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Eukaryotic cells compartmentalise to optimise their biochemistry. This

occurs through membrane-surrounded compartments, but also through

membraneless organelles (MLOs). Many MLOs arise from Liquid–Liquid
Phase Separation (LLPS) of proteins. To investigate proteins for their

capacity to phase separate, as well as what properties this results in, puri-

fied protein is required for in vitro phase separation assays. We have

observed that Auxin Response Factor 2 from the common liverwort

Marchantia polymorpha (MpARF2) forms nuclear assemblies in vivo. Auxin

Response Factors (ARFs) are transcription factors crucial for the regula-

tion of gene expression in response to auxin, an essential signalling mole-

cule in plants. It is currently unclear what causes the formation of

MpARF2 assemblies and how they affect the protein’s function. To deci-

pher this, we present the procedures for purifying MpARF2 and preparing

it for in vitro studies. The observed MpARF2 assemblies could arise by

phase separation. The properties of phase-separating proteins make their

expression, purification and handling challenging; therefore, optimised pro-

cedures are required. Here, we show that the purification of soluble and

monomeric full-length MpARF2, as well as (truncated) variants, is possible

using a three-step purification procedure involving a protein solubility tag

and buffers that suppress phase separation. We also describe the subse-

quent protein preparation that ensures reproducible phase separation of

MpARF2 during in vitro experiments. These procedures pave the way for

elucidating the phase separation properties of MpARF2 and the potential

functional role of its assemblies while providing a protocol which can facil-

itate similar studies of other ARFs.
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Eukaryotic cells compartmentalise to optimise and con-

trol their biochemistry. One way to achieve this com-

partmentalisation is by creating organelles surrounded

by lipid membranes, such as the nucleus, endoplasmic

reticulum, the Golgi apparatus, lysosomes or vacuoles.

The membrane acts as a physical barrier to separate the

in- and outside of these organelles. However, various

organelles are not surrounded by a membrane, such as

the nucleolus [1], Cajal bodies [2], stress granules [3] and

P granules [4]. Such ‘membraneless organelles’ (MLOs)

are also referred to as biomolecular condensates, refer-

ring to the mechanism by which they form: the sponta-

neous local concentration of biomolecules [5].

Biomolecular condensates are widely thought to

form through Liquid–Liquid Phase Separation (LLPS)

[4–6], a process whereby a solution with at least one

solute will demix into two immiscible phases, a

solute-rich phase and a solute-poor phase, both with

liquid properties. In biomolecular condensates, the sol-

ute is a biomolecule, usually a protein, RNA or DNA,

and the resulting solute-rich phase is called a conden-

sate. LLPS is highly concentration dependent, as con-

densates only form above a system-specific saturation

concentration (csat) [7]. In addition, the saturation con-

centration strongly depends on environmental factors,

such as temperature, pH or salinity [8].

Although biomolecular condensates form through

phase separation, the underlying mechanisms vary con-

siderably. Electrostatic interactions, hydrophobic

effects, p-p and cation-p interactions can all contribute

to condensate formation [5,9], and are shaped by

sticker-spacer architecture and the presence of folded

domains and disordered regions [10,11]. As a result,

the properties of condensates often differ. Condensates

have different capacities to exchange molecules across

their boundaries [12], to include or exclude certain

molecules [13], to form or dissolve in response to stim-

uli [14,15], to transition to a solid-like state (also called

ageing) [16] and have varying internal dynamics [17].

To understand the role of these properties in the func-

tion of condensates and MLOs, a combined approach

of in vitro and in vivo studies is required.

To perform in vitro experiments with a

phase-separating protein, sufficient pure protein is

required. A commonly used method to achieve the lat-

ter is to isolate a recombinant protein from a heterolo-

gous overexpression system. Phase-separating proteins

can be challenging to purify, as they are often

aggregation-prone, readily undergo interactions with

other biomolecules and column materials, are highly

susceptible to proteolysis, and can prematurely

undergo phase separation, which can interfere with

purification [18–20]. In addition, results sometimes

differ between laboratories [18], and deviating from a

specific preparation procedure can affect results [21].

Therefore, it is necessary to accurately document the

purification and preparation procedures of the protein

in question and to identify which elements are impor-

tant for reliability and reproducibility of experiments.

Here we report this for an Auxin Response Factor

(ARF) protein from Marchantia polymorpha.

In plants, growth and development are regulated by

the essential signalling molecule auxin. Response to

auxin is primarily achieved by influencing gene expres-

sion through the Nuclear Auxin Pathway (NAP) [22].

Briefly, auxin promotes binding of Aux/IAA repressor

proteins to TIR1/AFB, which is part of a Skp1, Cullin

and F-box (SCF) E3 ubiquitin ligase complex. This

binding leads to the ubiquitination and subsequent

degradation of Aux/IAA, thus releasing ARFs from

repression and allowing them to modulate gene expres-

sion [23,24]. ARFs are subdivided into three clades:

A-class ARFs, which activate gene expression, and B-

and C-class ARFs, which are generally regarded as

repressors [25].

ARFs consist of three domains: an N-terminal

DNA-binding domain (DBD), a Middle Region (MR)

of variable length and a C-terminal Phox and Bem1

(PB1) multimerisation domain. The DBD binds to

DNA recognition sites called Auxin Response Ele-

ments (AuxREs) via its B3 domain and can dimerise

via its bipartite dimerisation domain [26]. The PB1

domain can homo-multimerise in a head-to-tail man-

ner through interactions between the positively

charged lysine and the negatively charged Octicosapep-

tide repeat, p40phox and budding yeast Cdc24p, atypi-

cal PKC-interaction domain (OPCA) motif [27,28].

The amino acid composition of the MR determines

which class an ARF belongs to and thus whether an

ARF will activate or repress gene expression [25,29].

The NAP is studied in various model plants, many

of which have complex NAPs with multiple copies of

each NAP component. Marchantia polymorpha, a

model bryophyte, is studied for its minimal NAP, as

its genome encodes only one copy of each key compo-

nent, including one copy of each ARF clade [30]. This

is thought to represent the minimum complexity of an

auxin response system that cannot be reduced further

without loss of functional auxin response, except

potentially its C-class ARF, MpARF3 [30,31]. The

minimal NAP of M. polymorpha allows for research

into the fundamental biochemical principles underlying

the NAP and how these relate to the auxin response.

MpARF2, the B-class ARF of M. polymorpha,

forms visible assemblies at endogenous protein levels

[32], but it is unclear why this happens and what
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properties these assemblies confer on the protein’s

function. To decipher this, we aim to apply a combi-

nation of in vitro and in vivo research.

The chitin-affinity method previously used in our

laboratory to purify ARF from Arabidopsis thaliana

[33] did not work for MpARF2, because the protein is

lost during the essential size exclusion chromatography

(SEC) step (data not shown). Therefore, we developed

other procedures to purify MpARF2 and prepare it

for experiments. We fused the protein N-terminally to

a maltose-binding protein (MBP) tag and C-terminally

to a monomeric NeonGreen(mNG)-6xHis-tag. Purifi-

cation using Nickel Immobilised Metal Ion Affinity

Chromatography (Ni-IMAC), SEC and amylose affin-

ity in 1 M NaCl, 10% glycerol, 20 mM Tris pH 8.0

allows to reliably obtain purified fusion protein

(Fig. 1A). After removal of the MBP solubility tag

and isolation of the monomer in an intermediate salt

strength buffer (i.e. 500 mM NaCl, without glycerol),

the protein is suitable for experiments to characterise

its phase separation (Fig. 1B).

This study provides detailed documentation on how

to obtain and prepare MpARF2-mNG and its (trun-

cated) variants for phase separation experiments. We

highlight essential steps during the purification and

preparation of this protein as well as the pitfalls, spar-

ing others the many challenges we encountered, and

offer suggestions on how to maximise protein yield.

Moreover, this documentation ensures that the experi-

mental phase separation data of MpARF2-mNG can

be reliably reproduced by others. These procedures

also provide a starting point for the purification and

phase-separation studies of other ARFs, which may

ultimately lead to insights into the phase-separation

properties of ARFs and the potential functional role

of ARF assemblies in plants.

