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High-throughput screening (HTS) of proteins is used in a wide range of appli-
cations across the biology, biotechnology, and medicine disciplines. These in-
clude yield optimization, drug or biomarker discovery, and protein engineering,
among others. Factors that need to be considered in designing high-throughput
protein expression and screening methods (be that for expression, activity, sta-
bility, or binding assays), include the required yield, reproducibility, solubility,
stability, purity, and activity of the protein. Thus, larger culture volumes and
time-consuming manual protein extraction and purification steps are normally
required to produce enough protein of appropriate purity. This limits the type
of assay and number of protein variants that can be simultaneously tested in an
experiment. Here, we describe a HTS protocol that allows the overnight expres-
sion, export, and assay of recombinant proteins from Escherichia coli cells in
the same microplate well. The protocol uses a recently described Vesicle Nu-
cleating peptide (VNp) technology that promotes high yield vesicular export
of functional proteins from E. coli into the culture medium. The resulting pro-
tein is of sufficient purity and yield that it can be used directly in plate-based
enzymatic assays without additional purification. This simple single-plate pro-
tocol allows itself to a wide range of high-throughput research and develop-
ment screening applications, ranging from streamlining protein production and
identification of activity enhancing mutations, to ligand screening for basic
research, biotechnological and drug discovery applications. © 2025 The Au-
thor(s). Current Protocols published by Wiley Periodicals LLC.

Basic Protocol: Expression, export, and isolation of vesicular-packaged re-
combinant protein

Support Protocol 1: 96-well plate cold-shock transformation

Support Protocol 2: In-plate affinity-tag protein purification

Support Protocol 3: Example in-plate enzymatic assay
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INTRODUCTION

High-throughput screening (HTS) is a tool used routinely in drug discovery and dis-
covery research to enhance protein production and rapidly evaluate millions of com-
pounds, molecules, or proteins for activity against a biological target. Its efficiency and
scalability make it an attractive method to optimize the molecular design and expression
of functional proteins. High-throughput protein expression/purification streamlines the
rapid production and isolation of large numbers of proteins, thus reducing time and cost,
accelerating both discovery research and drug discovery. Through application of simple,
automated, and scalable workflows, the approach enables the parallel processing and test-
ing of multiple protein constructs, conditions, and strains to optimize yield, solubility,
functionality, and purity. It accelerates the identification of suitable targets for biochemi-
cal assays, structural analyses, and therapeutic development. This approach is particularly
attractive in screening protein variants, producing enzymes with enzymatic activities op-
timized for industrial applications. The ability to quickly produce high-quality proteins
reduces time, cost, and bottlenecks in research pipelines, while at the same time enhanc-
ing reproducibility compared to traditional methods.

We recently described the development of a Vesicle Nucleating peptide (VNp) technol-
ogy (Eastwood et al., 2023) that provides an attractive alternative for the efficient pro-
duction of recombinant proteins in Escherichia coli. The VNp tag facilitates the export
of recombinant proteins into extracellular membrane-bound vesicles (Fig. 1), creating a
microenvironment that enhances protein solubility and stability, including those that are
typically insoluble, contain disulfide bonds, or are toxic to the bacteria. The VNp tag-
ging approach not only increases protein yield but exports the protein into vesicles in a
partially purified form that allows for long-term storage of active proteins.

The VNp technology requires fusion of a short amino-terminal amphipathic alpha-helix
onto the protein of interest. This peptide interacts with the E. coli membrane, and at a
critical concentration induces outward curvature of the lipid bilayer to form a vesicle
that is released into the culture medium. This strategy allows the protein to be packaged
and released from the cytosol, thus allowing further protein production by preventing lo-
calized cytosolic accumulation of protein that would otherwise impact the health of the
cell. Due to basic differences in size and mass from the cells, the released vesicles can
be easily isolated and transferred to a fresh plate by centrifugation. Once isolated, the
vesicle can either be stored for >1 yr at 4°C in the sterile filtered medium, or membranes
can be lysed by the addition of anionic or zwitterionic detergents and used directly in
downstream assays. This protocol requires only a single sample transfer step between
plates, during the vesicle isolation; however, if affinity purification of the protein is re-
quired, a single fresh plate transfer is necessary. While we routinely use multichannel
pipettes when undertaking this high-throughput multi-well plate protocol, the method
can be easily adapted for integration into robotic liquid handling systems. Whatever de-
tailed strategy and assay you decide upon, the initial design of the VNp-fusion construct
is the most important factor for optimization of this protocol.

