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Sample requirements

X-ray diffraction, SAXS

NMR

NMR # 100pM-2mM, 500 pl

crystallization # 1-10 mg/ml, 100 pl

Electron Microscopy

SAXS, SANS # 1-10 mg/ml, 50 pl

Un-supported cryo: # 0.5 mg/ml, Sul/assay

Supported cryo, neg staining: # 50 ug/ml, Sul/assay


http://www-igbmc.u-strasbg.fr/recherche/Dep_BGS/Eq_BruKief/people/ling/rmn.html
http://www-igbmc.u-strasbg.fr/recherche/Dep_BGS/Eq_BruKief/people/ling/rmn.html

Recombinant or endogenous?

Isolate sample from native source

Advantages — Protein solubility, authenticity

Disadvantages — Expensel/effort, yield, abundancy

Popular sources: E coli, yeast, HelLa cells
Model imposed by the biological question

Bacterial expression

Advantages — Easy, great over-expression, low protease activity,
no post-translational modifications

Disadvantages — Protein solubility, lack of post-translational modifications

Eukaryotic expression

Advantages — Protein solubility, post-translational modifications

Disadvantages — Expensive, low yield, proteases, time consuming



Recombinant expression

Prokaryotic
E. coli,
B. subtilis

Eukaryotic
Yeast
Insect cells
Mammalian

Cell free systems:
E coli
Wheat germ,
Insect




Sample preparation for structural analysis

Recombinant protein expression for structural biology:
Insights into the baculovirus expression system

Co-expression for reconstitution of multiprotein complexes
and dissection of the protein-protein interaction network

In vivo approaches for labelling mammalian proteins to
facilitate isolation of endogenous complexes and their
characterization in a cellular environment



Principle: use strong late viral promoters non
essential for virus replication in a cellular system
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Rod-shaped, d = 40-50 nm, | = 200-400 nm \mmm ¢ /
Double-stranded DNA virus (135 kb) Ll e,
Virons occluded in a polyhedrin (PH) matrix* el L :.)
L—J]

Replace polyhedrin (PH) coding seq. with GOI
Strong promoters (PH, P10)

Protein expression 36-48 h post-infection

Cell lines grow well in suspension (27 °C, in Phosphate buffered medium, no CO,)
Baculoviruses have a restricted host range and are safe to manipulate

High levels of heterologous expression, production of toxic proteins

* non required for replication in a cellular system



An expression flowchart for BV expression

Baculoviral Transfection Production
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What is needed to express a protein ?

The expression unit

»  Strong promoter: PH or p10 —-

« Kozak sequence:

« Gene of interest Promoter  Gene (GOI)  Terminator
« Terminator

On both sides, elements that will allow the integration of the expression unit(s)
into the viral genome:

« Either segment from viral genome for homologous recombination
in insect cells between the transfert vector and the viral DNA

o Or transposons (Tn7L and Tn7R) recombination sites (LoxP)
when a bacmid is to be used



Transposition vs Homologous recombination

Clone into I’ Recombinant baculovirus I> Small scale I> Optimization and
transfer vetor generation expression test large scale expression
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Homologous recombination in insect cells
with disabled viral genome

I Sf cells 5 days
< | \ . — - @
chiA
Amp Disabled viral DNA Co-transfection
v-Cath ﬂ
>< l Viable genome can only be formed if the truncation is bridged
| and repaired by recombination with a suitable transfer vector.
PH locus ] ) ] ] ) ]
Recombination inserts the foreign gene (GFP) into the viral
DNA, restores the deleted gene, allowing virus replication.
ORFE03 Fmp,,cﬁf,”“; OBE1629 No need for plaque selection (screening) for medium size
=4 inserts
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Transposition in E. Coli

pFastBac™ donor plasmid
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B2F vs B2B

1/ Low transposition efficiency: transposition into the E. coli genome
and sub- optimal transposition system

2/ Bacmid preparation contanminated with transfer vector DNA

Bac to the Future

R982-X01 pMEA ori

10822 bps

pDP1381

pFastBac1
ﬁTnTR 4776 bps

\ b
.OQC
New E coli strain (chromosomal Tn7 site inactivated)

New baculovirus expression vectors: single antibiotic, that replaces the DH10 Bac: DE26
conditional replication origin (oriR6Ky)

2028 bps

New helper plasmid Tn7 transposase delivery vector
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LI |
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J Mehalko, D Esposito, J Biotech 2016



B2F vs B2B

1 2 3 4 5 6M

B2F transfer plasmid (no transfer plasmid replication, pir-)

B2F transfer plasmid + new strain (no transfer plasmid replication and no transposition

into the E. coli backbone) P “‘ 1[2)8
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In practice: culture conditions

For infections cells in exponential growth phase are required.

infect cells a 0.5 to 2.0 106 cell/ml
T =27 °C, phosphate based buffer (no CO,)
monolayers or suspension (Deep Well, Spinner, Bottles..)