Materials

Cloning

� PhusionTM High-Fidelity PCR master mix (F531L;

Thermo Fisher Scientific, Waltham, MA, USA)
� pET28a(+) plasmid (Novagen (Merck), Darmstadt,

Germany)
� Primers ordered from IDT (Table S1)
� Template genes ordered from IDT (Table S2)
� Thermocycler
� GeneJET PCR Purification kit (K0701; Thermo Fisher

Scientific)
� NEBuilderTM HiFi DNA assembly master mix (E2621L;

NEB, Ipswich, MA, USA)
� Electrically competent DH5a E. coli

� Electroporation cuvettes
� Micropulser electroporator (no.: 1652100; Bio-Rad, Hercules,

CA, USA)
� Luria Broth (LB) medium and agar
� Kanamycin sulphate monohydrate (K0126; Duchefa,

Haarlem, the Netherlands)
� Petri dish
� 15-mL centrifuge tubes
� Shaker incubator
� Centrifuge
� Nucleospin Plasmid Mini kit (no.: 740588; Machery-

Nagel, D€uren, Germany)
� EcoRI and HindIII restriction enzymes (ER0271/ER0501;

Thermo Fisher Scientific)

Protein production and generation of cell-free

extract (CFE)

� Luria broth (LB) agar
� RosettaTM (DE3) E. coli (no.: 70954; Novagen (Merck))
� LB medium
� Kanamycin sulphate monohydrate (K0126; Duchefa)
� Chloramphenicol (C0113; Duchefa)
� Terrific broth (TB) medium (no.: 97063-418; VWR, Radnor,

PA, USA)
� Conical flask 250 mL
� Conical flasks 2 L
� Autoclave
� Petri dish
� Incubator
� Shaker incubator
� Isopropyl b-D-1-thiogalactopyranoside (IPTG, 1 M solu-

tion in water) (Duchefa I1401)
� Ultracentrifuge
� 500-mL centrifuge tubes
� 50-mL centrifuge tubes
� Scale
� Lysis buffer A (in-house production, see Table 1 for

composition)
� Lysis buffer B (in-house production, see Table 1 for

composition)
� DNAse I, Grade II, from bovine pancreas (no.:

10104159001; Roche, Basel, Switzerland)
� cOmplete protease inhibitor cocktail tablets, EDTA-free

(no.: 04693132001; Roche)
� Sonicator (Q500; Qsonica, Newtown, CT, USA)
� Half-inch (½00) diameter sonicator probe

Protein purification

� Ni-charged NuviaTM Immobilised Metal Ion Affinity

Chromatography (IMAC) resin (no.: 7800801; Bio-Rad),

or equivalent Ni-IMAC resin
� 50-mL screwcap tubes
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� Microcentrifuge
� Serological pipette
� Pipetting balloon
� Gravity-flow column compatible with peristaltic tubing
� Peristaltic pump and tubing
� Ni-Wash buffer (in-house production, see Table 1 for

composition), filtered and degassed
� Ni-Elution buffer (in-house production, see Table 1 for

composition), filtered and degassed
� Liquid nitrogen
� Dewar
� Ultra-Low Temperature (ULT) freezer
� €Akta Pure 25, with multiple wavelength detector (MWD)

(no.: 29018226; Cytiva, Marlborough, MA, USA)
� Fractionator (no.: 29011362; Cytiva)
� XK 26/100 column (no.: 28988951; Cytiva) packed with

SuperdexTM 200 Prep Grade resin (no.: 17104304; Cytiva)

(HiLoadTM 26/1000 SuperdexTM 200 PG) or equivalent

prep-grade size exclusion column

Fig. 1. Schematic overview of purification (A) and sample preparation (B) workflows. (A) Recombinant protein is purified from cell-free

extract (CFE) by Ni-IMAC, size exclusion chromatography (SEC) and amylose affinity steps. (B) Just before experiments, the protein is

prepared by removing the solubility tag and then passing it through a small SEC column to isolate monomeric protein and exchange the

buffer. The protein can then be used directly for experiments or, if necessary, concentrated first. Erlenmeyer, scissor and microscope

illustrations from NIAID NIH BioArt Source (bioart.niaid.nih.gov/bioart).

Table 1. Purification buffers. All % concentrations are v/v. EDTA,

ethylenediaminetetraacetic acid, TCEP, Tris(2-carboxyethyl)

phosphine.

Buffer Composition

Lysis buffer A 40 mM Tris pH 8, 2 M NaCl, 20% glycerol, 4 mM

MgCl2, 0.2% NP-40

Lysis buffer B 20 mM Tris pH 8, 1 M NaCl, 10% glycerol, 2 mM

MgCl2, 0.1% NP-40

Ni-Wash buffer 20 mM Tris pH 8, 1 M NaCl, 10% glycerol, 1 mM

TCEP, 20 mM imidazole, 0.01% Tween-20

Ni-Elution buffer 20 mM Tris pH 8, 1 M NaCl, 10% glycerol, 1 mM

TCEP, 500 mM imidazole, 0.01% Tween-20

SEC buffer #1 20 mM Tris pH 8, 1 M NaCl, 10% glycerol, 1 mM

EDTA, 1 mM DTT, 0.01% Tween-20

Amylose elution

buffer

20 mM Tris pH 8, 1 M NaCl, 10% glycerol, 1 mM

EDTA, 1 mM DTT, 20 mM Maltose, 0.01%

Tween-20

SEC buffer #2 20 mM Tris pH 7.5, 500 mM NaCl, 1 mm EDTA,

1 mM DTT, 0.001% Tween-20
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� SEC buffer #1 (in-house production, see Table 1 for com-

position), filtered and degassed
� Whatman� Puradisc 30 syringe filters, 0.2 lm pore size

(10462300; WHA)
� 50-mL syringe with Luer lock
� Amicon� Ultra-15 10 k molecular weight cut-off (MWCO)

(UFC901008; MilliporeSigma, Burlington, MA, USA)
� Superloop 10 mL (no.: 19758501; Cytiva)
� 15-mL tubes compatible with fractionator
� Dithiothreitol (DTT, 1 M stock solution in water)

(D1309; Duchefa)
� €Akta Start (no.: 29022094; Cytiva) (optional)
� 5 mL MBPTrapTM HP column (no.: 28918779; Cytiva) or

equivalent amylose affinity column
� Amylose Elution buffer (in-house production, see Table 1

for composition), filtered and degassed.
� Lo-bind PCR strips
� Nanodrop
� Protein Lo-bind 1.5-mL microcentrifuge tubes
� Microcentrifuge
� Human Rhinovirus (HRV) 3C protease (SAE0045;

Sigma-Aldrich, St. Louis, MO, USA)
� SuperdexTM 200 Increase 10/300 GL (no.: 28990944;

Cytiva) or equivalent small-scale size exclusion column
� SEC Buffer #2 (in-house production, see Table 1 for

composition), filtered and degassed
� 500-lL injection loop
� Bovine serum albumin (BSA) (no.: 10735078001; Roche)
� Amicon� Ultra-0.5 10 k MWCO (UFC501096;

MilliporeSigma)

Sodium dodecyl sulphate polyacrylamide gel

electrophoresis (SDS/PAGE)

� 49 BoltTM LDS Sample Buffer (B0007; Invitrogen, Waltham,

MA, USA)
� 109 BoltTM Sample Reducing Agent (B0009; Invitrogen)
� Mini Gel Tank (Invitrogen A25977)
� 209 BoltTM MOPS SDS Running Buffer (B0001; Invitrogen)
� BoltTM Bis-Tris Plus Mini Protein Gels, 4–12%
(NW04125BOXPR; Invitrogen)

� Power supply
� Bio-SafeTM Coomassie Stain (no.: 1610786; Bio-Rad)
� ChemiDoc XRS+

Confocal microscopy

� Microscope slide
� Grace Bio-Labs SecureSealTM imaging spacer (GBL654008)
� Precision coverslip, thickness No. 1.5H (no.: 0107242;

Marienfeld, Lauda-K€onigshofen, Germany)
� Leica TCS SP8 9 SMD or equivalent confocal laser scan-

ning microscope

Size exclusion chromatography with multi-angle

light scattering (SEC-MALS)

� Ultrafree Centrifugal filter, 0.5 mL pore size 0.1 lm
(UFC30VV; MilliporeSigma)

� 1260 Infinity II HPLC system (Agilent, Santa Clara, CA,

USA)
� SuperdexTM 200 Increase 10/300 GL (no.: 28990944;

Cytiva)
� Merck MF-Millipore Membrane Filter, 0.1 lm (no.:

10024450; Merck, Darmstadt, Germany)
� Running buffer: 20 mM Tris pH 8.0, 300 mM NaCl (in-

house production)
� OptilabTM 1090 differential refractive index detector

(Wyatt technology, Santa Barbara, CA, USA)
� MiniDAWNTM 1065 MALS system (Wyatt technology)

Electrophoretic mobility shift assay (EMSA)

� DNA probes PC019/PC020 (Table S2)
� Herring sperm DNA (D3159; Sigma-Aldrich)
� Interaction buffer: 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) pH 7.8, 50 mM

KCl, 100 mM Tris pH 8.0, 2.5% glycerol, 1 mM DTT (in-

house production)
� Half-strength Tris-borate-EDTA (TBE) buffer: 44.5 mM

Tris, 44.5 mM boric acid, 1 mM EDTA (in-house

production)
� TopVision Agarose (R0492; Thermo Fisher Scientific)
� Gel electrophoresis tank and power supply
� Ettan DIGE imager (Cytiva)

Method

Cloning

All PCRs were performed using PhusionTM High Fidelity

polymerase according to the manufacturer’s instructions.