Monomeric globular proteins <85 kDa are likely to be exported into extracellular vesi-
cles, but this is not a hard and fast rule. It is worthwhile testing expression and export of
the desired VNp-fusion using a flask culture as described in detail elsewhere (Streather
et al., 2023), and then undertaking an expression and export optimization screen, as de-
scribed here (Fig. 1). It is worth considering fusing your protein of interest with different
amino-terminal VNp tags (Eastwood et al., 2023) in combinations with mNeongreen,
MBP, Sumo, or other solubilization tags and to determine the optimal basic construct
for your application. Then, screen to determine the optimal combinations of medium,
temperature, induction level, induction timing, and culture volume for production of the
exported protein (Fig. 1).
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Figure 1 Multi-well plate format recombinant protein expression and vesicular export screen. (A)
Current model of mechanism that underlies the Vesicle Nucleating peptide (VNp) fusion-dependent
export of recombinant proteins into extracellular vesicles. VNp (red helix) tagged polypeptides pass
from the cytosol (pink background) into the periplasmic space (blue), where they fold into mature
proteins (green), pass through the peptidoglycan layer (purple) and interact with the outer mem-
brane. Sufficient VNp—membrane interactions induce outward curvature of the membrane, and
the formation of VNp fusion—filled membrane vesicles. (B) Schematic of multi-well plate format
workflow for recombinant expression and isolation of fusion protein filled extracellular vesicles.
(C) 96-well plate expression and vesicle export optimization screen of VNp-mNeongreen (green)
and VNp-mCherry2 (pink). (i) Layout of VNp-mNeongreen (green) and VNp-mCherry2 (pink) ex-
pression construct containing E. coli, and test variables on the 96-well plate. (ii) Blue light illumi-
nated in plate cultures [organized as set out in (i) after overnight induction]. (iii) FP-filled vesicle
containing medium from (ii) after cell removal by plate-well filtration. (D) Fluorescence scans of
medium from (Ciii). Pink lines highlight VNp-mCherry2 abundance increases in proportion to cul-
ture volume [50 (light pink), 75, 100, and 150 (dark magenta) pl]. Green lines highlight variation
in VNp-mNeongreen abundance in medium from overnight cultures induced with 25 (light green),
50, 75, & 100 (dark green) pg/ml IPTG. (E) Heat map of mNeongreen (left) and mCherry2 (right)
fluorescence in medium from overnight 96-well plate format cultures, as described in (B).

Current Protocols

Baker and
Mulvihill

3of16

d ‘TT ‘5202 ‘66211692

dyus.no//sdny woly

dy) SUoRIPUOD pUe SULR L U3 885 *[5202/TT/90] U0 AkeiqI2ulUO A811M ‘80UB|[BIXT 818D PUE UlfEaH Joj aIniisul euoleN ‘3OIN AQ 65202 T2do/200T 0T/10puoo Ao imA:

Mol ArIqIpUl

35UBD17 SUOWILLOD BAIRRID 3ealjdde auy Aq pausenoh ake sap e YO ‘38N Jo sajni Joj Akeid 1T auluQ A8|IA UO (SUOIPUOD-PI



Baker and
Mulvihill

4 of 16

While a wide range of E. coli protein expression HTSs have been described to date (Jia &
Jeon, 2016; Saez & Vincentelli, 2014; Schreiber et al., 2017; Vincentelli et al., 2011), to
our knowledge, this VNp-based protocol is unique in that it represents the only HTS sys-
tem allowing expression and vesicular export of a wide range of functional recombinant
proteins from E. coli in a single step, without inducing cell lysis (Nettleship et al., 2019).
The protocol described here is unique as it allows expression, export, and assay of a fu-
sion protein in the same multi-well format plate. Normally, this protocol would require
separate larger volume steps for: (i) cell culture, protein expression, and cell isolation; (ii)
cell disruption; (iii) protein extraction; (iii) lysate clarification; (iv) protein solubilization;
and (v) purification, in order to isolate enough protein of sufficient purity for either enzy-
matic activity or binding assays (Black et al., 2017; Kemmer et al., 2023; Szmitkowska
et al., 2020). The VNp system has the additional benefits of not only allowing expression
of more challenging proteins but also expressing proteins at higher yields than standard
methods (Eastwood et al., 2023). This VNp-based protocol allows all the above stages
to be completed in one step, as the protein is exported into the medium within vesicular
packages in sufficient quantity and purity for a wide range of assays. This increased yield,
combined with avoiding the need for cell disruption and subsequent protein purification
and/or concentration steps, allows simple integration into a rapid multi-well format HT'S
assay approach.

While several eukaryotic expression systems promote export of recombinant proteins
(e.g., Pichia pastoris or mammalian cell culture) (Battle et al., 2006; Chapple & Dyson,
2021; Doyle et al., 2002; Fernandez et al., 2019; Kalathur et al., 2016; Priola et al., 2016),
these systems can be technically more challenging in regard to culture conditions, take
longer times for growth and culture optimization, and have higher consumable costs.
With this system typical optimized yields of exported VNp-fusion range between 200
mg and 3 g per L of culture. With standard working volumes on multi-well plates, these
yields translate to typical yields of 0.2 to 3 mg (24-well plates), 40 to 600 ug (96-well
plates), and 16 to 240 pg (384-well plates) of exported, >80% purified protein. To our
knowledge there are currently no equivalent HTS protocols available that are as quick,
cheap, and easy to use or able to achieve equivalent reproducible yields and purities as
that described here.