Optimization of culture conditions

- harvest time post-infection: 48, 72 hrs
- multiplicities of infection: 0.1, 1, 5, 10
Very important for co-infections experiments
- cell line/media of choice:

Sf9, Sf21, H5

with or without serum

Scale: from 3 ml to several L




| Uninfected

Percent

Amplification and production

Sf9 non-infected | &

SF9 Cell Size Histogram

Sf9 infected

Mean Diameter
15 micran

0o

15 35 35
F9 Cell Size (micron)

Infected cells: stop dividing and swell



Flowchart for Baculovirus Expression







Yeast expression

Sacharomyces, Scizosacchromyces pombe, Pichia pastoris and Hansanuela polymorpha

Expression of recombinant proteins in S. cerevisiae can be done using three types
of vectors: integration vectors (Ylp), episomal plasmids (YEp), and centromeric

plasmids (YCp).

PYES2 is a 5.9 kb YEp vector designed for inducible
expression of recombinant proteins in sc. Features
of the vectors allow easy cloning of your gene of
interest and selection of transformants by uracil
prototrophy .

— Yeast GAL1 promoter for high level
inducible protein expression in yeast by
galactose and repression by glucose

— A versatile multiple cloning site for simplified
cloning

— CYCL1 transcriptional terminator for efficient
termination of mMRNA

— URABS gene for selection of transformants in
yeast host strains with a ura3 genotype

— Ampicillin resistance gene for selection in E.
coli

T %@sl

cyc.”}\

& %,
pYES2.1/V5-
His-TOPO"

a\ 5.9 kb
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\
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Mammalian expression adapted for production of
extracellular and secreted proteins

S-S formation (ER)
Glycosylation (ER+Golgi)
Quality control (ER)

Antibodies and derivatives
Large extracellular domains

Modular multi-domain organisation
Posttranslational modifications

* Disulfide bridges

* Glycosylation

Only correctly folded proteins are secreted

(oxford)



POST-TRANSLATIONAL MODIFICATIONS

GLYCOSYLATION

— Mammalian sugar chains have highly complex

structures
— Good for functional studies
— Big problem for protein crystallization

SOLUTIONS

— Mutagenesis of glycosylation sites
— Enzymatic deglycosylation
— Engineered cell lines (CHO Lec strains)
— Chemical inhibitors of glycosylation pathway
— Insect cells (simpler sugars
(simp gars) (oxford)
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Timelines for mammalian expression

Transfect Select/clone Screen/expand Process development
(7
r = =

QI

Standard Integration/
Selection

Transient Gene Expression * > wnaks

~12 months

Site specificintegration ~2-3 months pigis
(RMCE) = Hormones
» Growth factors

Viral Expression ~2 months
(Vaccinia, Lentiviruses,...)

Fusion proteins
® Cytokines
= Blood factors
m Therapeutic enzymes

= Recombinant vaccines

= Anti-coagulants

US Top Sales Biologics
Bandaranayake and Almo, FEBS, 2014



Mammalian expression

HEK 293: Human embryonic kidney cells

Most mammalian cells are adherent

Cultured in plates or flasks (suspension)

Grow in monolayer on specially treated surfaces
Medium supplemented with 5-10% Fetal Calf Serum
Laminar flow cabinet, CO, incubator




Large scale transfection with PEI

DNA can be introduced into a host cell by transfection with polyethylenimine (PEI), a stable
cationic polymer (Boussif et al., 1995). PElI condenses DNA into positively charged
particles that bind to anionic cell surfaces. Consequently, the DNA:PEI complex is
endocytosed by the cells and the DNA released into the cytoplasm (Sonawane et al., 2003).

[ NH
N N N
Step 2.1: Prepare suspension cells for the large scale transfection HsN N H T NI NH,
2.1.1 Grow 400 ml of suspension cells to a density of 2-3 x 108 cells/ml NH
HoN NN NH.

2.1.2-2.1.3 Transfer cells to sterile centrifuge bottles
Centrifuge at 200 x g, 5 min, room temperature
Aspirate the supernatant

———— = -

U e B
2.1.4-2.1.5 Add 25 ml of the appropriate suspension growth medium L i
Resuspend cells using a serological pipette A B

2.1.6 Add cell suspension to 335 ml of suspension growth medium
in a sterile square bottle

2.1.7-2.1.8 Place cells in a 37°C, 8% CQO3 shaking incubator,
with shaking at 130 rpm
Do not completely tighten the cap

Tramstraied calls



Sample preparation for structural anaysis

Recombinant protein expression for structural biology:
Insights into the baculovirus expression system

Co-expression for reconstitution of multiprotein complexes
and dissection of the protein-protein interaction network

Genome engineering for labelling mammalian proteins to
facilitate isolation of endogenous complexes and their
characterization in a cellular environment



Most proteins do not function as isolated particules......

.... but interact with partners to fullfill their fonction.

apo-RXRa

K Y A Active site
i

' _r“", - e




Types of complexes

7 Cleft
“ "4

(N . RNAinhibitor
. - 4 ' ” a,.'.?'
Non obligate and obligate R o 5T,
. e . N g
Subunits exist independantly "’ SR
$ S
Subunits are not found as _ P R
stable structures in vivo L s TP Bridge helix = =
Pol Il Ay e Activesite [ T =

Life-time of complexes

Transient interactions: associate and dissociate in vivo
- weak: dynamic equilibrium in solution
- strong: molecular trigger to switch on and off

Permanant interactions: subunits only exist in complexed ‘sz; .

state. The complex can be purified =
Weak Intermediate Strong
_ _ M-FM
K | mM-uM K jaM-nig K nm-f