First, we generated a pET plasmid encoding the

N-terminal and C-terminal tags, with a cloning site (MCS)

in between. To this end, a pET28a(+) plasmid was line-

arised by PCR using primer pair BPJ030/BPJ031 (See

Table S1 for primer sequences), MBP was amplified using

primer pair BPJ002/BPJ029, and mNG was amplified using

primer pair BPJ005/BPJ032 (See Table S2 for template

sequences). These linear fragments, together with an MCS

dsDNA oligo, were then cloned together using HiFi DNA

Assembly (NEB) according to the manufacturer’s instruc-

tions, yielding pET_MBP-MCS-mNG-His.

For inserting coding sequences, the pET_MBP-MCS-

mNG-His vector was linearised by PCR using primer pair

BPJ161/BPJ162. Full-length MpARF2 (M1-M878) and the

K760S and D809A/D813A variants [34] were amplified by
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PCR using primer pair BPJ163/BPJ166. MpARF2-DBD

(M1-F396) was amplified using primer pair BPJ163/165.

For MpARF2DMR, DBD was amplified using primer pair

BPJ061/BPJ163 and PB1 (K745-M878) was amplified using

primer pair BPJ062/BPJ166. The fragments were then

inserted into the linearised vector using HiFi DNA Assem-

bly (NEB) according to the manufacturer’s instructions.

The coding sequences of MpARF2-MR and MpARF1-

MR were inserted by linearising the pET_MBP-MCS-mNG-

His vector using EcoRI and HindIII restriction enzymes,

amplifying MpARF2MR (S397-N744) using primer pair

BPJ013/BPJ014 and amplifying MpARF1-MR (T370-Q779)

using primer pair BPJ121/BPJ122, and inserting the fragments

into the linearised vector using HiFi DNA Assembly (NEB)

according to the manufacturer’s instructions.

All plasmids were sequenced by Nanopore sequencing

(Plasmidsaurus).

Protein production and generation of cell-free

extract (CFE)

Liquid media should be autoclaved in the flasks in which

they will be used and then cooled to room temperature.

Subsequently, all growth media are supplemented with

50 lg�mL�1 kanamycin and 10 lg�mL�1 chloramphenicol.

1 Transform pET_MBP-MpARF2-mNG-His into

Rosetta (DE3) E. coli and plate on Luria Broth (LB)

agar with antibiotics. Grow overnight at 37 °C.
2 Pick a single colony using a sterile toothpick, pipette tip

or inoculation loop, and inoculate into 50-mL LB with

antibiotics in a 250-mL conical flask (See Tips and

Tricks 1). Grow this culture at 37 °C while shaking at

180 rpm overnight.

3 Use this overnight culture, or preculture, to inoculate

3 L of Terrific Broth (TB) with antibiotics, divided

across 6 9 2 L conical flasks, at a ratio of 1 mL of pre-

culture to 100 mL of medium.

4 Place the conical flasks in an incubator and let the bac-

teria grow at 37 °C, 180 rpm until the optical density at

600 nm (OD600) reaches 0.6–0.8. This typically takes

2–3 h.

5 Add Isopropyl b-D-1-thiogalactopyranoside (IPTG) to

each flask to a concentration of 0.3 mM to induce

expression of the protein of interest, lower the tempera-

ture and rotational speed of the incubator to 20 °C and

160 rpm, respectively, and incubate the cultures over-

night (16–20 h).

6 After the overnight incubation, pellet the cells by

centrifuging at 5000 g for 15 min in a centrifuge pre-

cooled to 4 °C (See Tips and Tricks 2).

7 Weigh the cells, and resuspend them in cold Lysis

Buffer A, adding 1 mL of Lysis Buffer A for every

gram of cell pellet (See Tips and Tricks 3). Keep the

cells chilled during resuspension.

8 Measure the volume of the cell suspension and add

another 1 mL of cold Lysis Buffer B for every 1 mL of

suspension. Keep the suspension chilled.

9 Finally, for every 50 mL of cell suspension, add 10 mg

DNAse I and 1 Roche cOmplete protease inhibitor

cocktail tablet (or equivalent). Crush the tablet before

adding it.

10 Lyse the cells using a sonicator for 2–3 min (See Tips

and Tricks 4) at 80% amplitude, using a 5 s on/20 s off

programme. Sonicate in an ice-water bath to avoid

overheating of the sample.

11 After sonication, clarify the lysate by centrifuging for

30 min – 1 h at 50 000 g at 4 °C (See Tips and Tricks 5).

12 Carefully decant the supernatant, hereafter designated

cell-free extract (CFE), into a conical flask or 50-mL

tubes. A 250-mL flask is typically suitable. If the CFE

is not used immediately, cover the flask and keep on ice

until use.

13 Keep a small aliquot of the CFE (10 lL or more) for

SDS/PAGE analysis.

Purifying MBP-MpARF2-mNG from the CFE

All steps are carried out at room temperature (RT).

Step 1: Nickel IMAC

1 Gently resuspend NuviaTM Ni-IMAC resin (or equiva-

lent, hereafter designated ‘Ni-IMAC resin’) by swirling

the bottle or using a glass stir rod.

2 Transfer 20 mL of slurry (containing 10 mL resin) to a

50-mL tube and centrifuge at 7000 g for 10 min (note:

1000 g for 1 min should suffice).

3 Remove supernatant with a serological pipette and add

Lysis Buffer B up to 50 mL. Resuspend the resin thor-

oughly and centrifuge again at 7000 g for 10 min (note:

1000 g for 1 min should suffice).

4 Remove supernatant again. Add Lysis Buffer B up to

20 mL and resuspend.

5 Add the resuspended Ni-IMAC resin to the CFE. Incu-

bate the CFE-resin mixture with gentle agitation for

1 h at RT (see Tips and Tricks 6).

6 After incubation, transfer the CFE-resin mixture to a

gravity-flow column that can hold at least 15 mL of

volume. Connect the outlet to a peristaltic pump.

7 Using the peristaltic pump connected to the bottom of

the column, draw the liquid through the column at 2–-
3 mL�min�1 until all resin has been collected. Keep

adding CFE-resin mixture as needed; do not let the

resin run dry. Collect and keep the flow-through for

SDS/PAGE analysis.

8 Once all resin has been loaded, wash with 10 column

volumes (CVs) Ni-Wash Buffer, keeping the same flow

rate as before.
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9 Check whether the flow-through is free of mNG by

shining a light through the tubing. If absorbance or

fluorescence analysis is an option, these are preferred. If

the flow-through is not yet free of mNG, keep washing

in 1 CV intervals until it is.

10 Once the flow-through is free of mNG, elute with 2.5

CVs of Ni-Elution Buffer, or until the eluate is free of

mNG.

11 Take a sample of the eluate (10 lL or more) for

SDS/PAGE analysis.

12 Optional: To increase yield, the flow-through may be

re-incubated with fresh resin, repeating the purification

as described above (See Tips and Tricks 7).

13 The resin can be reused, but it must first be cleaned by

stripping the nickel, then washed thoroughly with

NaOH and finally the nickel must be reloaded. Refer to

the resin manufacturer’s instructions for such a

protocol.

At this point, the purification can be paused overnight.

If done so, the protein should be snap-frozen in 100 lL ali-

quots and stored at �60 to �80 °C until the next step. To

snap freeze a large sample, such as the Ni eluate, we slowly

drip it directly into liquid nitrogen in a clean dewar, creat-

ing small frozen protein droplets which can be easily trans-

ferred to a 50-mL tube to be stored at �60 to �80 °C.
Note that a maximum of 25 mL of eluate will fit in a 50-

mL tube after freezing, due to air space between the frozen

droplets. Also, be careful not to cap the 50 mL tube, as

any liquid nitrogen inside will rapidly evaporate and may

cause the tube to explode.

If purification is paused overnight, the end of Day 1 is a

good time to start equilibrating the Size exclusion column

(see Step 2).

Step 2: Size exclusion chromatography

1 Connect a HiLoad 26/1000 SuperdexTM 200 PG (or

equivalent, hereafter designated SD200PG) to an €AKTA

Pure 25 [or equivalent fast protein liquid chromatogra-

phy (FPLC) system]. Equilibrate with SEC buffer #1,

running as slowly as possible to minimise risk of resin

compaction. We typically use a flowrate of

0.5–0.7 mL�min�1.

2 If purification has been interrupted overnight, thaw the

Ni eluate and remove aggregates by filtering through a

0.22-lm filter or by centrifugation at 21 000 g for

10 min at RT.

3 Concentrate the protein using a centrifugation filter with

a 10 kDa Molecular Weight Cut-off (MWCO) to the

maximum loading volume of the SD200PG column or

less (See Tips and Tricks 8, 9).

4 After the concentration step and after the SD200PG has

been equilibrated, load the protein into a (super)loop

and inject onto the column. We recommend using a

superloop over a tubing-based loop because the high vis-

cosity of the protein solution in a tubing-based loop

leads to incomplete injection onto the column.

5 After injecting the protein, run the column for 1 CV with

SEC buffer #1. Take fractions of 5–15 mL after passing

the void volume (V0) of the column.

