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DNA synthesis : Protein Engineering

Commercial cloned

) synthetic genes
Column-synthesized

oligos (unpurified)

protein engineering for optimization of:

enzyme function
antibody binding
TFs in synthetic networks

. * Kosuri et al.*>°
Array-based gene

synthesis reports
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* Quan et al.*°

Array-based oligo pools
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Kosuri and Church. Nat Meth, Vol 11(5), 2014



Directed Evolution

screen/select

I
parent random
gene/protein mutagenesis clone transform/express
repeat sequencing
Timeline — weeks evolved

Brute-force screen gene/protein

No design refinement/learning L |



Rational Design Cycle

purify protein,
examine in vitro activity

parent

gene/protein designed variants

(computational models,  clone
crystal structures)

| S —

repeat, using data to inform model/next designs

Targeted (limited aa’s or location) Timeline — weeks evolved
or :

- ene/protein
Systematic (ie alanine scan) Lower I|brary throughpUt J P

Prior knowledge e



Novel Design Cycle

D

F3=QSTSLQR(GTA), F2=LLHNLTR(GAT), F1=GGC variants

[ O S
ROP>AXRP P RO
ARRARRRRRD

it}

parent _ designed variants
gene/protein  (computational models, gene assembly in vitro TX+TL and in vitro characterization
crystal structures) (APE) purification (MITOMI)

| S —

repeat, using data to inform model/next designs

Timeline — days evolved
High throughput gene/protein

Prior knowledge [ —



Asymmetric Polymerase Extension (APE)

streptavidin-coated
magnetic bead (1 ym) vt Oligol ? .@ ﬁ_ '@
g 5’@
" ft @ B'CJ + polymerase SJ

- Y — — £y—
. ’:(

& 1 NaOH

e - annealT: r
% * §‘ : *.l : N dlssoaatlon
W streptavidin
e biotinylated oligo . 0l|g02

(removed in SN)
‘ § anneasz + polymerase NaOH
dissociation
Q

&
repeat cycles to achieve gene of interest (removed in SN)



I\/I I TO I\/I I reaction chamber
button
‘ L~ sandwich
Vneck
1024 (16x64) reaction chambers, 2 layers

spotting chamber ( & )

Mechanically

Induced valve open valve closed
Trappin g | (pressure off)

Of -~ | 00 | >
Molecular

Interactions




I\/I ITO M I upstream: template DNA prep

¢ target DNA prep

microarray printing
align microfluidic device to array

Mechanically

surface
Induged chemistry
Trapping
Of ¢ ) TX+TL
Molecular R nmmnm (protein
Interactions expression)

 —
iImage + data analysis
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Rockel et al. Nucleic Acid Research Vol 41(4), 2013

On-chip TF expression:

[] detected
B not detected

protein size [kDa)

DNA-binding domain




Application: Synthetic Biology

A Synthetic Biology Framework
for Programming Eukaryotic
Transcription Functions

Ahmad S. Khalil,’:” Timothy K. Lu,27* Caleb J. Bashor,!.7 Cherie L. Ramirez,®4 Nora C. Pyenson,! J. Keith Joung,3-®
and James J. Collins™-€
1Hnward Hiinhe= Madical Inetitta.Nanartment of Biomedical Engineerina, and Center for Rialhm-— "2 2~ arcity _Roct~-

Engineer
IN PUT novel /0
relationships

Trans.

Py Modular activation .
cooperativit protein domain Tuning trans.

with other TFs interaction output
domains

Tunable

wiring between

Customizable
sTFsandREs |

Programmable
specificity

{—— ZF operators |— Core promoter —]

Cell, Vol 150(3), 2012
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30 aa (90 bp) E =
C-aBB-N e -
! : e > B« 2 <«
C - F2 -N K’»'.:f —_—_—
S o - Oligol Oligo3 Oligo5
e ® ® e & 74 nt 77 nt 71nt
6 \ 239 bp
3 2 Dayl: APE synthesis & PCR amplification ,{g
e @_
) N\ -3 Day2: fusion PCR to linker-EGFP-6xHis template
, M ° : e e »
3 - || '5 lgene—specific PCR
‘Canonical’ binding to target DNA strand - e =
lextensmn + final PCR

| N
[ [ J
final product = 1192 bp
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Zinc Finger Module ¢
Combinatorics

prote

Zinc Fingers F1  F2 F3
A) Zif268 GCG TGG GCG
B) 37-12 GAG GAC GTG .
C) 92-1 GAT GTA GCC 12 oligos
D) 158-2 GTA GAT GGA

oligos within a finger position can be interchanged
43 = 64 combinations

60x10°6

3 oligos per ZFA

X

Categories of

) ‘functional ZF’
non-functional  proteins

top 1
58.6% (34/58)