This HTS screen was developed for the rapid optimization of protein export condi-
tions and subsequent ligand binding/inhibitor screens; however, it can be applied to a
wide range of applications including yield optimization, expression libraries, drug or
biomarker discovery, and protein engineering. A simple application of this protocol is
to screen though a range of conditions to optimize expression and export of a protein
of interest (Fig. 1). Only soluble, folded protein is exported into the vesicles (inclusions
remain within the cytosol), the yields of folded protein can be determined using spec-
troscopy techniques. As shown here, the use of fluorescent protein fusions simplifies the
analysis of protein expression and export (Fig. 1). However, expression, export, and pu-
rity of non-fluorescent VNp-fusions with the Protein-of-Interest (POI) can be followed
by SDS-PAGE analysis of the cell-cleared medium (Fig. 2). Once conditions are opti-
mized, expression and export of each VNp-fusion is experimentally reproducible, mak-
ing it perfect for use in screening applications that require equivalent amounts of protein
(or proteins). However, if purified protein is required for downstream analysis or assays,
the VNp-fusion can be rapidly purified using the in-plate affinity-purification protocol
included here (Fig. 2C) (Support Protocol 2).

The HTS protocol can be directly applied to follow enzymatic activity across samples
within the plate. This is made possible due to the reproducibility, purity and yields (i.e.,
40 to 600 ug of the VNp-fusion protein typically obtained from a 100-ul, 96-well plate
culture) (Fig. 2) (Eastwood et al., 2023). As an example, we describe a multi-well format
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Figure 2 Examples of 96-well plate format vesicular protein export and purification screen sam-
ples. Commassie stained SDS-PAGE analysis of 10 pyl media samples from different overnight
96-well plate cultures of E. coli expressing (A) VNp6-mNeongreen (samples from Fig. 1), (B) VNp6-
DARPIn°"" | VNp6-Stefin-A, or VNp6-mNeongreen fusions, highlighting yield enhancement (A) and
reproducibility (B). (C) SDS-PAGE analysis of samples of media from 3 different overnight 96-well
plate cultures of E. coli expressing either VNp6-DARPIn°"” or VNp6-Stefin-A, as well as these car-
boxyl Hisg tagged fusion-proteins purified from the same media samples using the described in
plate Ni2*-NTA isolation (Support Protocol 2).

in vitro assay (Support Protocol 3) that allows researchers to measure the activity of
in-plate expressed and exported VNp-uricase protein (Fig. 3). The measured enzymatic
activities are reproducible between individual culture wells, a factor critical for high-
throughput protein engineering screens. Thus, by combining with a mutagenesis screen
or mutant clone library, this protocol can be used to identify residues critical for protein
function and allows researchers to rapidly engineer proteins with enhanced activity,
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Figure 3 96-well plate format screen of vesicular export, activity, and inhibition of active uricase.
Commassie stained SDS-PAGE analysis of filtered 10 pl media samples from overnight 96-well
plate cultures of E. coli containing a plasmid, expressing VNp6-uricase fusion optimizing IPTG
concentrations (A), or (B) of uninduced (—IPTG) and induced (+IPTG) samples for subsequent in-
plate uricase activity screen. (C) Schematic of vesicle cleavage and plate-based assay. (D) 96-well
plate uricase assays (curves averaged from 4 experimental repeats) in wells with media samples
lacking uricase release [from —IPTG sample in (B)] (grey line); with uricase released into the media
[from +IPTG sample in (B)] (black line); or samples with uricase released into the media with
addition of 20 pM uricase inhibitor, oxonate (red line).

Current Protocols

85UB017 SUOLIWIOD BAITERID 3|edljdde By Aq peusenob a1e Sap1e WO ‘8sN JOSaINI J0j AReIqIT BUIIUO 48] UO (SUORIPUOD-PUB-SLLBYLI0D"AB 1M ARe1q U |UO//S1U) SUORIPUCD PUe SWB L 8L3 85 *[5202/TT/90] U0 Ariq1T8UIIUO ABIIM ‘20UB|ROXT 812D PUE L3ESH 10 imisul feuoieN ‘31N Ad 55202 T2d0/Z00T 0T/10p/w0d A ] 1n AReiq1jeu1 U0 'S|000101d1US.1ino//SdnyY o papeojunmod ‘TT ‘SZ0z ‘662TT692



resilience, and/or stability. Likewise, rapid biophysical and activity comparisons of HTS
protein variants can be assessed.