6 For quality control (QC) purposes, monitor A280, A260

and A506 simultaneously if possible. A506 is monitored

because it is the Amax of the mNG tag, enabling the

tracking of mNG-containing proteins [35].

7 After passing the Ni eluate over the SD200PG column,

pool the monomer fractions. Save all fractions for

SDS/PAGE analysis, including small aliquots of the

monomer fractions before pooling.

8 If the SD200PG column was equilibrated overnight with

dithiothreitol (DTT) as the reducing agent, add 5 mM fresh

DTT to the monomer fractions, mix well and incubate for

30 min before proceeding (See Tips and Tricks 10).

Step 3: Amylose affinity chromatography

1 Connect a 5-mL MBPTrapTM HP column (or equivalent,

hereafter designated ‘amylose column’) to a peristaltic

pump or FPLC system.

2 Equilibrate the amylose column with fresh SEC buffer

#1 (See Tips and Tricks 11).

3 Load the pooled monomer fraction onto the amylose

column at a flowrate of 1–2 mL�min�1. Collect and keep

the flow-through for SDS/PAGE analysis.

4 Wash with three CVs of fresh SEC buffer #1, or until no

protein is detectable when the column is washed.

5 Elute with two CVs of fresh Amylose Elution Buffer. It

is advisable to collect the eluate in fractions of 1 mL (0.2

CV).

6 Measure the protein concentration of the eluate by mea-

suring the A506 (See Tips and Tricks 12) using the e506 of

mNG, which is 116 000 M
�1 cm�1 [35]. Molarities can be

converted into mg�mL�1 using molecular weights listed

in Table 2.

7 Pool the samples with the highest protein concentrations

(typically 3 mL in total), snap freeze in 100 lL aliquots

and store at �60 to �80 °C.

Protein purity should be checked by SDS/PAGE analysis

(see below).

Using this protocol, one can reliably obtain approxi-

mately 1 mg of MBP-MpARF2-mNG per litre of cell cul-

ture medium.

Protein preparation prior to experiments

1 Thaw up to 500 lL of purified MBP-MpARF2-mNG.

Centrifuge at 21 000 g for 10 min at RT to remove any

aggregates.
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2 Measure the protein concentration and add 1 lg human

rhinovirus (HRV) 3C protease (hereafter ‘3C protease’)

per 1 nmol protein.

3 Do not concentrate the protein prior to adding the 3C

protease. If the protein concentration is too high, phase

separation will occur prematurely, even in a solution of

1 M NaCl and 10% glycerol. Under these conditions,

we observed that MpARF2-mNG undergoes premature

phase separation at a concentration of 8 lM or higher.

Generally, we keep the protein concentration at 6 lM
or lower when adding 3C protease (See Proof-of-

principle section).

4 After addition of 3C protease, incubate at RT for 2 h

(See Tips and Tricks 13). Under these conditions, do

not incubate for more than 2 h.

5 Meanwhile, equilibrate a SuperdexTM 200 Increase

10/300 GL column (or equivalent analytical SEC col-

umn, hereafter designated SD200-I) with SEC buffer

#2. Connect the column to an €AKTA Pure 25 or equiv-

alent FPLC system and equilibrate by running with

1.5–2 CVs at a flowrate of 0.5 mL�min�1.

6 While the SD200-I column is equilibrating, clean a

500-lL injection loop by loading with 0.5 M NaOH.

Incubate for a minute, then rinse well with MilliQ.

7 Optional: Load the injection loop with 500 lL of a 1%

(w/v) bovine serum albumin (BSA) solution in SEC

buffer #2. Incubate for 1 h or until the column is equili-

brated (See Tips and Tricks 14). Do not inject into the

column.

8 Wash the injection loop with SEC buffer #2. If BSA

was loaded before, wash with at least 10 mL and moni-

tor for release of BSA (e.g. by setting the FPLC system

to inject the contents of the loop and bypass the col-

umn straight to a UV–Vis detector measuring A280).

Wash until no more BSA is released.

9 After the 3C and MBP-MpARF2-mNG mixture has incu-

bated for 2 h, immediately load it into the loop and inject

it onto the SD200-I column. Run for 1 CV with SEC

buffer #2 (Table 1). Start taking 0.25–0.5 mL fractions

after the V0 of the column (~ 7 mL) has been passed.

10 For QC purposes, monitor A280, A260 and A506.

11 MpARF2-mNG monomer elutes at around 10 mL. To

ensure reproducibility of experiments, only collect the

fractions corresponding to the latter half of the mono-

mer peak. The first half is less pure and sometimes con-

tains larger particles, probably originating from the tail

of species present at an elution volume of ~ 8.75 mL.

12 Save aliquots of all fractions for SDS/PAGE analysis

Table 2. Protein yields after purification. Predicted molecular weights, predicted pIs and yields after the SD200PG step and after complete

purification of maltose-binding protein (MBP)-tagged protein are given per protein variant. Molecular weights (Mws) and iso-electric points

(pIs) are calculated by using the Iso-Electric point Calculator (IPC) [46]. For the pI values we used the IPC_protein pI. Calculated Mw values

are rounded to the nearest integer. Yield ranges are shown as mean � standard deviation (MpARF2: n = 5, MpARF2-MR: n = 3,

MpARF2K760S, MpARF2D809A/D813A, MpARF2DBD: n = 2, MpARF2DMR, MpARF1-MR: n = 1).

Protein

Mw

(Da) pI

Yield after complete purification of MBP-mNG-tagged

protein Yield after SD200PG step

MpARF2 (untagged) 96 421 6.87 1.13 � 0.22 mg�L�1 culture 7.82 � 0.82 mg�L�1

cultureMBP- and mNG-tagged 168 544 6.03

mNG-tagged 126 485 6.72

MpARF2K760S (untagged) 96 380 6.74 0.89 � 0.21 mg�L�1 culture 18.1 � 2.5 mg�L�1 culture

MBP- and mNG-tagged 168 503 5.99

mNG-tagged 126 444 6.63

MpARF2D809A/D813A

(untagged)

96 333 7.13 0.14 � 0.03 mg�L�1 culture 2.12 � 0.17 mg�L�1

culture

MBP- and mNG-tagged 168 456 6.11

mNG-tagged 126 397 6.92

MpARF2-MR (untagged) 37 969 8.39 2.76 � 0.20 mg�L�1 culture 16.8 � 2.4 mg�L�1 culture

MBP- and mNG-tagged 110 091 6.05

mNG-tagged 68 033 7.73

MpARF2-DBD (untagged) 43 921 6.96 0.50 � 0.11 mg�L�1 culture 30.6 � 9.84 mg�L�1

cultureMBP- and mNG-tagged 116 191 5.85

mNG-tagged 74 132 6.70

MpARF2DMR (untagged) 58 618 6.00 0.10 mg�L�1 culture 5.20 mg�L�1 culture

MBP- and mNG-tagged 130 887 5.68

mNG-tagged 88 828 6.15

MpARF1-MR (untagged) 44 635 5.81 1.42 mg�L�1 culture 5.67 mg�L�1 culture

MBP- and mNG-tagged 116 905 5.55

mNG-tagged 74 846 6.14
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13 If the protein concentration of the collected fractions is

sufficient, they can directly be used for experiments.

14 If the MpARF2-mNG concentration is not sufficient,

concentrate at RT using Amicon 10 kMWCO 0.5 mL

concentration filters.

15 After concentrating to a total volume of ~ 40 lL or

less, transfer to a Protein Lo-Bind Eppendorf tube and

determine the protein concentration by measuring A506.

A loss of up to 75% of protein during concentration is

consistently observed.

After preparing the protein as described above, it is

ready for in vitro (phase separation) experiments.

MpARF2-mNG should be used immediately or stored at

RT for a maximum of 1 h prior to experiments. The pro-

tein should never be cooled down, (snap-)frozen or other-

wise stored for extended periods prior to experimentation,

as this will compromise the homogeneity of the sample.

Protein purity should be routinely checked by SDS/PAGE

analysis (see below) and nucleic-acid contamination should

be checked by measuring the A260/A280 ratio.

SDS/PAGE

For SDS/PAGE purposes, the protein concentrations of

impure samples were estimated by measuring A280, assum-

ing 1 abs ~ 1 mg�mL�1. In the case of purified protein, pro-

tein concentrations were determined by measuring A506 as

described above. Samples were mixed well with BoltTM 49

LDS Sample Buffer and BoltTM 109 Sample Reducing

agent and subsequently incubated at 95 °C for 1 min. Sam-

ples were then loaded on BoltTM Bis-Tris 4–12% Plus Mini

Protein Gels. CFE and Ni flow-through samples were

diluted 1009, after which 25 lL was loaded. For partially

purified samples and Superdex 200 PG fractions, 5 lg was

loaded. For purified protein, 0.5–1 lg was loaded. Gel elec-

trophoresis was then performed according to the manufac-

turer’s instructions, after which the gels were stained with

Bio-SafeTM Coomassie Stain according to the manufac-

turer’s instructions. The gels were then imaged with a Che-

midoc XRS+ against a white background.