10.3%
(6/58)
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CoDA - Context Dependent Assembly
7F Databases Sander JD et al. Nat Meth Vol 8(1), 2011

www.zincfingers.org

Fuse fingers
via common F2
unit

F2
Target DNA site

of interest ¥ £8G

ZINC FINGEF
ZinC FINCER W\ Software Tools

OPEN - Oligomerized Pool ENgineering
welcome « ZiFiT (web-accessible software for the design of engineered zinc finger Maeder ML et al. Mol Cell Vol 31(2), 2008

Scientific Background arrays)

Consortium Members

+ ZiFDB (web-accessible database of zinc fingers and engineered zinc finger H 19/0/¢ .'0.0 “0.0.0.0. (:.0.0.0.(

Fublications Finger

arrays) Pool 00090 9©e 0% ©e090%e
Software Tools \rchives 00‘(0 A\‘.C_\‘_O ¢ 6‘0 0

Protocols +« ZFNGenome (genome-scale resource for identifying potential zinc finger QOO 9909099 9099 e

Reagents nuclease target sites in various organisms)

s
Target DNA
Site

choose appropriate

pools
RSDELTR

Recoabined
Library

initial selection

RSDHLTT selection on

+ gradient plate

L

pick colonies and
. characterize

Final Selected Arrays &




ZF Specificity
Engineeringzzoe

desired consensus target

GTAGATGGCG

F1 selection for
GGC

F3 selectlon 1{o]
GTA

low (AFU) high
Emmmm——— ] []no data

selection  F3=QSTSLQR(GTA), F2=GAT variants, F1=DKTKLRV(GGA)
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Tuning ZF Affinity

A Synthetic Biology Framework
for Programming Eukaryotic

Transcription Functions

Ahmad S. Khalil,’:” Timothy K. Lu,27* Caleb J. Bashor,7 Cherie L. Ramirez,34 Nora C. Pyenson,! J. Keith Joung,35

and James J. Collins® o Cell, Vol 150(3), 2012

1Hnward Hiahe =~ Madical Inetit e Nenartment of Biomedical Engineerina, and Center far RiaMhm--

ZINC FINGER ARRAY Tuning Output By ZF-DNA Affinity
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PFQCRICMRMFS SRR LR Mean fluorescence
intensity per cell (AU)

(] Uninduced
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Zif268 zinc finger domains
(O modified residue positions

P .
M£®PYACPVESCL»®R®® D EL@OROT Finger 1
’\ ~

P@QCRI——CN@N@@R DHL@T T Finger 2
P@ACDI——C(@K@AR R@TK@HLRQK Finger3

Finger 3

data
— average

R14A = 2 fold higher affinity
H25A = 0.5 fold lower affinity (2x weaker)

Fold Change in Affinity
(normalized to WT-avg)
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Conclusions

« development of HT pipeline for rapid protein engineering
(applied here for ZF array engineering)

« ZF specificity can be engineered

« ZF affinity tuning is possible
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Questions?



Asymmetric Polymerase Extension (AP

Carr PA, et al 2004; PCR

Xiong AS, et al 2004; PCR

Binkowski BF, et al 2005; PCR
Fuhrmann M, et al 2005; ligation

Xiong AS, et al 2006; OE-PCR

Kong DS, et al 2007; PCR

Mamedov TG, et al 2007;PCR/PCA
Marsic D, et al 2008; SeqTBIO

Matzas D, et al 2010; PCR

Kosuri S, et al 2010; PCR

Borovkov AY, et al 2010; ligation/OE-PCR
Quan J, et al 2011; PCA

Saaem |, et al 2012; nSDA-PCA
Schwartz JJ, et al 2012; dialout PCR
Dormitzer PR, et al 2013; ligation+PCA
Wan W, et al 2014 PCR

Error rate comparison

this publication, solid-phase APE

10 1 0.1 0.01
Errors per kb (without error-correction)




In vivo comparison of ZFs

A Synthetic Biology Framework

for Programming Eukaryotic

Transcription Functions

Ahmad S. Khalil,":” Timothy K. Lu,27* Caleb J. Bashor,"” Cherie L. Ramirez,%% Nora C. Pyenson,' J. Keith Joung,* In vivo VS in Vvitro (AP E-MITOM |)

and James J. Collins¢
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Synthetic transcription factor



