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Abstract

The human proteins used in most biochemical studies are commonly obtained using bacterial expression. Owing to
its relative simplicity and low cost, this approach has been extremely successful, but is inadequate for many proteins
that require the mammalian folding machinery and posttranslational modifications (PTMs) for function. Moreover,
the expressed proteins are typically purified using N- and/or C-terminal affinity tags, which are often left on proteins
or leave non-native extra amino acids when removed proteolytically. Many proteins cannot tolerate such extra amino
acids for function. Here we describe a protein production method that resolves both these issues. Our method
combines expression in human Expi293F cells, which grow in suspension to high density and can process native
PTMs, with a chitin-binding domain (CBD)-intein affinity purification and self-cleavable tag, which can be precisely
removed after purification. In this protocol, we describe how to clone a target gene into our specifically designed
human cell expression vector (pJCX4), and how to efficiently transfect the Expi293F cells and purify the expressed
proteins using a chitin affinity resin.
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Background

The study of mammalian proteins in vitro often requires large amounts of pure proteins, which are typically
expressed in bacteria and purified via the addition of N- and/or C-terminal affinity tags. These tags are often left on
proteins or leave non-native extra amino acids when removed proteolytically (Waugh, 2011). The use of bacterial
protein expression offers many advantages; it is a well-established system available in many laboratories, its
adoption is relatively straightforward, and the overall cost of protein production is low. For these reasons, this will
continue to be the method of choice for most applications. However, there are many cases in which bacterial
expression is inadequate. A major disadvantage is the inability of bacteria to process posttranslational modifications
(PTMs), which are often crucial for function (Brown et al., 2017). Even in cases where the role of PTMs is well
established, they tend to be ignored, or their absence considered to be an unavoidable drawback of the method.
Many mammalian proteins also have specific folding requirements that the bacterial expression system cannot
account for (Rosano and Ceccarelli, 2014; Georgiou et al., 1994). The N- and C-termini of proteins are often
important for function, such that many proteins cannot tolerate extra amino acids from purification tags at the ends
(Brault ef al., 1999; Wu and Filutowicz, 1999; Chant et al., 2005; Sliwinska et al., 2008; Suh-Lailam and Hevel,
2009). Here, we describe a method that resolves these concerns and can be broadly applied to protein expression.
Our method combines expression in human Expi293F cells, which grow in suspension to high density and can
process native PTMs, with a chitin-binding domain (CBD)-intein affinity purification and self-cleavable tag, which
can be precisely removed after purification. The vector generated here to implement this method (pJCX4) has
elements necessary to drive high protein expression in human cells, including the cytomegalovirus (CMV) promoter,
the Woodchuck Hepatitis Virus (WHYV) Posttranscriptional Regulatory Element (WPRE), and the Simian Virus 40
(SV40) PolyA sequence. This vector also supports cloning and plasmid production in E. coli, using the pUC origin
of replication and the kanamycin resistance gene. Our goal here is to provide a detailed description of the method,
to facilitate its adoption by new users. We have also deposited our vector with Addgene for the convenience of users
that would like to adopt this method.

Materials and Reagents

A. Preparation of plasmid DNA
1. Polystyrene Petri dish, 10-cm (Stellar Scientific, catalog number: TC-WB-7452)
2. pJCX4 vector (Addgene, catalog number: 170756)
3. NEBNext High-Fidelity 2x PCR Master Mix (New England BioLabs, catalog number: M0541L)
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SYBR Safe DNA Gel Stain (Thermo Fisher Scientific, Invitrogen, catalog number: S33102)

Tris base (Fisher Scientific, catalog number: BP152-500)

Glacial acetic acid (Millipore Sigma, catalog number: A6283-1L)

Ethylenediaminetetraacetic acid (EDTA) (Thermo Fisher Scientific, Invitrogen, catalog number:
15576028)

NucleoSpin Gel and PCR Clean-up, Mini kit for gel extraction and PCR clean up (Macherey-Nagel,
catalog number: 740609.50)

NucleoSpin Plasmid, Mini kit for plasmid DNA (Macherey-Nagel, catalog number: 740588.50)
High-Fidelity restriction enzymes (New England BioLabs)

SeaKem Gold agarose (Lonza, catalog number: 50152)