Confocal microscopy

To visualise whether samples contained microscopic protein

structures, 5 lL of sample to be investigated was trans-

ferred to a microscopy slide with a Secureseal 8-well imag-

ing spacer. After filling the wells, a coverslip was added,

and the whole slide was inverted and left for 15 min to let

potential structures settle to the bottom.

Solutions were imaged using a confocal laser scanning

microscope [Leica TCS SP8 x Single Molecule Detection

(SMD)]. Samples were placed over a 639 water immersion

objective. mNG was excited with a pulsed White Light

Laser (WLL) at 488 nm and emission was detected with

hybrid detectors (HyD) between 515 and 545 nm. Images

were taken at the bottom of the well, at the coverslip.

SEC-MALS (optional)

To determine the oligomeric state of proteins, SEC-MALS

was performed as described previously [36]. SEC-purified

MBP-MpARF2-mNG fractions were filtered using a

Ultrafree-MC 0.1 lm centrifugal filter. Fifty microlitres of

the filtered fractions was then run on a Superdex 200

Increase 10/300 GL column connected to a 1260 Infinity II

HPLC system. The column was equilibrated with 20 mM

Tris pH 8, 300 mM NaCl buffer, which had been filtered

with a 0.1 lm Membrane Filter. Molecular mass of eluted

sample was determined by Multi-Angle Light Scattering

with an Optilab 1090 Differential Refractive Index detector

and a miniDawn 1065 MALS system.

EMSA (optional)

To test the DNA binding of purified MpARF2 protein,

samples were prepared and EMSAs were performed as

described in ref [37]. 50-Cy5-labelled sense single-stranded

IR7 DNA probe and its unlabelled antisense complement

(PC019/020, Table S1) were annealed by heating at 95 °C
for 5 min followed by a slow cooling down in a thermocy-

cler overnight. MpARF2-DBD used for this experiment

was purified using chitin affinity as described previously

[30,38].

Tips and tricks

1 TB can also be used for the preculture. However,

we have noticed that a preculture grown in TB can

sometimes prematurely induce expression of the

protein of interest, particularly if the culture is

poorly aerated. Therefore, we prefer to grow the

preculture in well-aerated LB to minimise the risk

of premature induction. Additionally, 1% glucose

may be added to the preculture to minimise leaky

expression [39].

2 The cell pellets can be frozen at �80 °C for later

use.

3 Mix Lysis Buffer A well before use.

4 Sonicate 2 min for 20–25 g cells, 3 min for 25–40 g

cells.

5 Centrifuging for 30 min is sufficient to clarify the

lysate, but the pellet may detach from the tube

when decanting the supernatant. We typically cen-

trifuge for 1 h.

6 The suspension can be gently agitated by rotating

the head over the bottom, on a roller, or by using

a motor-driven glass stirring rod. Never use a mag-

netic stirrer; the abrasion will damage the resin.
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7 The drawback of re-incubating is that most of the

additional yield consists of aggregates/multimeric

complexes, which can complicate purification.

8 If the eluate concentration is already high, it may

be useful to use a 50 kDa or 100 kDa MWCO fil-

ter to save time concentrating.

9 The maximum sample volume of the HiLoad

26/1000 Superdex 200 PG is 13 mL. However, to

ensure good separation, we typically concentrate

the protein to 5 mL.

10 When DTT is not added to the SEC samples, the

binding of MBP-MpARF2-mNG to the

MBPTrapTM HP column is especially poor. We sus-

pect that the weak binding is due to the formation

of intramolecular disulfide bonds that hinder the

accessibility to MBP. It may be worthwhile to

replace the DTT reducing agent in SEC Buffer #1

with TCEP to prevent this.

11 For the same reason as above, the DTT in SEC

buffer #1 for use on the MBPTrapTM HP column

should be fresh. The buffer can be prepared and

filtered in advance without DTT. DTT can then be

added from a filtered stock solution just before

use.

12 Other methods of measuring protein concentration,

such as Bradford or bicinchoninic acid (BCA)

assay, can also be used. However, we find that

measuring the A506 provides an accurate and quick

measure of purified protein concentration (Fig. S1).

13 If shorter 3C protease incubation times are desired,

higher ratios of 3C protease to protein can be used.

Test optimal cleavage prior to use for experiments.

14 Coating the injection loop with BSA prior to load-

ing slightly increases yield.

Proof-of-principle

MpARF2—purification

We fused MpARF2 N-terminally to an MBP tag and

C-terminally to an mNG-6xHis-tag. The mNG fluores-

cent tag enables the visualisation of the protein during

purification and confocal microscopy. We also inserted

a 3C protease cleavage site between the MBP tag and

MpARF2, as well as a tobacco etch virus (TEV) prote-

ase cleavage site between MpARF2 and the mNG tag,

for separate proteolytic removal of each tag (Fig. 2A).

After production in RosettaTM (DE3) E. coli, we purify

the fusion protein in 1 M NaCl, 10% glycerol and

20 mM Tris pH 8.0. Attempts to purify MBP-

MpARF2-mNG in this buffer containing 0.5 M NaCl

and no glycerol were unsuccessful.

After lysis of E. coli and the first purification step

(i.e. Ni-IMAC), four to five chromatography peaks are

observed when passing the Ni eluate over the Superdex

200 PG size exclusion column (hereafter ‘SD200PG’)

(Fig. 2B). We label these peaks a-e.

Fractions corresponding to peaks a-c all primarily

contain MBP-MpARF2-mNG, as SDS/PAGE analysis

mostly shows the presence of a band at ~ 170 kDa

(Fig. 2A,C). We therefore reason that peak c repre-

sents monomeric MBP-MpARF2-mNG, as it is the

last-eluting peak that still primarily contains MBP-

MpARF2-mNG. To verify this, we analysed fractions

corresponding to peak c by SEC-MALS, which reveals

that these fractions indeed contain protein with a

molecular weight of ~ 181 kDa (Fig. 2D, peak c),

roughly corresponding to the theoretical molecular

weight of MBP-MpARF2-mNG of 169 kDa (Table 2).

The fractions corresponding to peak c (i.e. Fractions

7–9, Fig. 2B,C) are pooled for further purification.

Fractions corresponding to peaks a, d and e are dis-

carded, as peak a elutes in the void volume (V0) and

thus contains large aggregates, and contains a nucleic-

acid contaminant (i.e. A280/A254 ratio < 2). Peaks d

and e contain C-terminal proteolytic degradation prod-

ucts of MBP-MpARF2-mNG (Fig. 2C), as evidenced

by their A506 (Fig. 2B) indicating the presence of the

mNG tag, and by the low intensity of the ~ 170 kDa

band corresponding to full-length MBP-MpARF2-

mNG (Fig. 2C). We note that the peak areas at

506 nm of peaks d and e are much larger than that of

peak c, indicating that most of the MBP-MpARF2-

mNG is cleaved by proteases. As we use protease

inhibitors during MBP-MpARF2-mNG purification,

we judge that this cleavage likely already occurs within

E. coli.

To check whether peak b might represent a dimeric

or a similarly small oligomeric species of MBP-

MpARF2-mNG, we used SEC-MALS, which reveals

large multimeric species on the order of MDa

(Fig. 2D, peak b). Fractions corresponding to peak b

are therefore discarded. Interestingly, MDa-sized spe-

cies should elute in the V0 of the SD200PG column,

since their size exceeds the separation range of this col-

umn (Mr ~ 600 kDa). We therefore hypothesise that

MBP-MpARF2-mNG interacts weakly with the

SD200PG resin, increasing its elution volume. This

hypothesis is further supported by the presence of a

band of ~ 170 kDa, corresponding to MBP-MpARF2-

mNG, in all SEC fractions, even in later fractions that

should correspond to a protein with a much smaller

Mr (i.e. Fractions 11–15, Fig. 2C).
To further purify and simultaneously concentrate

MBP-MpARF2-mNG, we passed the protein
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Fig. 2. Purification of MBP-MpARF2-mNG. (A) Schematic representation of MpARF2 domains with their amino acid boundaries, and of

maltose-binding protein (MBP)-tagged and MBP-free MpARF2-mNG, with corresponding molecular weights. 3C: HRV 3C protease site; TEV:

TEV protease site; 6H: 6xHistidine tag. (B) UV–Vis chromatogram of SD200PG size exclusion chromatography (SEC) run of MBP-MpARF2-

mNG Ni eluate. V0 = ~ 170 mL, CV = ~ 530 mL. MBP-MpARF2-mNG monomer elutes around 270 mL. Inner tick marks on the x-axis

indicate the starting points of fractions. Fraction 20 ends at the last tick mark. (C) SDS/PAGE gel of the SD200PG fractions. Fractions

selected for subsequent amylose affinity purification are in bold. M: Molecular weight marker. (D) Size exclusion chromatography with multi-

angle light scattering (SEC-MALS) analysis of monomer peak c and multimer peak b. Note that the molecular weight scales differ by an

order of magnitude between the left and right panel. (E) SDS/PAGE gel of all non-SEC samples. Purified protein samples after amylose

affinity purification are highlighted in bold. 3C2h, sample after 2 h 3C incubation; 3CI, sample prior to adding 3C protease; AEl, amylose

eluate; AFT, amylose flow-through; AI, amylose input; CFE, cell-free extract; M, molecular weight marker; NEl, nickel eluate; NFT, nickel flow-

through. Black arrowheads indicate the position of the protein of interest in (C and E). B, C and E are representative data from dozens of

purifications. Panels in D are representative chromatograms from n = 2 measurements, the given molecular weight is an average from

these measurements.
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corresponding to peak c (Fig. 2B,C Fractions 7–9)
over an amylose column. The collected flow-through

still contains MBP-MpARF2-mNG, as a 168.5 kDa

band is clearly visible by SDS/PAGE (Fig. 2E, com-

pare AI and AFT), indicating that the protein binds rel-

atively poorly to the amylose column. Re-loading the

flow-through onto the column results in negligible to

no binding (data not shown). Other than ensuring that

the disulfide bonds are reduced properly, we could not

improve MBP-MpARF2-mNG binding by, for exam-

ple, lowering the concentration of glycerol used (data

not shown).