Implications for production

Obligatory complexes




Strategies for production of multi-protein
complexes

E. coli BVES




Co-expression in E. coli

Co-transformation with several expression vectors

different antibiotic resistances
(different Origin of replication) Restriction enzyme-mediated cloning Ligation-independent cloning

. . u Ty
One expression vector with several genes under the control of &~ S
o™ “%‘\‘K |

. \Jfé Duet Wecto \ * LIC Duet Adaptors
a single promoter £ e g Edcvees J’
4

. . £l Upto8 Upto & T
several promoters (e.g. each one having a single gene | et protens ﬁ B oetetees
N 4 W\ &

4 ) W«,ﬁ e




T7 based expression systems

PET vectors

BL21 [DE3]
BL21 [DE3] pRARE
BL21 [DE3] pLysS

IPTG induction
Auto-inductible medium

Pr

Bpu1102 l(zE7)
BamH l{319)
Xho 1{324)
Nde 1{331)

,-//N/co I(28@)
4{ba l{428)
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T7 promater primer #60248-2

T7 promoter

lac operator

His<Tag

T7 terminator primer #89337-3

PET-15b cloning/expression region
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DACYC-11b

NdeI KpnI Spel

BamHI T7 terminator

| [

T7 promoter rbs

‘ XhoI ‘ NotI

Lac operator MCS

Co-transformation
__and co-expression

»

/ with pET (or pGEX)

vectors

T7 expression cassette

P15A ori I Chloramphenicol resistance

4 )

T premmoter peieer 489483 pET15b
T
- r.r promoter > kac operat i
Mol fe Ti+Tag # Bretiazi ColE1 Ap
! e 17 Tormnator primer FGEA3. p15A
Alodiudl

pET-11a-d cloning/expression region



Dissection of p34-p44 Interaction by Coexpression

Aim: find a stable and soluble complex to set up crystallization trials

Human p44 Human p34
C4 zinc finger p44 zinc finger C4 zinc finger
Full length | " His | ) Full length
1-252 | | His ‘ ‘ 1-242
252-395 His ) I 243-303
252-320 V. /R His S 1-170
321-395 His :%] 171-303
1-320 | |

24 combinations were tested several fimes, only 1 gave a positive result

CE Bd CE Bd CE Bd CE Bd CE Bd

94kDa
67kDa

43kDa

30kDa

His-p34(1-242)

20kDa

14kDa
CE: crude extract

Bd: beads

. p44(321-395)



Ad

100 1885.04

A5
1508.18

1512.52

1515.37
A 1495.03

‘ p44/2Zn2+  Native ES-MS

/

1890.50

1894.14

125709 1512.6983]

1929.51

p44(331-395) + 2Zn2+ = 7536,0 + 0,1 Da
p34(1-233)/p44(331-395) + 2Zn2+ = 33817,6 + 0,2 Da

207533
B10
3382.77
B12
2819.16
3091.58

3762.94

I s A B AL e R S A SR A S S B Sa AR s R S (1174
1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000

Radu et al. NAR 2017)



Troubleshooting: Improving expression of
soluble proteins

No expression, accumulation of so-called inclusion bodies, or of incompletely
synthetized proteins, degradation

Reducing the rate of protein synthesis.

Lowering the growth temperature (37 to 20). This decreases the rate of protein
synthesis and usualy more soluble protein is obtained.

Use of a weaker promoter (e.g. tryptophan, arabinose instead of T7), of a
lower copy number plasmid, lowering the inducer concentration.

Changing the growth medium:

Addition of prostethic groups or co-factors which are essential for proper
folding or for protein stability.

Addition of buffer to control pH fluctuation in the medium during growth.
Addition of 1% glucose to repress induction of the lac promoter by lactose,
which is present in most rich media (such as LB, 2xYT).

Addition of polyols (e.g. sorbitol) and sucrose. The increase in osmotic
pressure caused by these additions leads to the accumulation of
osmoprotectants in the cell, which stabilize the native protein structure.



Troubleshooting: Improving expression of
soluble proteins

Using specific host strains:

The solubility of disulfide bond containing protein can be increased by using a
host strain with a more oxidizing cytoplasmic environment. Two strains are
commercially available (Novagen):

AD494, which has a mutation in thioredoxin reductase (trxB).

Origami, a double mutant in thioredoxin reductase (trxB) and glutathione
reductase (gor).

Addition of a fusion partner:
Fusion of the N-terminus of a heterologous protein to the C-terminus of a soluble
fusion partner often improves the solubility of the fusion protein.

Expression of a fragment of the protein:

E. coli does not express well very large proteins (> 70 kDa). Chosing a smaller
fragment of the target protein can improve expression levels and solubility.
The solubility of a poorly soluble (or insoluble) protein can also be improved by
selecting only a soluble domain for expression.