Quick Ligation Kit (New England BioLabs, catalog number: M2200S)

XL-10 Gold competent cells (Agilent, catalog number: 200317)

LB Agar (Thermo Fisher Scientific, catalog number: 22700025)

Kanamycin monosulfate (Gold Biotechnology, catalog number: K-120-5)

PureLink HiPure Plasmid Filter Maxiprep Kit (Thermo Fisher Scientific, Invitrogen, catalog number:
K210017)

0.5 M EDTA (see Recipes)

50x Tris-acetate-EDTA (TAE) (see Recipes)

1x TAE (see Recipes)

1% agarose gel with SYBR Safe DNA gel stain (see Recipes)

B. Expression in Expi293F Cells
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125-mL and 500-mL polycarbonate, disposable, sterile, vent-cap Erlenmeyer shaker flasks (TriForest
Labware, catalog numbers: FPC0125S and FPC0500S)

15-mL and 50-mL conical tubes (Fisher Scientific, Falcon, catalog numbers: 14-959-53A and 14-432-22)
10-mL serological pipettes (Corning, catalog number: 357551)

500-mL centrifuge bottles (Corning, catalog number: CLS431123-6EA)

Expi293F Expression System Kit (Thermo Fisher Scientific, Gibco, catalog number: A14635)

Expi293F Cells (Thermo Fisher Scientific, Gibco, catalog number: A14527)

Expi293F Expression Medium (Thermo Fisher Scientific, Gibco, catalog number: A1435102)
Opti-MEM Reduced-Serum Medium (Thermo Fisher Scientific, Gibco, catalog number: 31985070)

PEI MAX, Transfection Grade Linear Polyethylenimine Hydrochloride (Polysciences, catalog number:
24765-1)

Dulbecco’s Phosphate-Buffered Saline (PBS) (Thermo Fisher Scientific, catalog number: MT21031CV)
1 mg/mL PEI transfection reagent (see Recipes)

C. Purification of the intein-tagged protein
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50-mL polycarbonate bottles with caps (Beckman Coulter, catalog number: 361693)

Chitin affinity resin (New England BioLabs, catalog number: S6651S)

KONTES chromatography Flex-Column (Avantor, VWR, catalog number: KT420401-2510)
HEPES (Gold Biotechnology, catalog number: H-400-1)

Sodium Chloride (NaCl) (Thermo Scientific, catalog number: J21618-A9)
DL-Dithiothreitol (DTT) (Gold Biotechnology, catalog number: DTT100)
Phenylmethylsulfonyl fluoride (PMSF) (Gold Biotechnology, catalog number: P-470-25)
B-mercaptoethanol (BME) (Santa Cruz Biotechnology, catalog number: sc-202966)
Adenosine-5’-triphosphate (ATP) (Gold Biotechnology, catalog number: A-081-1)

. Coomassie Brilliant Blue R-250 (Gold Biotechnology, catalog number: C-461-5)
. Methanol (Ibis Scientific, catalog number: MX0486-1)

. Acetic acid (Ibis Scientific, catalog number: CP-M1010S)

. 12% acrylamide SDS-PAGE gels (Bio-Rad, catalog number: 4561046)

. Coomassie stain solution for acrylamide gels (see Recipes)

. Lysis buffer (see Recipes)
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16. ATP wash buffer (see Recipes)
17. Intein cleavage buffer (see Recipes)

Equipment

A. Preparation of plasmid DNA

1. PTC-200 thermocycler (MJ Research, catalog number: MJ-G200)
Horizontal electrophoresis system (Fisherbrand, catalog number: FB-SBR-2025)
Eppendorf tabletop centrifuge (Eppendorf, catalog number: EP-5415D)
Water bath (Thomas Scientific, Humboldt, catalog number: 1196X13)
Imperial-IIT 37°C incubator (Lab-Line, catalog number: 305)
QIArack (Qiagen, catalog number: 19015)

Sk

B. Expression in Expi293F Cells
1. Isotemp CO, Incubator (Fisherbrand, catalog number: 11-676-604)
2. COx; resistant orbital shaker (Thermo Scientific, catalog number: 88881101)
3. Biological safety cabinet (Fisher Scientific, catalog number: 13-261-222)
4. Refrigerated benchtop centrifuge (Beckman Coulter, model: Allegra X-15R)