After amylose affinity purification of the monomer-

containing protein fractions, we obtain

1.13 � 0.22 mg of MBP-MpARF2-mNG per litre of

cell culture medium (Table 2). Purity of this sample is

confirmed by SDS/PAGE analysis (Fig. 2E, AEl lanes).

Purifications of MBP-MpARF2-mNG are reproduc-

ible, with similar yields of comparable purity.

We used an EMSA to verify the DNA binding of

the purified MBP-MpARF2-mNG. A correctly folded

DBD should bind to repeat AuxREs [26], and a cor-

rectly folded PB1 domain should increase the affinity

of MpARF2 for DNA [33]. Because MBP-MpARF2-

mNG binds to an inverted double repeat of the

TGTCGG AuxRE (IR7) with higher affinity than the

isolated DBD domain of MpARF2 (MpARF2-DBD)

(Fig. S3), we infer that the DBD and PB1 exhibit their

expected functions and are therefore correctly folded.

MpARF2—Preparation for experiments

While we succeeded in purifying MBP-MpARF2-

mNG, this protein is not yet suitable for phase separa-

tion experiments. The MBP solubility tag will interfere

with phase separation and thus needs to be proteolyti-

cally removed by HRV 3C protease. In addition, we

perform the phase separation assays at physiological-

like conditions (i.e. 125 mM NaCl, pH 7.5). We rea-

soned that straight dilution from the purification

buffer (i.e. 1 M NaCl, 10% glycerol, pH 8.0) would be

a too abrupt change and therefore opt to first bring

the protein solution to an intermediate salt concentra-

tion (i.e. 500 mM NaCl). Finally, we wanted to ensure

that there are no multimeric species present in the pro-

tein stock. To address these issues, we begin with a

proteolytic cleavage step followed by SEC to obtain

monomeric, MBP-free protein in an intermediate

strength salt buffer (SEC buffer #2, Table 1). The SEC

step has the added benefit of removing free MBP and

leftover protease after cleavage of the MBP tag.

While testing the proteolytic cleavage of the MBP

tag, we noticed that MpARF2 also contains a

secondary cleavage site for 3C protease (Fig. S2A). The

protease targets this site with lower affinity than the pri-

mary cleavage site located between MBP and MpARF2.

Therefore, we assayed MBP-MpARF2-mNG to deter-

mine an optimal incubation time and ratio of 3C prote-

ase to protein, maximising cleavage of the primary site

and minimising cleavage of the secondary site. We chose

a ratio of 1 lg 3C protease per nmol MBP-MpARF2-

mNG and incubated for 2 h at room temperature

(Fig. 2E, Fig. S2A). Adding more 3C protease or incu-

bating longer increases secondary cleavage.

After incubation of MBP-MpARF2-mNG with 3C

protease, we use the analytical Superdex 200 Increase

(hereafter ‘SD200-I’) column to obtain monomeric

MpARF2-mNG in the intermediate salt strength

buffer and to remove contaminants. The SD200-I run

of the MpARF2-mNG cleavage mixture yields four

peaks (Fig. 3A, peaks a–d). Fractions corresponding

to peak a are discarded, as despite being pure as tested

by SDS/PAGE (Fig. 3B), they have a low A280/A254

ratio (i.e. < 2), indicating contamination by nucleic

acids. In addition, Fraction 4, which corresponds to

the maximum of peak a, is an inhomogeneous solution

with micron-sized structures of MpARF2-mNG as

determined by confocal microscopy (Fig. 3C). Frac-

tions corresponding to peaks c and d are also dis-

carded, because they contain contaminants (secondary

3C cleavage product and free MBP, respectively

(Fig. 3B)).

Peak b corresponds to monomeric MpARF2-mNG.

However, this peak partially overlaps with peak a

(Fig. 3A). Knowing that peak a contains microscopic

structures of MpARF2-mNG (see Fig. 3C), we discard

Fraction 6, corresponding to the first half of peak b,

and use only Fractions 7 and 8, corresponding to the

latter half of peak b. Fractions 7 and 8 are pure by

SDS/PAGE analysis (Fig. 3B). After pooling and con-

centrating, confocal microscopy shows that the protein

solution is homogeneous (Fig. 3C). We therefore con-

clude that Fractions 7 and 8 are suitable for phase sep-

aration experiments with MpARF2-mNG. To ensure

reproducibility during experiments, the MpARF2-

mNG stock solutions are regularly checked for

absence of microscopic structures by confocal micros-

copy, in addition to routine the purity analysis by

SDS/PAGE and spectrophotometry.

During the concentration of Fractions 7 and 8 we

noticed that the protein yield after concentrating is

lower than expected. Comparing the starting fractions

and the concentrated protein stock shows that approx-

imately 75% of the MpARF2-mNG is lost (Table 3).

The flow-through of the concentration columns is not

fluorescent (data not shown), indicating that the
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protein is not lost through leaky filters, but rather

remains adhered to the concentration filters. We have

not been able to resolve this issue.

Yield of monomeric MpARF2-mNG is also limited

by the maximum sample volume of the SD200-I (i.e.

500 lL). We therefore attempted to concentrate the

MBP-MpARF2-mNG/3C mixture before loading it

onto the SD200-I. However, this resulted in significant

loss of protein because MpARF2-mNG sticks to the

concentration column. Instead, we concentrated MBP-

MpARF2-mNG before adding 3C protease. However,

when MBP-MpARF2-mNG is concentrated to 8 lM
or higher, 3C cleavage leads to turbid samples (data

not shown), which according to confocal microscopy is

due to phase separation (Fig. 3D). The csat of

MpARF2-mNG under these conditions is therefore

below 8 lM. Notably, this premature phase separation

occurs in 1 M NaCl, 10% glycerol, pH 8.0, since the

3C incubation is carried out in amylose elution buffer

(Table 1). To prevent premature phase separation of

MpARF2-mNG during protein preparation, we there-

fore keep its concentration well below this potential

csat value. This means that we never concentrate the

protein above 6 lM prior to 3C cleavage. If the con-

centration of MBP-MpARF2-mNG is higher than

6 lM, we dilute it to 6 lM before adding 3C protease.

Despite the limitations on protein yield described

above, the handling procedure provides sufficient high-

quality protein for phase separation experiments. After

performing the preparation procedure with up to

500 lL of a 6-lM solution of MBP-MpARF2-mNG,

we typically obtain approximately 30 lL of a 4-lM
solution of MpARF2-mNG, which is sufficient for

most experiments.

To ensure parity between experiments using MpARF2-

mNG and MpARF2-mNG variants/truncations, the

Fig. 3. MpARF2-mNG can phase-separate prematurely during preparation for experiments. (A) UV–Vis chromatogram of SD200-I size

exclusion chromatography (SEC) run of 3C-treated MBP-MpARF2-mNG. V0 = ~ 7 mL, CV = ~ 23 mL. Inner tick marks on the x-axis indicate

the starting points of fractions. Only even fractions are labelled. W = waste. (B) SDS/PAGE gel corresponding to SD200-I run. Numbers

correspond to fraction numbers. Fractions chosen for experiments are highlighted in bold. M, molecular weight marker. (C) Confocal

microscopy images of Fraction 4 (approximately 100 nM MpARF2-mNG) and of pooled Fractions 7 and 8 concentrated to 4 lM MpARF2-

mNG. (D) Confocal microscopy images of 3C-treated samples of MBP-MpARF2-mNG at various concentrations, in 20 mM Tris pH 8, 1 M

NaCl, 10% glycerol, 1 mM EDTA, 1 mM DTT. Scale bars (C, D): 5 lm. A, B and the right panel of C are representative data from dozens of

purifications, D and the left panel of C are representative of n = 2 measurements.
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same purification and preparation protocols as dis-

cussed above are applied to all these variants/trunca-

tions. Below, we outline some notable deviations and

observations per protein variant/truncation.