Codon biasing

Native fold
favored

-
~%

Different kinetics of Different oxidation
translation and co-  states of soluble
translational folding protein products

Natural/Optimal codon usage

Al -

Altered codon usage

Increased misfolding
and degradation



Codon biasing

In a particular organism a specific codon is preferably used to code a specific amino acid, despite of
the other codons. Codon bias leads to translational stalling, premature termination, frameshifting

and misincorporation

Optimization of the codon can be done by in vitro gene synthesis thus removing the rare codons.

tRNAs genes coding for rare codons can be expressed to adapt the tRNA pool to the demand:
chromosomic integration or compatible plasmids

BL21 Rosetta BL21 Rosetta

Codon H urman Crozsophila E.cali

Arginine:
LY. 22 %% 10% 1%
AG0G 23 % B 2 12
CE A, 10 2 g2 4 2
CiGEc 22 2= 492 39 %
CiEG 14 22 92 4 2
Gl 9 % 168% 492

DE3) (DE3) (DE3)pLysS  (DE3)pLysS
M U | U M | U [ U
— — = == _—
—_— ;;: r—— Ee
b — — — -

| Induced, U Un-induced



Sequence optimization

scFv Variants
Variables 1 2 3 45 6 7 8 9101112131415 1617 1819 2021 22 23 24

B T A G AR

Codon
Frequencies =

= x| & [mlellelz]l =

Increased bias
Decreased bias

GC%
5 AT

Other Rare Catons

GC Clusters

Features AT Clusters

mRMA Strucutre
5 RMA Structure
RMNaseE Sites

Expression *™
- 15%
%% cell mass) 0%

DN& 20 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24




Co-expression in insect cells
using the BVES




Co-infection: a simple way to co-express proteins

pH GFP+ p10 DsRed



Production of nuclear hormone receptor complexes

@ TRao,p thyroid hormone
RAR RARa,B,y all-trans RA
VDR 1,25-(0H)>-VD3y s
PPAR«, B,y eicosinoids
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h i
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75 e 2
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Rochel, et al. NSMB, 2011



Systematic dissection of protein-protein
Interactions within a complex

Generate two sets of n viruses:typically the first with a FLAG epitope and the second
with an 6His tag

Test all combinations of pair-wise interactions (Flag-protein x/His-protein y)

His-protein
p62 core-TFIIH
5 3 helicase _ )
\ p34 p44 ph2 pe2 XPB XPD MATI
52
. N8} . '

34
c P
& p44
]
9 p52
CAK C'l
kinase oy p62
3' 5 helicase C—G wPE
T -
XPD
Inmeracion
with XPE
LI N — +
[
L — m ] 258
L - | || ]34
N 0 —
ELAN —
psz 1L_ 1 || F-:+. aBE
A& s
T 134 i :IEI1 [
| I—
Firsl ¥P2 Sevord  peoicolysic
minding raginn B satlive
enaing Byn



Systematic dissection of protein-protein
Interactions: deletion analysis

rIIH5

rIIH4

Q
v & & 3
1 2 3 4

P
-
-
™
b"‘“-
P —
[
—
. —
[

XPB
P62
P52,p44
P34

P34(1-233)

Analysis of the protein interaction network
Identification of key regulatory interactions

@ XPB

<+<—XPB o
P52 p3s E [ P52/ p3s
+—p62 A <Q
p34
1:p52 @ —\_/'_'@Q - €&
oy o
<«—p34 @
xrPe NN NN e
p62 | >~
p52 NI «— p8
() 34 \—\E "
~ P
p44 NI T c2 M cycH
\\ — ¢ cdk7
) 11 | e MATI

Jawabhri at al. 2002, Radu et al, in prep



Production of nuclear hormone receptor complexes

' 2{ TRap

‘RXBRE RAR RARw,B, v
VDR
PPARa,B,y
EcR

thyroid hormone
all-trans RA
1,25-(OH)2>-VD3
eicosinoids
ecdysone

RAR

PPARy/RXRaAAB/PPRE DR1  PPARy/RXRo/PPRE DR1
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Co-infection with multiple viruses for
reconstitution of complexes

rTTT
p34
T ‘ pd4 J 62 |
—
i p52
XPB
Cell extract
I p89
p62
IMAC p44, p52
I p34
Affinity purification

Size exclusion

v

n # 50-100 ug/L

Low yields, labour intensive, poor reproducibility



Co-infection vs Multigene expression

pH GFP+ p10 DsRed pH GFP/p10 DsRed




L | T L | T
107 10! 10% 107 10*

100 10! 0% 10° 10 10° 10! 107 108 10* 10° 10' 102 10° 10*

pH GFP p10 DsRed pH GFP+ p10 DsRed pH GFP/p10 DsRed
Controls Co-infection Multigene expression
. - -
_ . T
(53 &Q‘t} GFP MOI 0.25 GFP MO 1 GFPMO i  pH GFP/p10 DsRed
Q DsRed MOI 1 DsRedMOI1  DsRed MO MO 1

Idem for other MOls



Co-infection vs Multigene expression

Two viruses encoding a single gene each

II A single virus encoding the two genes

Co-infection Infection by a single virus



© 1993 Oxford University Press Nucleic Acids Research, 1993, Vol. 21, No. 5 1219-1223

Development of baculovirus triple and quadruple
expression vectors: co-expression of three or four

bluetongue virus proteins and the synthesis of bluetongue
virus-like particles in insect cells

Alexander S.Belyaev' and Polly Roy'?*

EcoRI (1}

®
1]
2
2
3.
=

pUC ori

BamHI Smal Xbal  Stul
(4961)  (4957) 4710 4707



Multigene expression is conceptually trivial

Clone genes of interest into individual expression units
Assemble the individual units into multigene transfer vectors