C. Purification of the intein-tagged protein
1. Dounce glass piston homogenizer (VWR, Kontes Glass, catalog number: KT885300-0040)

2. Beckman Avanti J-20-1 centrifuge (Beckman Coulter, catalog number: 8043-30-1169)

3. JA25.50 rotor (Beckman Coulter, catalog number: 363055)

4. Peristaltic pump (Bio-Rad, catalog number: 7318140)

5. SDS-PAGE gel running apparatus (Bio-Rad, catalog number: 1658025FC)
Procedure

A. Preparation of plasmid DNA

1. Design PCR primers to amplify the target gene for insertion into the multicloning site (MCS) of plasmid
pJCX4 (Figure 1A). Include a 5° overhang on each primer according to the design guide (Figure 1B).

2. Mix the following components for the PCR reaction.

50 pL of PCR reaction volume:
25 uL of NEBNext 2x PCR master mix
1 uL of target gene template DNA (1-10 ng DNA)
2.5 pL of forward primer at 10 uM (final concentration = 0.5 uM)
2.5 pL of reverse primer at 10 uM (final concentration = 0.5 uM)
. 19 pL of ddH,O
3. Carry out the PCR reaction in a thermocycler

a. Initial denaturation (30 s, 98°C)

b. Denaturation (10 s, 98°C)

c. Annealing (30 s, 52-65°C)

d. Extension (25 s/kb, 72°C)

Repeat steps b—d for 30 cycles.
e. Final extension (2 min, 72°C)

o a0 o

4. Run the PCR product on a 1% agarose gel with SYBR Safe, in a horizontal electrophoresis system at 80

V for 20 min.

5. Extract the PCR product band from the gel and recover the DNA following the manufacturer’s protocol,
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using the NucleoSpin Gel and PCR clean-up kit. Elute the recovered PCR product in a volume of 25 pL.
Digest the recovered PCR product with restriction enzymes corresponding to those included in the PCR
primer overhang.

30 pL of reaction volume:

a. 25 pL of recovered PCR product, about 1 pug of DNA

b. 1 pL of High-Fidelity enzyme 1 (incorporated on 5’ overhang of forward primer)

c. 1 pL of High-Fidelity enzyme 2 (incorporated on 5’ overhang of reverse primer)

d. 3 pL of 10x buffer (CutSmart buffer if using NEB High-Fidelity enzymes)

Incubate in a water bath at 37°C for 1 h.

Digest the plasmid pJCX4 with the same restriction enzymes incorporated on the primer overhangs of the
PCR product.

30 pL of reaction volume:

variable volume of plasmid pJCX4 (1 ug of DNA)

1 pL of High-Fidelity enzyme 1

1 pL of High-Fidelity enzyme 2

3 pL of 10% buffer (CutSmart buffer if using NEB High-Fidelity enzymes)

. ddH,O up to a total volume of 30 pL

Incubate in a water bath at 37°C for 1 h.

Run the digested plasmid on a 1% agarose gel with SYBR Safe at 80 V for 20 min. Extract the plasmid
band from the gel and recover the DNA following the manufacturer’s protocol, using the NucleoSpin Gel
and PCR clean-up kit. Elute the digested plasmid DNA in volume of 20 pL.

Recover the digested PCR product following the manufacturer’s protocol, using the NucleoSpin Gel and
PCR clean-up kit. Elute the digested plasmid DNA in a volume of 20 pL.

Mix the following components for a ligation reaction, using a plasmid to insert ratio of 2:8.

20 pL of reaction volume:

a. 10 pL of Quick Ligase 2x buffer

b. 8 uL of digested PCR product

c. 2 uL of digested plasmid

d. 1 pL of Quick Ligase enzyme

Incubate in a water bath at 25°C for 10 min.

o po o e

Transform 5 pL of ligation mixture into XL-10 Gold competent cells, following the manufacturer’s
protocol. Plate 200 uL of the transformation on an LB agar plate containing 50 pg/mL kanamycin and
grow in an incubator at 37°C for 12—18 h.

Scrape half of a single colony to inoculate a 5 mL culture of LB containing 50 pg/mL kanamycin and grow
in an incubator with agitation (220 rpm) at 37°C for 12—18 h. Indicate on the plate the culture used for
inoculation, and store the LB agar plate at 4°C.