PB1 variants of MpARF2—Purification and

preparation for experiments

The PB1 domain homo-multimerises in a head-to-tail

fashion, through interactions between the invariant

lysine on one interface and the OPCA motif on the

other [27,28]. MpARF2K760S and MpARF2D809A/D813A

are variants of MpARF2 with altered interaction inter-

faces of the C-terminal PB1 multimerisation domain.

The K760S mutation targets the invariant lysine, and

the D809A/D813A mutation targets the OPCA motif.

As a result of these mutations, PB1 multimerisation is

prevented [27].

During purification, MBP-MpARF2K760S-mNG and

MBP-MpARF2D809A/D813A-mNG yield a similar SEC

profile as for MBP-MpARF2-mNG (Fig. 4A,B, com-

pare with Fig. 2B). The composition of the five peaks

is also nearly identical between MpARF2 and the PB1

variants (Fig. S4A,C, compare with Fig. 2C). MBP-

MpARF2K760S-mNG yields more monomeric protein

than MBP-MpARF2-mNG (Fig. 4A, peak c, compare

with Fig. 2B), indicating that the yield of monomeric

MBP-MpARF2-mNG after Ni-IMAC may be tied to

the PB1-mediated self-interaction capacity of the pro-

tein. However, this does not translate into a higher

protein yield after complete purification, as the final

yield of MBP-MpARF2K760S-mNG is comparable to

that of MBP-MpARF2, which is caused by the poor

binding of MBP-MpARF2K760S-mNG to the amylose

column (Fig. S4B, AFT, Table 2). Although the

D809A/D813A mutation also disrupts PB1 multimeri-

sation, we note that MBP-MpARF2D809A/D813A-

mNG yields less monomeric protein compared with

MBP-MpARF2-mNG and MBP-MpARF2K760S-mNG

(Fig. 4B, peak c, compare Fig. 2B). This observation

suggests that PB1 multimerisation is not the only fac-

tor affecting the yield of monomeric MBP-MpARF2-

mNG.

Purification of MBP-MpARF2K760S-mNG yields

0.89 � 0.21 mg protein per litre of cell culture and

MBP-MpARF2D809A/D813A-mNG yields 0.14 �
0.03 mg protein per litre of cell culture (Table 2), both

with good purity (Fig. 4E).

After purification, the PB1 variants of MpARF2-

mNG are prepared for experiments in the same way as

MpARF2-mNG. After proteolytic cleavage of the

MBP tag and the subsequent analytical SEC step, we

note that, like the purification of the MBP-tagged vari-

ants, the yield of monomeric MpARF2K760S-mNG is

higher than that of MpARF2-mNG, and the yield of

monomeric MpARF2D809A/D813A-mNG is lower than

that of MpARF2-mNG (Fig. 4C,D, peaks b, compare

with Fig. 3A). Monomeric MpARF2D809A/D813A-mNG

is poorly resolved from the nucleic-acid-bound multi-

meric species on the SD200-I column compared with

MpARF2-mNG and MpARF2K760S-mNG (Fig. 4D,

compare with Figs 3B and 4C). Nevertheless, the final

samples of both MpARF2K760S-mNG and

MpARF2D809A/D813A-mNG are pure (Fig. 4F), no

micron-sized structures are detected by microscopy

(Fig. 4G, compare with Fig. 3C), and no nucleic-acid

contaminant is detected by UV spectrophotometry.

The MR of MpARF2—Purification and preparation

for experiments

Because the MR of MpARF2 is predicted to be intrin-

sically disordered [40] and because intrinsically disor-

dered regions (IDRs) are often involved in phase

separation [5,41,42], we produce this domain (i.e.

MpARF2-MR) in E. coli, purify it, and prepare it for

Table 3. Recovery of MpARF2-mNG variants/truncations after concentration. The stock volumes are estimates based on how much we

pipetted from the filters. The MpARF2DMR starting material was divided over two filters, which likely increases the margin of error in our

volume estimation, leading to a relatively large error in recovery (i.e. 108%).

MpARF2-mNG

variant

Yield preconcentration

(moles)

Stock concentration

(lM)

Stock volume

(lL)

Yield postconcentration

(moles)

Recovery

(%)

WT 5.996E-10 3.60 40 1.44E-10 24.0

K760S 3.209E-10 6.91 40 2.76E-10 86.1

D809A/D813A 1.390E-10 3.29 40 1.32E-10 94.7

MpARF2-DBD 1.363E-09 41.47 30 1.24E-09 91.3

MpARF2DMR 6.720E-10 10.6 30 3.18E-10 108

13.7 30 4.11E-10

MpARF2-MR 6.216E-10 18.4 30 5.52E-10 88.8
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Fig. 4. Purification and preparation of MpARF2 PB1 variants. (A, B) UV–Vis chromatograms of SD200PG size exclusion chromatography

(SEC) runs of the K760S variant (A) and the D809A/D813A variant (B) of MBP-MpARF2-mNG. V0 = ~ 170 mL, CV = ~ 530 mL. Monomeric

protein elutes around 280 mL. Inner tick marks on the x-axis indicate the starting points of fractions. (C, D) UV–Vis chromatograms of

SD200-I SEC runs of the K760S variant (C) and the D809A/D813A variant (D) of MpARF2-mNG. Monomeric protein elutes around 10.5 mL.

V0 = ~ 7 mL, CV = ~ 23 mL. Inner tick marks on the x-axis indicate the starting points of fractions. In C, D, only even tick marks are

labelled. W = waste. Note that y-axis scales differ between graphs A–D. (E, F) SDS/PAGE gels highlighting purity of PB1 variants after

purification (E) and preparation procedures (F). AEl, amylose column eluate; M, molecular weight marker. (G) Confocal microscopy images of

concentrated monomeric MpARF2-mNG variants just prior to experiments, highlighting protein homogeneity. MpARF2K760S-mNG

concentration is approximately 6.91 lM, MpARF2D809A/D813A-mNG concentration is approximately 3.29 lM. Scale bars 5 lm. A, B and E are

representative data from n = 2 purifications, C, D, F and G are representative data from n = 4 experiments.
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experiments to enable future investigation of its phase-

separating properties.

Interestingly, after Ni-IMAC of MBP-MpARF2-

MR-mNG, we again observe a multimeric species

co-eluting with nucleic acids on the SD200PG SEC

column (Fig. 5A, peak a). As with MBP-MpARF2-

mNG, we discard the fractions belonging to this peak.

We also discard fractions corresponding to peaks c/d.

Despite their high A506, these fractions contain little to

no MBP-MpARF2-MR-mNG, indicating that they

contain degradation products (Fig. S5A). Like MBP-

MpARF2-mNG, most of the MBP-MpARF2-MR-

mNG molecules are cleaved by proteases, as peaks c

and d represent the majority of the total A506.

Monomeric MBP-MpARF2-MR-mNG elutes

around 320 mL on the SD200PG column (Fig. 5A, peak

b). Passing the fractions corresponding to this peak over

an amylose column reveals that, as is the case for MBP-

MpARF2-mNG and its PB1 variants, MBP-MpARF2-

MR-mNG also binds poorly to this column (Fig. S5B).

Nevertheless, a relatively high protein yield is still

achieved, namely 2.76 � 0.20 mg per litre of cell culture

(Table 2), with good purity (Fig. 5G).

During protein preparation of MBP-MpARF2-MR-

mNG, we again notice secondary cleavage (Fig. S2B),

indicating that the secondary cleavage site observed

during MBP-MpARF2-mNG protein preparation is

likely located in the MR. Indeed, the molecular

weights of the MpARF2-MR-mNG secondary cleav-

age products and of some MpARF2-mNG secondary

cleavage products correspond to a Q/GP site in the

MR (Fig. S2D), the residues that 3C protease cleaves

in its canonical LEVLFQ/GP recognition site [43].

After proteolytic removal of the MBP tag,

MpARF2-MR-mNG solutions remain clear at all con-

centrations tested up to 20 lM (data not shown). Dur-

ing the subsequent SD200-I SEC run, monomeric

MpARF2-MR-mNG elutes at 12 mL (Fig. 5B, peak

b) with good purity (Fig. 5H).

MpARF2-DBD—Purification and preparation for

experiments

Although MpARF2-DBD has previously been purified

using a Chitin-affinity-based protocol [30,38], we

adhere to the protocol described here for parity in

experiments.

We note that after Ni-IMAC, MBP-MpARF2-

DBD-mNG also retains nucleic acids, as a multimeric

species co-eluting with nucleic acids is observed

(Fig. 5C, peak b). The yield of the monomeric MBP-

MpARF2-DBD-mNG is so high, with sufficient

purity, that further purification via amylose affinity

chromatography is optional (Fig. 5C, peak d,

Fig. S6A). MBP-MpARF2-DBD-mNG binds poorly

to amylose resin (Fig. S6B, AFT), resulting in low

yields (Table 2). Therefore, we recommend skipping

the amylose affinity step.