The reproducibility of protein yields obtained using this protocol allows for its sim-
ple integration into ligand-binding screen assays. Ligands, which can vary from small
molecules to peptides, can be identified by either bringing about a change in ab-
sorbance/fluorescence upon binding to the protein of interest, or inhibiting/enhancing
its activity, as demonstrated by inclusion of the uricase inhibitor, oxonate, in the in-plate
uricase assay (Fig. 3). The protocol can thus be used to efficiently screen small-molecule
drug libraries to identify protein effectors, and inversely, can also be used to express
protein-variants, protein domain (Kaushansky et al., 2010), or protein libraries (Cormier
et al., 2012; Kohl et al., 2008; Rajagopala et al., 2010; Yang et al., 2011) to screen for
specificity and efficacy of an effector ligand (Panavas et al., 2011).

The ability to be able to undertake high-throughput in-well ligand binding and activity as-
says of multiple sequence variants of the same protein allows researchers to rapidly iden-
tify key functional and structural residues within a protein important for ligand binding.
Also, it provides a quick and cost-effective method for producing protein banks/libraries.
Use of the optional in-plate purification step allows for the protocol’s application in high-
throughput crystallography screens. Finally, the ability to transform different plasmids
into a wide range of different E. coli strains using the cold-shock steps described here,
does away with the need to make banks of competent cells for each individual strain to
be tested.

The protocol described here uses the VNp technology to rapidly express and isolate pro-
teins from E. coli cells in a high-throughput format. Basic Protocol describes a multi-
well plate method for the induction and isolation of VNp-tagged recombinant proteins.
Support Protocols 1 to 3 are included that can be used to support specific applications.
Support Protocol 1 describes an in-plate cold shock plasmid transformation that allows
simultaneous introduction of multiple plasmids into cells, as well as simultaneous in-
troduction into multiple E. coli strains. Support Protocol 2 describes a method for the
in-plate affinity purification of recombinant proteins if high purity is required for down-
stream applications. Support Protocol 3 describes an in-plate enzymatic assay using the
protein purified from Basic Protocol that can be easily adapted for a wide range of enzyme
activity assays. These methods require minimal sample transfer between plates and can
be easily adapted and applied to a plethora of high-throughput research, development, and
library screening applications to streamline protein production for biomedical research
and industrial applications.

EXPRESSION, EXPORT, AND ISOLATION OF VESICULAR-PACKAGED
RECOMBINANT PROTEIN

This protocol describes how to induce the expression and export of a VNp-fusion protein
from E. coli grown in multi-well plate format cultures. It includes description of how to
grow the cells, when to induce protein expression, and how to separate vesicles containing
the exported protein from the cells.

Materials

E. coli cells
The VNp tags work with a range of strains (see Eastwood et al., 2023), but to
date, the protocol works best with BL21 (DE3) Star for most proteins we have
worked with.
Bacterial plasmid(s) for expression of VNp-fusions
The plasmid should have non-cell wall-targeting antibiotic selection marker
(e.g., use tetracylcine, kanamycin, or chloramphenicol), and expression of the
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VNp-fusion must be under the control of an inducible promoter (e.g., T7, TS5,
rhamnose, arabinose, etc.). A range of constructs generated by us are
available from Addgene (www.addgene.org/Dan_Mulvihill).
VNp sequences:
VNp2: MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL
VNp6: MDVFKKGFSIADEGVVGAVEKTDQGVTEAAEKTKEGVM
VNp15: MDVFKKGFSIADEGVVGAVE
Terrific broth (TB) medium [12 g tryptone; 24 g yeast extract; 4 ml of 10%
glycerol; 17 mM KH,PO4,, 72 mM K,HPO, (per L)]
Antibiotic (e.g., kanamycin, chloramphenicol, etc.)
Transcription induction reagent (e.g., IPTG, rhamnose, arabinose, etc.)
Triton X-100 or Tween 20

V-bottomed multi-well plates (e.g., BrandTech cat. no. 781661 or Sarstedt, cat. no.
82.1583001)
Use double orbital shaking during culture steps.

Shaking UV and fluorescence plate reader (e.g., BMG Labtech CLARIOstar Plus)
and/or shaking plate incubator (e.g., BMG THERMOstar)

Gas-permeable plate sealing film (e.g., BrandTech, cat. no. 701365)

Centrifuge with plate adapters (e.g., Eppendorf 5920R, cat. nos. 5948000060 and
5895125000)

Multi-well filter plates (e.g., Whatman Unifilter Microplate, cat. no. 7700-3308)

Flat-bottomed multi-well assay plates (e.g., Greiner, cat. no. 655180)

Black UV transmission multi-well assay plates (e.g., BrandTech cat. no. 781615)
If using absorbance spectroscopy for protein yield or if undertaking enzymatic

assays.

NOTE: See Current Protocols (2006) for commonly used reagents.

1.

Use a standard heat-shock method, as described in any standard laboratory manual,
e.g., Sambrook and Russell (2001), to introduce plasmid into required E. coli strain.

If introducing multiple plasmids or using multiple E. coli strains, we recommend using
Support Protocol 1 instead.

The following morning, either pick single colonies (if following on from step 1) or
aliquot 5 ul from overnight culture wells (if using Support Protocol 1) and transfer
into wells of a V-bottomed 96-well plate containing up to 200 ul TB + antibiotic

(Fig. 1).