. B
HSVTk P10 SV40

PH SV40’ k K ‘ HSVTK P10 PH SV40 PH SV40
A B A
b
PH SV40

> % Yo,
AmpR o CmR orje e AmpR 1 HSVTk

PH SV40 () « () P10 HSVTk

Acceptor Donor Acceptor Donor Fusion

Adapted from Berger and Poterszman, Bioengineered. 2015



Tools to streamline cloning multigene expression
transfer vectors were missing

lacO 5 lacO i
- = P e MultiBac

Inserts Vector Recombinant plasmid

T T, = 5——__-_~__q+r:_-_-_11:|3:n:-:-:_-;__j

mini-attTn7

Inserts \ector Recombinant plasmid l/ |\I

Progress in molecular and synthetic biology

MultiBac, BigBac, MacroBac,....

SLIC, Gibson, Infusion cloning and Cre-fusion

Imre BERGER, Bristol, UK



Insertion of an expression cassette
Into the multiplication module

P10 PH PH His-RXR RAR

MO

Flag
Strep

WB Ab @RAR



Cre-LoxP recombination in vitro

Cre recombinase loxP sequence
8-bp overlap region
]

ATAACTTCGTATA TATACGAAGTTAT
Inverted region Inverted region

+34-bp recognition sequence
+13-bp inverted repeats flanked by 8-bp spacer
region

Deneg 710
sRed = (W) P10
. @ = DsRed

©*  pSPL-DsRed (0) —P ®

ReKy ori Chir Pl
¢ RekKy ori Chir -}
/ox;@_lf'ﬂa i AcMNPV J AcMNPV
pPMF-GFP . PBR322 ori Ampr ¢
PBR322 o Ampr pH GFP/p10 DsRed

pSPL Multibac, (Fitzgerald, Nat Methods 2006)



Expression of ternary and quaternary complexes with
a single virus: a problem of DNA synthesis

10 PH 10 p10 PH .
AP -~~~ B g -~ C DsRed D Flag-affinity
® -1 &=
RS D (R
S Q Elution with
AcMNPY  PBR322 Ampr  AcMNPY R6Ky Chir Competitor-peptide
pACS8-Multi pSPL-DsRed
(Fitzgerald, Nat Methods 2006) ..
Strep-affinity
p10 PH p10 p10 PH
A B C DsRed D
- @r" ™ - M-
- - — ‘ —— () s— -
Elution with
Desthiobitin
AcMNPV PBR322 Ampr  AcMNPV RBKy Chir
pBac8 Multi-pSPL Fusion A: strep-tag
D: Flag-tag ﬂ
%% *’q.{;_%
e
w‘. 85 kDa » [N — D
R A 130 kDa » |— P
B T2kDa > S
55kDa * |8 — A
C
e | —
3B KDa » e < C

Quaternary complex

Ternary complex



Production of core-TFIIH with a single virus

s 6 subunits: XPB, p62, p52, p44, p34, p8/TTDA (+ DsRed) )J \

+ Yield : 0.5 mg/L
MS-cross linking, Cryo-EM and crystallization

Screening for XPB inhibitors

—
L . —r— —
—

- -— - =

200 »
100 * “w < XPB
>

~ a4 pb2

- p52
1 pa4

| 50 > wew
37 »
|

< D34

25 r .

S\ »

S

10 LoxP

I:;a.P,ui s lql Iq- 1+ A A 16 kbp

P62 p52 pd4 XPB DsRed p8  p34




Coomassie

rliHG

I
v e

WB

i

Reconstitution and in vitro assays

DNA

transcription initiation

IT
1@
. ) .

Cdk7-Strep Cyclin MAT1
wit C134S
XPD - =——] =1
MHE +CAK + +  + + + + 4

XPB XPD

x - ——
p62 1 2 3 4 5 6 7
p52 PH P10 LoxP
2 e NG L1 | R S U
p34 P62 p52 pa4 XPB DsRed p8  p34
p8/TTDA (Abdulrahman et al, PNAS 2013,

Kupper et al., Plos Biology 2014,
Radu NAR 2017)



andem Affinity Purification: Nature and
position of the affinity tag

A single affinity step is usually not sufficient.
Sequential affinity steps that will select for the presence of two subunits

Position of the tag maters

Tag Resin Elution Cost/10mg
CBP Calmodulin EGTA 181 €
. 2 affinity )
. . B-mercapto
s TRX Thiobond resm <thanol n.a.
ProA oG n.a. 275 €
Affinity | \ Sepharose G
\ Anti flag M2 . )
FLAG affinity gel FLAG peptide 2343 €
o GST f__llutathmne Glutathione 41€
\ sepharose 4B
- * Strep tag I treptactin Desthiobiotin =~ 67-134 €

sepharose
Affinity 11 K \ His6 1;5:: Imidazole 8-23€
- ‘

-
- _
- Abdulrahman, Anal Bioch, 2009
Koleschnikova et al, in prep



His-tag

Immobilized Metal Chelate Affinity resin

Sepharose
Bead

L | 1 |
A B
Co
y HO
o ———"Hz v oy =——"Hz _//\\
o gy e R
o III_'\.'-I" El-h._ f ! “-I "l,\.l\.l.-llI Eit.‘ f IE
o
HO 0

NI, Co, e

H
|®

{\N—H

Protonated Histidine
repelled by metal

Unprotonated Histidine
binds to metal

Table I: Histidine Tags

Tag Amino acids

6xHis His — His - His — His - His - His

BxHMN His — Asn — His- Asn — His — Asn- His - Asn - His - Asn - His -
Asn

HAT Lys — Asp — His — Leu — [le - His — Asn — Val — His - Lys - Glu —

His — Ala — His — Ala - His — Asn — Lys

/

o

Figure 3. Binding of histidines to the
TALON® Resin metal ion. Under conditions
of physiological pH, histidine binds by sharing
imidazole nitrogen electron density with the
electron-deficient orbitals of the metal ion.