Isolate plasmid DNA from the culture using the NucleoSpin Plasmid miniprep kit, following the
manufacturer’s protocol.

Confirm the presence and location of the target gene in the plasmid by Sanger sequencing with CMV-for
(forward) and Mxe-rev (reverse) sequencing primers. See Table 1 for primer sequences.

From the LB agar plate, use the same colony that was sequence-verified to contain the target gene to
inoculate a 100 mL culture of LB containing 50 pg/mL kanamycin.

Isolate plasmid DNA from the culture using the PureLink HiPure Plasmid Filter Maxiprep Kit and a
QIArack following the manufacturer’s protocol.

Note: The miniprep and maxiprep kits are both used to isolate plasmid DNA from bacterial cultures. The

maxiprep is used once the plasmid is sequence-verified, to produce large amounts of DNA needed for
transfection of Expi293F cells.
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Target

M3 restriction enzyme

v amino acid translation
CMV promoter EIL LTI I RIAILILTILE

= MCS T
TCCGCTAGCTCGCGAGTCGACGGCGGCCGC TTCCTCGAGGGCTCTTCCTGCATCACGGGAGATGCACTAGTTGCC
AGGCGATCGAGCGCTCAGCTGCCGCCGGCGCTT. GAGCTCCCGAGAAGGACGTAGTGCCCTCTACGTGATCAACGG

: Nhel  Nrul Notl EcoRI Xhol il Sapl Spel
J
5’ restriction enzyme options 3’ restriction enzyme options
B Primer design strategy
Direction Restriction site Sequence
Forward (5) — option 1 Notl 5-TT CGC GGC CGC GCC ACC NNN NNN... -3’
option 2 EcoRI 5-TTC GAATTC GCC ACC NNN NNN... -3’
Reverse (3') — option 1 Sapl 5'- GT TGC TCT TCC AAC NNN NNN... -3’
option 2 Spel 5-TT CAC TAG TGC ATC TCC CGT GAT GCANNN NNN... -3’

Figure 1. Instructions for cloning a target gene into vector pJCX4.

(A) Schematic representation of the expression cassette of vector pJCX4 for mammalian cell expression,
including a restriction enzyme map of the multicloning site for the insertion of a target gene. The recognition
site of each restriction enzyme is highlighted in grey, and the digestion site is indicated by magenta lines. (B)
Two examples of forward (5°) and reverse (3”) primer designs to amplify a target gene for insertion into vector
pJCX4. The underlined sequence is the recognition site of the restriction enzyme. Note that the three bases
preceding the recognition site are included to ensure efficient enzyme cleavage. In both 5’ primers, the Kozak
consensus sequence GCCACC follows the restriction enzyme site. NNN NNN indicates the nucleotide
sequence of the target gene. In the 3’ primers, the bases following the restriction enzyme site are required to
ensure precise ligation with the intein. Do not include a stop codon in the annealing region of the 3’ primer.

Table 1. Primers used to verify the insertion of the target gene into the MCS of pJCX4

Primer name Primer sequence
CMV-for 5’- CGCAAATGGGCGGTAGGCGTG
Mxe-rev 5’- GATTGCCATGCCGGTCAAGG

Expression in Expi293F Cells

1. Follow the manufacturer’s protocol for the Expi293F Expression System Kit to thaw, establish, and culture
cells. Grow the cells in Expi293F media and sterile vent-cap Erlenmeyer shaker flasks, on an orbital shaker
(125 rpm) at 37°C using an incubator with a humidified atmosphere of 8% CO,. No antibiotic is required
for selection.

2. Prepare cultures for transfection at a density of 2.5 x 10° cells/mL in sterile vent-cap Erlenmeyer shaker
flasks. We typically transfect a 250 mL-culture. Keep the cultures inside the incubator at 37°C with 8%
CO; to maximize their health.

3. Aliquot 5 mL of Opti-MEM at 25°C into each of two 15-mL conical tubes under a sterile cabinet.

4. Into one conical tube of Opti-MEM, add 1 pg of pure plasmid DNA from the maxiprep for each 1 mL of
Expi293F culture to transfect.

5. Into the other conical tube of Opti-MEM, add 3 pL of 1 mg/mL polyethylenimine (PEI) for each 1 mL of
Expi293F culture to transfect.