Optimize the culture volume for your construct and downstream screen/application.
(Fig. 1B-D).

Grow on heated shaking plate incubator (or preferably shaking plate reader with
double orbital shaking) at 37°C, 200 rpm until cultures reach a late log phase density
(typically <2 hr).

Optional step: Once cells reach the desired density, change culture temperature at this
point, if required (and using VNp6 tag) for optimized protein folding.

Induce protein expression by addition of transcription inducer molecule.

Typically use up to 50 ug/ml IPTG with TS5 and T7 promoters.
Seal plate surface with gas-permeable film to minimize evaporation of medium.
Culture overnight at 37°C with 200 rpm shaking (double orbital shaking if available).

After at least 12 hr, separate cells from medium using one of the following methods.
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Option A
7a. Centrifuge 5 min at 2250 x g, 4°C.

7b. Transfer supernatants onto required assay plate.

Option B
7a. Transfer onto 0.45-pm filter plate mounted onto required assay plate.

7b. Centrifuge 2 min at 2250 x g, 4°C. Vesicles and medium will pass through to the
fresh plate.

8. Place plate containing medium (and exported vesicles) at 4°C.
Recombinant protein and vesicles can remain stable in sterile medium for at least a year.

9. Lyse vesicle membranes by addition of non-ionic detergent (e.g., 0.1 % Triton X-100
or 0.1 % Tween 20).

Outcome

Each well now contains independently produced partially purified VNp-fusion protein.
The abundance, quality, and purity of each sample can now be assessed using stan-
dard techniques (e.g., SDS-PAGE or spectroscopy) and used in a downstream assay
(Fig. 1C-D; Fig. 2).

96-WELL PLATE COLD-SHOCK TRANSFORMATION

This protocol describes an in-plate cold-shock transformation method for the introduc-
tion of a library of different constructs into E. coli cells, as well as the simultaneous intro-
duction of plasmid(s) into different E. coli strains. This multi-well plate format protocol
allows a range of constructs to be simultaneously tested (e.g., use for comparing differ-
ent promoters, VNp tags, fusion protein mutants/variants), as well as the introduction of
plasmid(s) into different E. coli strains, and thus negates the requirement for competent
cell preparation.

Materials

E. coli cells (see Basic Protocol)

Plasmid DNA (see Basic Protocol)

Lysogeny/Luria-Bertani broth (LB) medium [10 g tryptone; 10 g NaCl; 5 g yeast
extract (per L)]

100 mM CaCl, + 10% glycerol

Dry ice

Industrial methylated spirits (IMS)

LB agar plate with antibiotic (e.g., kanamycin, chloramphenicol, etc.)

V-bottomed multi-well plates (e.g., BrandTech cat. no. 781661 or Sarstedt, cat. no.
82.1583001)

Shaking UV and fluorescence plate reader (e.g., BMG Labtech CLARIOstar Plus)
and/or shaking plate incubator (e.g., BMG THERMOstar)

Centrifuge with plate adapters (e.g., Eppendorf 5920R, cat. nos. 5948000060 and
5895125000)

Ice bucket and ice
NOTE: See Current Protocols (2006) for commonly used reagents.

1. Inoculate wells in a V-bottomed plate, each containing 100 pl LB medium, with E.
coli cells at 37°C using a shaking plate incubator/plate reader set at 200 rpm agitation
(use double orbital setting if available).

Current Protocols
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2. Once most cultures have reached an ODggpo of 0.6 to 0.8, harvest the cells by cen-
trifugation for 5 min at 2250 x g, 4 °C, and aspirate off the medium.

3. Resuspend in 50 pl of ice-cold 100 mM CaCl, + 10% glycerol. Leave on ice for
10 min.

4. Add 1 pl of plasmid DNA from a 0.01 to 0.1 pg/pl stock to each well.
5. Mix by agitation then place on ice for 10 min.

6. Place onto a bath of dry ice and IMS for 90 s

Put layer of dry ice at bottom of ice bucket and pour over with industrial methylated
spirits (so base of plate is resting in liquid).

7. Immediately place at 37°C to thaw (typically 5 min).
8. Add 100 pl LB and incubate for 1 hr at 37°C to recover.

9. Take >5 ul volumes from each well and grow transformants overnight using one of
the following 2 methods.

Option A
9a. Plate out onto a matrix grid on an LB agar plate supplemented with appropriate
antibiotic.

9b. Incubate at 37°C overnight.

Ensure LB agar plate has dried sufficiently to efficiently absorb culture aliquots.
9c. Once colonies are visible in the morning, store plate at 4°C until ready to use.
Option B

9a. Add to fresh V-bottom multi-well plate with wells containing LB supplemented with
appropriate antibiotic.

9b. Culture overnight at 37°C with shaking.
10. Once colonies are visible in the morning, store the plate at 4°C until ready to use.