Strep tag-ll

muumhi_:ﬂant
Derived from strepavidin-Biotin FT' Strap-Tactn

I

/4
o
O

Sirep-tog I

Elution with biotin analog: desthiobiotin or more recently

Biotin (StrepTactin@XT)

Strep-tag protein is binding
to a Strep-Tactin tetramer.

Strep-tag I
MHz -WSHPQFEK-COOH




Strep-Tactin®XT purification cycle

lysate application

D (\ spe .I|\_ |J| I(J'TIL]
@ recombinant
prDlEln
+MNaOH
hostptmc 18 o
Twin-Strep-tag®
regeneratior

Strep-Tactin®

resin

L:)u;’ifi(tatICJr'.

cycle
=~
bBiotin

Strep-Tactin®XT

et sl st e T
physiological washing
I J - ot

competitive elution '\|

Elution with 50 mM Biotin

https://www.iba-lifesciences.com/tl_files/ProteinProductionAssays/3-Purification/Purification-Cycle-Strep-Tactin-XT-Twin-Strep-
tag.jpg



Large tags can promote solubility and
expression: GST, MBP

. kDa M1 2 Lane  Sample
" %g’g — [ j— M Perfect Protein™ Markers [10-225 kDa)
o N N\j\OH . ol b ! 1 Crude extract (BugBuster pratocol)
NH, Ho 4 75 _ ! gy 2 PopCulture + G5T*Mag Agarose Beads
50 — |—
—

35 - | p— .
, « Target protein
3 35 — |s—

—
Hiy— | H
== =4l 15- | 4
1 1= e 10 _
£ |
A) BY
Am - %
iy 25 Elutizn
B iy .-'M-M\ : bufer
20 l" Wazh II 204 I 100
2.5+ 25— -
i | l | Incubaticn &
204 | 1&h 2.0 Free
| reom temp. B5T &0
LEH | | 1E+ Target J
protzin L
10 II l 104 \ e
0.5 | \ 05 l (\ o
M 4
o , , — I a
50 oo min 20 402 B0 B0 100 120 min
Fampie: 10 mi clartled cyloplasmic axtract from Cofumn @5Trap FF 1 mi column afler 16 h
E. ooif expressing a GST fuskn protsin Incubation with thrombin
Cofumn GETap FF 1 mi Binging buer e PBS (150 mM Macl,
Binding buffer: 1x FES (130 mM Nall, 20 mM phosphate Durter, pH 7.3)
20 mM phosphats bulter, pH 7.3} Eiution beer 10 mM reduced ghisthione,
Efufign butfer: 10 mM reduced gluathlons, 50 mM Tri-HCI, pH 20
S0 MM Tr=-HCI, pH 8.0 Fiow mrs: 1 mimin
FEwrate: 1 mimin CRSMEEgrapnc
[l e g Drocecune: & column volumes (CV} binding buiter
DInC.egune: 4 calumn walumes (CY) binding buter, (2lution o cleaved targat protein),
10 mi 53 S CV alutien DLI‘II'E[ [Eutlon of free GST
10 CV bind g buther, 10 column wiin ard nan-Clzaved GET fuslan pretein)
1 ml thromoin soiutlon using a syrings 5 CV binding bufler
instrument. AKTAssplarer 10 instrument.  AKTasxplorer 10

Fig 26. On-column thrombin cleavage of a GST fusion protein. A) Equilibrarion, sample application, and washing of a
ST fusion protein on GSTrap FF 1 ml were performed using AKTAexplorer 10. After washing, the column was filled
by syringe with 1 ml of thrombin (20 Ciml 1 PBS) and incubated for 16 h at room temperature, B) G5 T-free target
protein was ehuted using 1= FRS. GST was eluted using 10 mM reduced glutathione. The GST-free targer procein fraction
aleo contained a small amount of thrombin {nor deteceable by SDE-PAGE; see Fig 27, lane &). The thrombin can be
removed using a HiTrap Benzamidine FF {high sub) column.