After isolating MBP-MpARF2-DBD-mNG mono-

mer from the SD200PG, storage and preparation for

experiments is performed as for MBP-MpARF2-

mNG. No premature phase separation is observed

during 3C cleavage (data not shown), and the

MpARF2-DBD-mNG is pure (Fig. 5H).

MpARF2DMR—Purification and preparation for

experiments

Just as studying the isolated MR of MpARF2 pro-

vides insight into its properties, so too will removing

the MR from MpARF2 (i.e. MpARF2DMR), with the

DBD and PB1 domains now covalently linked.

Similar to MBP-MpARF2-DBD-mNG, the purity

of monomeric MBP-MpARF2DMR-mNG after Ni-

IMAC followed by SEC also suffices, except for a

minor impurity with a molecular weight of ~ 70 kDa

(Fig. 5E,G, peak d). MBP-MpARF2DMR-mNG yields

so little protein after amylose affinity column chroma-

tography that we skip this purification step (Table 2).

Fig. 5. Purification and preparation of MpARF2 truncations. (A, C, E) UV–Vis chromatograms of SD200PG size exclusion chromatography

(SEC) runs of maltose-binding protein (MBP)- and mNG-tagged MpARF2-MR (A), MpARF2-DBD (C) and MpARF2DMR (E). (B, D, F) UV–Vis

chromatograms of SD200-I SEC runs of mNG-tagged MpARF2-MR (B), MpARF2-DBD (D) and MpARF2DMR (F). Inner tick marks indicate

starting points of fractions. In B, D, F, only even fractions are labelled, W = waste. Note that y-axis scales differ between all graphs. MBP-

MpARF2-MR-mNG monomer elutes around 310 mL (A), MpARF2-MR-mNG monomer elutes around 12 mL (B). MBP-MpARF2-DBD-mNG

monomer elutes around 320 mL (C), MpARF2-DBD-mNG monomer elutes around 13 mL (D). MBP-MpARF2DMR-mNG monomer elutes

around 300 mL (E), MpARF2DMR-mNG monomer elutes around 12 mL (F). (G, H) SDS/PAGE analysis of MBP-MpARF2-mNG variants after

purification (G) and of MpARF2-mNG variants after preparation for experiments (H). M: molecular weight marker, AEl: amylose column

eluate, Sd: fraction from the SD200PG (G) or the SD200-I SEC column (H). A is representative from n = 5 purifications, B is representative

from n = 10 purifications, C and F are representative from n = 2 purifications, D and E represent a single experiment. The panels in G and H

are representative data from the corresponding proteins.
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During the proteolytic cleavage step to remove the

MBP tag, 3C protease cleaves MBP-MpARF2DMR-

mNG poorly, with only slightly more than 50% cleav-

age after 3.5 h of incubation time (Fig. S2C). To

address this, we increased the 3C protease concentra-

tion 10-fold to 10 lg 3C protease per 1 nmol MBP-

MpARF2DMR-mNG and incubated for 2 h, which

leads to satisfactory cleavage (Fig. S7, first lane).

Unlike MpARF2 or MpARF2-MR, no secondary

cleavage is observed, supporting that any secondary

3C sites are in the MR.

The ~ 70 kDa contaminant remains present after

the preparation procedure (Fig. 5H). Its consistent

presence in Fraction 9 of the SD200PG step across all

purifications suggests that this contaminant arises from

the Ni-purification step (Fig. 2B, Figs S4A,C, S5A and

S6A).

MpARF1—Purification of its MR

Our purification protocol has also been successfully

applied to purify the MR of MpARF1 (Fig. S8A).

The behaviour of MBP-MpARF1-MR-mNG deviates

slightly from that of MBP-MpARF2-MR-mNG, in

that after passing the Ni eluate over an SD200PG col-

umn, the presence of a nucleic-acid-bound multimeric

species is much lower (Fig. S8B). As with MBP-

MpARF2-MR-mNG and other MBP-MpARF2-mNG

variants, MBP-MpARF1-MR-mNG also binds poorly

to the amylose column material, indicating that this

issue is not limited to MpARF2 variants (Fig. S8C,

AFT). After purification, we obtained 1.42 mg of puri-

fied MBP-MpARF1-MR-mNG per litre of cell culture

(Table 2).

Discussion

Phase-separating proteins are an interesting field in cell

biology, because they enable the formation of

MLOs/biomolecular condensates. To investigate which

properties these proteins confer on the condensate and

how they influence condensate functions, in vitro stud-

ies are combined with in vivo studies. In vitro studies

require careful documentation and monitoring of the

purification and preparation procedures of the protein

of interest, as phase-separating proteins are often chal-

lenging to purify and are very sensitive to seemingly

small variations in conditions.

In this study, we describe purification and prepara-

tion protocols for MpARF2-mNG and its variant-

s/truncations. We encountered several challenges, such

as protein aggregation and premature phase separa-

tion, copurification of degradation products, loss of

protein yields due to protein interaction with column

materials, and poor reproducibility of the results. The

presented protocol overcomes these challenges and

enables reproducible purification and preparation of

MpARF2-mNG and its variants for in vitro phase sep-

aration experiments.

The challenges associated with phase-separating pro-

tein production in E. coli also apply to MpARF2. For

example, MBP-MpARF2-mNG is highly prone to

aggregation, resulting in a significant amount of the

protein ending up in higher-order complexes (Fig. 2B).

We note that the affinity of all MBP-MpARF2-

mNG variants for amylose is low. Although the bind-

ing of MBP-MpARF2-mNG to amylose is improved

by properly reducing the protein’s disulfide bonds, a

large amount of MBP-MpARF2-mNG remains in the

amylose column flow-through. Since all protein vari-

ants exhibit poor amylose binding, it is unlikely that

any one of the protein domains is the culprit. How-

ever, it is possible that the DBD and the MR cause

the MBP tag to bind poorly, for example by shielding

the amylose binding site of the MBP tag. Another pos-

sibility is that the components of the purification

buffer cause poor binding of the MBP tag to the amy-

lose resin, as both the glycerol concentration (10%)

and the DTT concentration used (5 mM) can reduce

the yield on the MBPTrapTM HP column we used [44].

This is supported by the observation that MBP-

MpARF1-MR-mNG also binds poorly to the amylose

column (Fig. S8C).

We also observe a striking loss in protein yield after

removing the MBP tag from MBP-MpARF2-mNG

and isolating the MpARF2-mNG monomer: as much

as 75% of the protein is lost when using protein con-

centration filters. Interestingly, the yield loss is only

observed with wild-type MpARF2-mNG and not with

the tested variants (Table 3). This observation strongly

suggests that this loss of MpARF2-mNG is not caused

by an interaction of one of its protein domains with

the filter material, but, for example, by issues with the

solubility of MpARF2-mNG or by its premature

phase separation. Since developing the purification

procedure, we have determined csat of MpARF2-mNG

to be around 30 nM under physiological-like salt con-

ditions [32], showing that MpARF2-mNG is indeed

highly phase-separation prone.

In summary, despite the reported difficulties with

E. coli as an expression system to produce phase-

separating proteins [18], we can purify MBP-

MpARF2-mNG from Rosetta (DE3) E. coli in a solu-

ble and monomeric state.

The MR of MpARF2 is predicted to be intrinsically

disordered [40]. We note that MpARF2 is strongly
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targeted by E. coli proteases. The Ni-IMAC purifica-

tion step of MBP-MpARF2-mNG and its variants

containing the MR yields a large amount of degrada-

tion products, indicating proteolytic cleavage within

the MR (Fig. 2B,C, Fig. 5A, Fig. S5A). Indeed, the

MpARF2-DBD and MpARF2DMR variants, both of

which lack the MR, show relatively little proteolytic

degradation (Fig. 5C,E, Fig. S6A). Intrinsically disor-

dered proteins (IDPs) and IDRs are often unstable

and present easy targets for proteases [45]. The obser-

vation of strong proteolytic cleavage of the MR of

MpARF2 by E. coli proteases thus supports the pre-

dicted intrinsic disorder of this region.

We obtain a relatively low yield of MBP-MpARF2-

mNG after the SEC step, which is partially due to

strong self-association of the protein. Therefore, we

expected that mutations in the PB1 domain that

diminish self-association would improve protein yield.

Indeed, MBP-MpARF2K760S-mNG, in which the

invariant lysine is replaced by serine, yields more

monomeric protein after SEC than MBP-MpARF2-

mNG. In contrast, MBP-MpARF2D809A/D813A-mNG,

the yield of which should be similarly affected, yields

less monomeric protein after SEC. One explanation

could be that the D809A/D813A mutation, which was

chosen after previous studies on the AtARF7 PB1

domain [27], may not be sufficient to prevent multi-

merisation of the MpARF2 PB1 domain.

Conclusion

MpARF2 and its variants/truncations can be purified

in sufficient quantities and prepared in a soluble and

monomeric state to enable future reproducible phase

separation experiments. This paves the way for eluci-

dating the phase-separating properties of MpARF2

and the potential functional role of its assemblies in

Marchantia polymorpha and facilitates similar studies

of other ARFs.
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