Plate can be stored up to 1 week at 4°C.

IN-PLATE AFFINITY-TAG PROTEIN PURIFICATION

If >80% protein purity is required for your downstream application/assay, use this in
plate affinity purification protocol to purify your protein of interest.

Materials

Recombinant protein plates (see Basic Protocol 1)

Affinity resin (e.g., Ni>’"-NTA) (Thermo Scientific, cat. no. 88221)
Wash buffer (20 mM Tris, 500 mM NaCl, 25 mM imidazole, pH 8.0)
Elution buffer (20 mM Tris, 500 mM NaCl, 300 mM imidazole, pH 8.0)

Shaking UV and fluorescence plate reader (e.g., BMG Labtech CLARIOstar Plus)
and/or shaking plate incubator (e.g., BMG THERMOstar)

Centrifuge with plate adapters (e.g., Eppendorf 5920R, cat. nos. 5948000060 and
5895125000)

Flat-bottomed multi-well assay plates (e.g., Greiner, cat. no. 655180)
NOTE: See Current Protocols (2006) for commonly used reagents.

1. Add 10 pl affinity resin (e.g., Ni>*-NTA) to each medium-containing well (V-
bottomed plates are optimal for centrifugation).

2. Mix on shaker at 4°C for 30 min.
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Centrifuge 2 min at 500 x g, 4°C.

A O

Wash in 100 pl wash buffer. Repeat steps 3 and 4 twice more.
Isolate protein from resin with elution buffer.

Spin 2 min at 500 x g, 4°C. Transfer the buffer, containing purified protein, to a fresh

flat-bottomed multi-well plate for assay (Fig. 2C).

EXAMPLE IN-PLATE ENZYMATIC ASSAY

Vesicles used in this example were isolated, using the method described above, from
BL21 DE3 star E. coli cells containing the pPRSFDUET-VNp6-uricase-Hise expression
plasmid (Eastwood et al., 2023) (Addgene plasmid cat. no. 182401).

Materials

Uric acid (Fisher Scientific, cat. no. 11410973)
100 mM Tris, pH 8.5 (Current Protocols, 2006)
Exported protein sample (see Basic Protocol 1, step 9)

Black UV transmission multi-well assay plates (e.g., BrandTech cat. no. 781615)
Shaking UV and fluorescence plate reader (e.g., BMG Labtech CLARIOstar Plus)
and/or shaking plate incubator (e.g., BMG THERMOstar)

1. Add 50 pl of 2 mM uric acid (dissolved in 100 mM Tris, pH 8.5) to UV transmission

flat-bottomed 96-well plate.

2. Using a plate reader, measure absorbance at 293 nm every 1 s at 25°C for 1 min.

3. Add 50 pl of exported protein sample from Basic Protocol, step 9.

Add inhibitors, test inhibitors, etc. to samples at this step, if required.

4. Immediately continue monitoring absorbance at 293 nm every 1 s at 25°C until end

of reaction in all wells. (Fig. 3)

COMMENTARY

Background Information

To improve the throughput and enhance ef-
ficiency of expression and export of the VNp-
fusion protein, we developed this multi well
plate-based protocol to allow a range of con-
ditions to be tested simultaneously (e.g., vol-
ume, cell type, transcription induction levels,
medium, VNp variant, etc.), to rapidly op-
timize growth, expression and export of the
VNp-fusion. This screening method has been
used successfully for construct design and op-
timization of conditions to express, produce,
and package a range of functional proteins
(e.g., IgG fusions, EPO, hGH, and mono-
clonal antibodies) (Baker et al., 2025; East-
wood et al., 2023). The simplicity of the VNp
expression and vesicular export system al-
lows itself to rapid fusion protein isolation,
with only a single centrifugation (or filtration)
step required to isolate the fusion-protein filled
vesicles from the E. coli cells. As the subse-
quent VNp-fusion protein within the vesicle

Current Protocols

fraction is relatively pure (typically >85% of
total vesicular protein), and of high yield (typi-
cally ranges from 0.2 to 3 g/L), it is well suited
for integration into many HTS assay needs.
This multi-well plate method can easily be ex-
tended to facilitate in-plate enzymatic assay of
the exported proteins, for protein engineering,
and ligand binding/inhibitor assays.