Source: See Figure 27,


http://upload.wikimedia.org/wikipedia/commons/7/7e/Glutathione-skeletal.png
http://upload.wikimedia.org/wikipedia/commons/7/7e/Glutathione-skeletal.png

Fold Increases in Sensitivity

Over HA Tag

FLAG and Capture Systems

FLAG and 3=xFLAG Amino Acd Sequences

Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys

|

Protein

Enterokinase
Cleavage Site

FLAG™

|

Asp-Tyr-Lys-Asp-His-Asp-Gly-Asp-Tyr-Lys-Asp-His-Asp-lle-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys

Protein

Enterokinase
Cleavage Site

- ﬂ, FLAG
{ h L]
r k4 _fr
h = f- ? Fab-fragments
% k- ‘J h
g,lr L-chaim
"’ -
|
|
| | 3=FLAG
. FFe-fragmant
r‘ ’1 H-chaln
=
I
4
250
200
200
150
100
50
2 : 10 10
| N B
3xFLAG®  BxHIS HA c-myc GST

-

Protein

CaptureSelect™




Synthetic Polyproteins: an option to
control the stoichiometry

Prc:vmcter (polh) Terminator (SV40)

—}—@#Gm%am%ﬂem:}qsmw
fc fcs lcs

tcs: ENLYFQ'G

b Composite
Baculoviral
Genome

[1234]
TEV CFP

S5f9, 5f21, Hi5..

Nie, Methods Mol Biol, 2014



Production of Multiprotein complexes for
biochemical & structural biology applications

Bottom Up
Recombinant production

- Top Down

Purification of native entities as reference

Sample preparation for biochemical an/or
structural studies



Tandem Affinity Purification

Fusion of a Tandem-Affinity Purificiation (TAP) tag to the target protein
which is expressed at physiological levels

Purification of the target protein in native conditions allows retrieval of
associated partners

Rapid analysis of complexes without prior knowledge of the complex
composition, activity, or function

Developed for large-scale studies
Ability to purify low abundant complexes from tissue/cell cultures
Sample preparation from native sources for structural/functional studies



TAP-MS

: : Protein i ificati
Associated proteins otein Identification
Mass Sequence
TEV Protease R fatabase
cleavage site . coTAcaadeT
*_- g _I.LLL]_ o
Xiract proteins Determi CGCGTTCGGA
mass e
TCGATACGCT
Protein A Target protein ++ MDSTLTASEL.... | < | s
Calmoduiin binding protei amino 20 s
almodulin binding protein oo GACTCTCGAT
Compare with sequences
in database to find matches
Analysis by mass spectrometry and Bioinformatics
t
— Protein 1 =3,
- Protein 2
— ) Poens W
— Protein 4
Protein 5 Vg

Excise bands
Digest with trypsin

(Guillaume Rigaut, et al. 1999)

(Arnaud Droit, et al. 2005)



a
FCR product
—TTE— s
hamalagous
recomblination
Chromoasorme
—_— QRF —_— ORF
HH;=  Protein —m—cwu
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b g & ,95 gé g
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Figure 1 Synopsis of the soreen, a, Schematic representation of the gene trosting
procedure, The TAF cassetts i ingered at the C temines of 2 given yeast ORF by
homologows recombination, gensrating the TAP-tagoed fusion protein, b, Examples of
[AP complexes purfisd from different subcelukar compartments separated on denaturing

TAP-TAG In yeast

Strategy

PCR of the TAP cassetts

Trarafommetion of yeast calls
{hormzkegous recombination)

!

Salection of positive clonas

!

Lams-acals culthvation
Call lysiz
Tandam affinity purification

!

Cne-dimansional SDE-PAGE

|

MALDI-TOF protein identification

|

Bininformnatic data intsrpretation

CRFs
proceasssd:

Positive
hiarrkogas
recombinaticns:

Expraasing

clonea:
(mernbrans protein 283

TAP
purifications:

Idertified compleusa:

(Gavin, 2002)

Failad Success
rate
1,730
1,548 191 5O
1,167 231 TS
L
Sa8 285 B2%

"
23z

protein gels and skined with Coomassie, Taposd profteing are indicated at the bottom,
R, endoplasmic reticulum. ¢, Schematic representation of the sequential skeps used for
the purification and identification of TAP complexzs (ef), and the number of experiments
and sucozss rate at each step of the procedure [right),



TAP-TAG In Mammalian cells

TAP Tag FulHength R-Ras

1 45 T4 193 B

&-His g TEW FF PF = ¥ |
Protein A repesk CBD

Hypervariable region

= Transfect
— 5x10°

MIH 3T 3 mouse fibroblasts

43 hours

¥
Binding partners

& . —Eé( [ 1% step enﬁchn‘ent]
APeRas

Ly=e cellz in NP <40 buffer Mi™-coated beads

E lute with .
TAP_Raz imidazole » .Cellular proteins
Pluz2Z mM Ca™
| 2 step purification |

Calmodulin-coated beads

Elute with | |, ) ||
10 mM EGTA

Residual -
non-zpecific

proteins [?“ step purification |

—p  LC/MS/MS analyziz




Engineering of Mammalian cell lines

DNA Editing by repair of double-strands breaks



Genome editing by repair of
double stranded breaks

’fo CRISPR/Cas9

Non-homologous end joining Homology-directed repair (HDR)
(NHEJ)
knockouts mutations, knockins, fusions
deletions e
insertions
) — —
(indels) variable lengths precise insertion or modification

Targeted insertion/deletion
- gene KO
- enhancer deletion

Precise modification

- transgene knock-in
- correction of mutations

- tagging with , peptide tag, ...