Cite as: Carman, P. J. and Dominguez, R. (2022). Novel Protein Production Method Combining Native Expression in
Human Cells with an Intein-based Affinity Purification and Self-cleavable Tag. Bio-protocol 12(06): 4363. DOI:
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Incubate the DNA and PEI mixtures separately for 5 min at 25°C under the sterile cabinet, then combine
both mixtures into one 15-mL conical tube and incubate for another 25 min.

Briefly transfer the Expi293F culture under the cabinet to add the DNA and PEI mixture, then return it to
the incubator to grow for 48 to 72 h, as was optimized for each protein. To optimize the growth time,
perform small-scale purifications or Western blot to verify protein expression levels at various times post-
transfection (Figute 2).

Harvest the cells by centrifugation at 4,000 x g and 4°C for 10 min. To wash residual media, resuspend
the cell pellet in 10 mL of PBS at 4°C using a serological pipette, transfer to a 50-mL conical tube, then
pellet the cells again by centrifugation. Store at -80°C until purification.

5 ml Opti-MEM
=
1ugDNA [
per ml culture |
y © W
_ _—
= 5 min 25 min
= 2.5x 108 Grow
- cells/ml 48-72h
3 ul PEI -
per ml culture |
= Combine DNA Add DNA and PEI
\V and PEI mixtures mixture to culture

Figure 2. Schematic of Expi293F transfection.

Pure plasmid DNA and polyethylenimine (PEI) are incubated separately in Opti-MEM media for 5 min, then
combined and incubated an additional 25 min. The DNA and PEI mixture is poured into an Expi293F culture
at a density of 2.5 x 10° cells/mL and the culture is grown for 48 to 72 h after transfection.

Purification of the intein-tagged protein

o 00 N

11.

Prepare fresh lysis buffer (see Recipes) the day of purification and store at 4°C.

Prepare a Flex-Column with chitin affinity resin, by pipetting ~15 mL of the manufacturer’s resin mixture
into the column, then packing the resin at the bottom by allowing the storage solution to drain through.
The packed resin volume should be 7-10 mL.

Equilibrate the chitin affinity column by flowing 10 column volumes of lysis buffer through. For this and
all subsequent steps, either flow by gravity or by peristaltic pump at a rate of 1 mL/min.

Thaw the conical tube containing the pellet of transfected Expi293F cells in a water bath at 25°C.
Resuspend the cells in a volume of lysis buffer equal to two times the volume of the cell pellet, by pipetting
up and down using a serological pipette.

Lyse the cells with 20 strokes of a Dounce glass piston homogenizer, using a tight-fitting piston. Avoid
introducing bubbles while using the homogenizer to lyse the cells.

Transfer the lysate to centrifuge tubes, and clarify by centrifugation at 20,000 x g and 4°C for 20 min.
Load the clarified lysate onto the equilibrated chitin affinity column.

Wash the column with 20 column volumes of lysis buffer.

. Wash the column with 10 column volumes of ATP wash buffer (see Recipes). ATP helps to remove

unwanted chaperone proteins bound to the target protein.
Remove excess buffer from the resin, then add an amount of intein cleavage buffer (see Recipes) equal to
two times the volume of the resin. Gently stir the resin to evenly distribute the cleavage buffer.

Cite as: Carman, P. J. and Dominguez, R. (2022). Novel Protein Production Method Combining Native Expression in
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12. Incubate the resin in intein cleavage buffer at 25°C for 24 h.

13. Elute the cleaved target protein by draining the liquid from the chitin column. Protein storage will depend
on the stability of each protein. Generally, proteins can be stored for several days on ice or long-term in a
-80°C freezer.

Example

The procedure described here has been used for the expression-purification of several proteins in our laboratory.
One example is tropomyosin (Tpm), a parallel coiled-coil protein that binds symmetrically on each side of the
actin filament, forming a long rope-like polymer of head-to-tail interacting Tpm molecules. The head-to-tail
interaction of Tpm depends on the integrity of both its N- and C-terminal ends, as well as native N-terminal
acetylation (Heald and Hitchcock-DeGregori, 1988; Maytum et al., 2000; Palm et al., 2003), and it is also
affected by other forms of PTMs, such as phosphorylation (Rao et al., 2009; Lehman ef al., 2015; Palani et al.,
2019; Rajan et al., 2019). Numerous biochemical studies on Tpm had relied on proteins expressed in bacteria
that used N-terminal acetylation mimics which, as we have shown (Carman et al., 2021), do not accurately
account for the native PTMs of some Tpm isoforms. The expression system described here allowed us to obtain
fully native Tpm proteins for the first time, free of extra amino acids from tags, and featuring native PTMs,
such as N-terminal acetylation (Figure 3).