Critical Parameters

Construct design and E. coli strain
selection

We have generated and tested a large num-
ber of Vesicle Nucleating peptides (VNps),
and for most applications would recommend
using either the VNp2, VNp6 or VNpl5
sequences (see Star Methods section in East-
wood et al., 2023), as these routinely result
in highest yields for most proteins tested to
date. When fused to the amino terminus of a
protein, these short (38 or 20 residues) peptide
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tags are sufficient to promote association with
the membrane and subsequent encapsulation
into a vesicle. While it may be attractive to
fuse the VNp to the carboxyl terminus of some
proteins, it is less likely to result in vesicular
export using this strategy, and even when it
does protein yields are significantly lower.
Protein and assay specific requirements for
the design of the final fusion (e.g., affinity pu-
rification, solubility, fluorescence tags, label-
ing residues, spacers, etc.) should be consid-
ered. While there is a lot of flexibility in the
choice of backbone for the expression con-
struct plasmid, there are two important con-
straints. The first is the selection marker. Us-
ing an antibiotic marker that affects the bac-
terial cell wall (e.g., ampicillin) dramatically
reduces the viability of cells when expressing
VNp-fusion. Therefore, we routinely use the
non-cell wall antibiotics markers kanamycin,
chloramphenicol, or tetracycline for construct
selection, as these do not measurably affect
VNp-fusion export. Second, expression of the
VNp-fusion must be under the control of a reg-
ulatable promoter as expression levels need to
be repressed during transformation and be reg-
ulatable during expression to optimize vesic-
ular export. To date we have used rhamnose,
arabinose, and IPTG (both T5 and T7) in-
ducible promoters, which together allow a
range of options for repression and induction
levels, as well as a wide choice of E. coli ex-
pression strains. The VNp system works best
in B and K12 E. coli strains and routinely use
BL21 (DE3) Star cells for most VNp-fusion
protein expression applications. However, we
have successfully used other E. coli strains
when necessitated by the protein and/or assay.

Transformation, culture, and induction

In this protocol, if required, we apply bulk
cold-shock transformation to introduce a li-
brary of different constructs into different E.
coli cells within the multi-well plate format.
This does away with the need to make com-
petent cells and allows a range of constructs
to be simultaneously tested (e.g., use for com-
paring different promoters, VNp tags, fusion
protein mutants/variants, strains, or different
combinations of each) in a range of different
E. coli strains. The transformation efficiency
is more than sufficient to introduce a plasmid
into cells in this format and bypasses the re-
quirement to create competent cells for each
strain used.

This protocol can be used to assay one plas-
mid (e.g., to identify optimal conditions) or
multiple plasmids or multiple strains. If the

former, in order to maximize consistency be-
tween cultures, a single starter culture should
be used to inoculate each well. If the latter,
individual starter cultures should be set up in
each well. Most standard E. coli media can
be used for this protocol, and while TB is
routinely used to maximize both cell growth
and protein expression, glycerol concentration
should be kept to a minimum (Eastwood et al.,
2023) to maximize vesicle formation. If min-
imal medium is required for downstream la-
beling during the assay (e.g., N'° labeling for
NMR applications), cells should be initially
cultured in rich medium and transferred to
minimal medium at induction.

Expression should be induced at late log
phase, at a typical ODgyy of 0.8 to 1.0. Max-
imal induction of VNp-fusion proteins, using
standard promoters, leads to rapid cell lysis,
and therefore recombinant protein transcrip-
tion levels should be moderated. For example,
IPTG should be used at a reduced final con-
centration of 20 pg/ml for most VNp-fusions
expressed from genes under the control of the
T7 promoter. It is worth noting that optimal
protein production and optimal export condi-
tions do not always coincide with each other,
and therefore a balance needs to be struck to
obtain maximal export of recombinant pro-
tein for the subsequent assay. For example,
while vesicle formation is most efficient when
cells are cultured at 37°C (lipid membranes
are more dynamic), some proteins, in order to
fold correctly, require expression at lower tem-
peratures. In these situations, we tend to rec-
ommend using the VNp6 tag, which promotes
membrane reorganization across a wider range
of temperatures.

One important internal control that should
be considered when using this protocol, is
to include control wells containing equivalent
cells expressing a non-VNp labelled variant of
protein to confirm VNp-dependent export and
assay specificity. However, cell growth should
be monitored during optimization of the proto-
col to highlight optimal growth conditions and
identify cell death brought about by overex-
pression of the VNp-fusion.

Vesicle isolation, protein release, and
purification or assay

Harvesting vesicles requires separation
from the cell culture and transfer to a fresh
multi-well plate. This can be done easily by ei-
ther centrifugation or filtration centrifugation.
Cells can be pelleted with a 5 min spin, and
the vesicle containing medium can be care-
fully transferred to a fresh multi-well plate,
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appropriate for the assay (e.g., black wells,
UV transparent, etc.). Alternatively, the cul-
tures are transferred to an appropriate multi-
well filter that retains cells but allows vesicles
to pass through. Whichever method is used,
the plate containing samples of protein filled
vesicles can either be stored long term at 4°C
at this stage or used directly. To release pro-
tein into the medium, vesicles are lysed in
the plate by adding non-ionic detergent (e.g.,
Triton, Tween, etc.). The protein can be as-
sayed directly or purified using a simple in
plate affinity purification protocol. The protein
can then be used directly in any fluorescence
or absorbance-based assay as required. We in-
clude the description of an enzymatic assay
here to illustrate the functionality of vesicle
packaged proteins and demonstrate how this
protocol produces sufficient protein in multi-
well plates to measure rate changes in signal
with a HTS format. It is worth noting that the
vesicle lysis step is only required if the as-
say substrate is unable to pass across a lipid
membrane.