CRISPR/Cas systems mediate adaptive immunity in bacteria

Immunization
Q Nriidsation Mechanism of adaptive immunity
//—T\M\ in bacteria and archaea
Evolved to adapt and defend
» against foreign genetic material
‘/// li.e., phage, horizontal gene
| CRISPR locus transfer, etc.)
Repeats

. CRISPR: Clustered Regularly

- - — n 1 1:181 I,.— Interspaced Short Palindromic

L ! Repeats
cas genes Spacers
g gl l ; Cas: CRISPR-associated proteins
s N 2 Guide RNA
complex . Y (crRNA)

Ishino et al, 1987
Mojica et al, 2005

B 1, 2007
S e sormgon o
O I mm uni ty by DNA Bhaya et al., 2011 (Ann Rev Gen)
interference



CRISPR-Cas9 nucleases

HEEEEEEER T~

- binds to PAM motif (NGG for S. pyogenes Cas9)
- cleaves DNA if binds to sequence upstream of PAM



Workflow for making Precise Modifications
using Homology Directed Repair (HDR)

gRNA

Guide RNA (design, production, tests)

¢

l Spacer
Complex formation
’ and target binding

N

Target+PAM

J,

Template DNA design

Target cleavage
{DSE formation)

Cas9 RNP and Template DNA delivery

Homology directed
repair (HDR)

Repair template with homology arms, Isolation of cells with tagged gene

desired genamic edit and PAM mutation

.

AT RRTIRRNINNTTIT Precise edit



Tagging of the TFIIH XPB subunit

1/ Generate homozygous Kl mammalian
cell lines expressing an affinity tagged
protein using the CrispR/Cas9 technology

2/ Cultivate cells to express the tagged
protein and its associated partners from
their natural environment

3/ Purify and characterize the
corresponding endogenous complexes
(composition, stability,...)

p62 core-TFIIH
5' 3’ helicase
e = )

CAK
kinase

Double-strand DNA break
—L| target gene fm—

Endogenous tagging
3x Flag—)

Expression from l
natural genomic

context Homology-directed repair

—L targetgene  3xFlag=—

Affinity purification /
of native complexes /\\

TACG,gNE

JP Concordet, MNHN, TacGene



Template DNA design: Plasmid or ssODN

CRISPR-Cas9 nuclease

A

~1000 bp J« ~ 1000 bp

\
s

insertion (GFP, transgene, ...)
point mutation

ss oligonucleotide

* ) .
=

30-60nt \1/30-60nt

insertion (tag<120 nt, ...)
point mutation



Guide RNA and Template DNA design

PAM PAM PAM
wt sequence XPB 1 5 3

—
B EC0E CCC RGC RERR CAT ETR CRC CCOE CTIC TIC RREE CEC TTIT|RGE| RER TER tget - gtacttogttocaagacoggogottggoacocttgttgg
z = = 4 H ' H E L F 4 = F E E v i

1

ggt Too FRC TRC RRR GRC CAT GRC GET GRT TAT RRR GART CAT FRC ATC GRT TRC RRE GRT GRC FAT FRC ARG GEC REC EC0C CRT CAT CARC CRC CRT CRC CARC CRT
e s o ¥ E D H o = D i E D H D I D ¥ K D D D o E = 5 S H H H H H H H H
Ik 3Flag Ik 8His

Peptide tag insert sequence

Guide RNA
- keep distance between cut and insert position (<20bp)
- avoid guide with unwanted off-targets ; “."

o
- screen for an efficient guide
[1\
‘——Pr‘

Template DNA

- 30-60 nt Homology arms

- If possible, test both orientations of sSODN donor

- New genomic sequence should not be cut by guide RNA/Cas9

- 2 PS linkages are added at each ssODN end to improve efficiency Geny, S & Concordet, JP



K562: an easy to manipulate cell line

Non adherent erythroleucemic cells (K562)

cultivated, expanded, and grown easily
transfected with high efficiency, tolerates limite
permissive to genome editing events

17
" o : 5?
:-- :a L .. v
X

19 20 21 22

L Mauvieux and C Gervais



Tagging of the TFIIH XPB subunit

Kl K562 XPB-3Flag

(5] cld 15 <17 <18 c20 21

1 2 3 4 3 & 7
WE Ab XFB

p8

CAK
kinase

3' 5' translocase

Medium/Large scale
suspension culture

Cell extract

Heparin l

KCl gradient

Eluate

Immuno-Purif |

FT
Elution

XPB

XPD
p62

p44, p52
cdk7

p34, cyclin H
MAT1

WITTIE

i
B

\



Genome editing to facilitate the purification and
characterization of endogenous complexes

) Double-strand DNA break
Functional characterization Structural analysis P target gene
(in vitro assays, CHIPs) (X-link-MS, cryo-EM) K
Endogenous tagging
with CRISPR/cas9 GFP j
Detailled Mass Spectrometry Imaging
(PTMs, quantitative MS) (live cell, super-res) Expression from l
natural genomic
context

Homology-directed repair
Qj(_f;“ —L target gene GFP —

250 » .
Live or fixed cell
130 | 3 4 XPB-GFP |mag|ng \-j ‘
100 » 2 ' @
o
70 »
55 b

1 2
WB Ab XPB

Geremy et al., Nat Comm 2019



Recombinant protein expression for structural biology: An
overview of popular expression systems

Co-expression system for reconstitution of multiprotein
complexes and dissection of protein-protein interaction
networks

Genome engineering for labelling mammalian proteins to
facilitate isolation of endogenous complexes and their
characterization in a cellular environment
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