Tpm3.1 purification steps

kba 1 23456 7

198 = e
S —— . Lysate
50 s : &3 ; > <_ Flowthrough

Resin after loading and washing
Resin after 5 mM ATP wash

Resin 24 h after BME treatment
Elution of Tpm3.1 after BME treatment
Resin after elution

37
.
25 - B intein =CBD

NOoO O WN -

Coomassie stain

Figure 3. SDS-PAGE analysis Tpm3.1 obtained using the method described here.
Considerations

If the target protein cannot tolerate incubation at 25°C, intein self-cleavage may be performed at 4°C; however,
to achieve full cleavage, the incubation time will likely be longer (48 to 72 h). While we have had success using
this method to obtain proteins featuring disulfide bonds, such as nanobodies, the reducing agent needed to
trigger intein cleavage may make this method unsuitable for some disulfide bond-containing proteins.

Data analysis

Protein expression and purification may be analyzed by SDS-PAGE. Acrylamide gels (12%) may be loaded with 10
pL of protein samples and run at 200 V for 50 min. Protein bands can be visualized by staining with Coomassie
stain and destaining (see Recipes).
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Recipes

1. 0.5M EDTA
a. Add 18.61 g of EDTA to 80 mL of ddH,O and stir with a magnetic stirrer.
b. Adjust the pH to 8.0 using sodium hydroxide pellets. The EDTA will not be completely dissolved until the
solution is close to pH 8.0.
c. Autoclave or sterile-filter through a 0.22 pm vacuum membrane.

2. 50x TAE
242 g of Tris base
57.1 mL of glacial acetic acid
100 mL of 0.5 M EDTA, pH 8.0
ddHOupto1l L
Store at 25°C.

3. 1xTAE
20 mL of 50x TAE
ddHOupto1l L
Store at 25°C.

4. 1% agarose gel with SYBR Safe DNA gel stain
a. Add 0.5 g of agarose into a 250-mL beaker and suspend in 50 mL of 1x TAE.
b. Microwave in 30 s increments until the solution is clear. Avoid letting the solution boil over the edge of
the beaker.
c. Allow the solution to cool to approximately 50°C. Add 5 mL of 1,000x SYBR Safe DNA gel stain to the
solution and swirl to mix.
d. Pour the agarose solution into a gel casting apparatus and allow it to solidify.

5. 1 mg/mL PEI transfection reagent

Add 100 mg of PEI-MAX into a beaker and suspend in 90 mL of ddH,O. Stir with a stir bar.

Add drops of hydrochloric acid until pH is <2.0.

Cover the top of the beaker and stir until the powder fully dissolves.

Add drops of sodium hydroxide until pH is 7.0.

Transfer solution to 100-mL graduated cylinder and add ddH>O up to 100 mL.

Sterile-filter through a 0.22 um vacuum membrane. Aliquot into 1.5-mL Eppendorf tubes under a sterile
cabinet, and store at 4°C.

Mo a0 o

6. Coomassie stain solution for acrylamide gels
40% methanol (v/v)
10% acetic acid (v/v)
1 g Coomassie Brilliant Blue R-250

7. Destain solution for acrylamide gels
40% methanol (v/v)
10% acetic acid (v/v)

8. Lysis buffer
20 mM HEPES pH 7.5
500 mM NacCl
I mM DTT

Cite as: Carman, P. J. and Dominguez, R. (2022). Novel Protein Production Method Combining Native Expression in
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1 mM phenylmethanesulfonyl fluoride (PMSF)

9. ATP wash buffer
20 mM HEPES pH 7.5
200 mM NaCl
5 mM MgCl,
5 mM ATP

10. Intein cleavage buffer
20 mM HEPES pH 7.5
200 mM NaCl
50 mM f-mercaptoethanol (BME)
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