biofilm metagenome) I - EESEESTSIEE BT P P B S e
47 3.9 Collinsella stercoris _ 1 1T IITIET BN THTE N eIy i1
48 2.7 Coriobacteriaceae bacterium 68-1-3 INEEEEEE ] W | 8 EEE I Pm I NIIE D DD I EmIE ] B
49 0.4 Yersinia pestis , NINEN I IIHI] HEN INIE ® I B0 N Il 0N BN N i1 SEEaEe—
50 2.7 Luminiphilus syltensis I 1T BT TaeTIr i ' T hymiie I o
51 1.8 Bordetella pertussis H EEEEE N W B N W) (i EE NI O IINl NW O EE NI
52 -1.1 Cycloclasticus HIEEIGIl BNl I OW NIl IR ENEEIN] DIN I EIIIESEE] AN = EELIN] —
53 4.0 Dichelobacter nodosus I BRI 1M T i T T N I I 10
54 -0.2 Candidatus Pelagibacter sp. IMCC9063 T T EIIT i I TNl ey i 1
55 0.7 Candidatus Caedibacter acanthamoebae I~ T I TNl T e e iy e
56 -3.3 Liberibacter crescens ENIEEEEINIIE W 1B N NI NNl N NI NI N EEEE
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Average fitness at position
Average fitness at position
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BMS compared to EVmutations prediction
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Individual Barcode Noise in Negative Controls

Barcode fithess

replicate

°* A
e B

Ortholog

9 BCs with positive fitness out of 994 total.
False positive rate of 0.9%



Gain of Function Mutations for Low-Fitness Homologs

1) Select 129 low-fitness orthologs (fitness < -2.5)

2) Select mutants within 5 a.a. with positive fithess (GoF)

3) Found 569 GoF mutants (out of 4,658) across 72 dropout orthologs
4) Multiple sequence alignment

5) Collapse fitness for GoF mutants onto E.coli reference sequence



Gain of Function Mutations for Low-Fitness Homologs
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Gain of Function Mutations for Low-Fitness Homologs
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Individual Fithess Testing
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Up next

e >5,000 DHFR homologs
* resistome mapping
* emergence of antibiotic resistance

e evolutionary accessibility of mutational pathways

e ancestral sequence reconstruction
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Questions?

Preprint: https://doi.org/10.1101/163550

plesa@ucla.edu
> or
sri@ucla.edu

Interested in using DropSynth?
|deas”?
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