Troubleshooting

See Table 1 for a troubleshooting guide for
expression, export, and assay of recombinant
proteins.

Understanding Results

The aim of this protocol is to express re-
combinant protein in a multi-well plate to
optimize protein production for downstream
protein engineering, and/or ligand binding
screens. Results from example expression and
assay screens are presented here to illustrate
expected outcomes. As a simple example, we
include a HTS assay for the optimization of
mNeongreen and mCherry2 fluorescent pro-
tein VNp fusions (Fig. 1B). In the exam-
ple assay, vesicular export is examined in E.
coli strains grown in increasing culture vol-
umes and IPTG concentrations (Fig. 1Ci). Af-
ter an overnight culture the wells fluoresce
(Fig. 1Cii), and once the cells have been re-
moved, the medium can be seen to be col-
ored by the fluorescent protein (Fig. 1Ciii). To
quantify yields, absorbance spectra were ob-
tained for the samples (Fig. 1C) using a plate
reader, and the subsequent relative yields de-
termined (Fig. 1D). Interestingly, in this exam-
ple, smaller volumes result in an increase in
mNeongreen yield, while the opposite is the
case for the VNp-mCherry2 fusion, with larger
culture volumes resulting in improved yields
(Fig. 1C), demonstrating different proteins re-
quire different growth conditions. Adding a
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fluorescent tag to simplify the screening can be
applied to almost any protein of interest, and
as the case for mNeongreen, can also increase
the protein solubility.

Using quantification by absorbance,
the results are consistent with analysis by
Coomassie stained SDS-PAGE analysis of
the samples (Fig. 2A). The yields can be
estimated from the stained gels by running
known quantities of a protein standard, e.g.,
BSA (Fig. 2A and 3B). This method can also
be applied to compare samples from a HTS
where the protein lacks fluorescence (Fig.
2B). As can be seen from these gels, most of
the protein present in the medium (>80%)
is the VNp-fusion, and this level of purity is
suitable for many downstream applications
(e.g., Fig. 3). However, if high purity protein
is required, the in-plate affinity purification
described in Support Protocol 2, can be used
to rapidly purify your VNp-fusion protein into
a fresh plate (Fig. 2C).

The final example presented here illustrates
the optimization of a VNp-uricase fusion pro-
tein production, and subsequent analysis in an
in plate enzymatic assay (Fig. 3). The results
show optimization of protein expression lev-
els (Fig. 3A), yields and reproducibility (Fig.
3B). These samples were then used directly in
auricase assay, where one monitors the break-
down of uric acid by following changes in ab-
sorbance at 293 nm (Fig. 3D). In this exam-
ple enzyme assays are shown for the medium
from cells grown in the absence (grey line) or
presence of IPTG (black line), or the presence
of both IPTG and oxonate, a uricase inhibitor
(red line) (Fig. 3D).

Time Considerations

A standard bacterial transformation takes
~2 hr, including a 1 hr recovery step essential
for bactericidal antibiotic selection. The cold-
shock multi-well plate transformation method
described in Support Protocol 1 requires ~
3 hr. This represents a significant time sav-
ing, when time for competent cell preparation
is considered. For both methods, the transfor-
mations are left overnight to grow and can
be used directly the following morning for
the Basic Protocol, or they can be stored at
4°C for up to 1 week. For Basic Protocol it-
self, the setup takes ~5 min and once grow-
ing, the cells are ready for induction typically
within 2 to 3 hr (ODgg can be followed in real
time if a plate reader incubator is used). Af-
ter adding the transcription induction reagent
to each well, the wells are sealed with gas per-
meable membrane and then left overnight to
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Table 1 Troubleshooting Guide for Expression, Export, and Assay of Recombinant Proteins

Problem

Possible cause

Solution

No protein expression

No vesicular export of
protein from the cell

Proteins are not binding
to affinity
column/ligands

Enzyme inactive in assay

Plasmid selection antibiotic
choice

Cell density at induction

VNp-fusions induce cell lysis
if expressed at high levels

VNp construct design

Protein is insoluble

Insufficient/too much
VNp-fusion produced to
allow outward protein export

Protein is incorporated into
intracellular vesicles

Culture volume not optimal

Culture temperature

Medium

E. coli strain not optimal

Vesicles still intact

Enzyme has no/low activity
in culture medium

Vesicles still intact

Do not use an antibiotic that affects
the cell wall

Induce fusion protein expression
when the cells are reaching late log
phase

Use moderate levels of
transcriptional inducer (e.g., 20-50
pg/ml IPTG)

Ensure VNp tag is at amino
terminus of the final fusion; add a
linker peptide [e.g., (GGSG);]
between VNp and protein of
interest

Add solubility tag (e.g.,
mNeongreen or MBP) between
VNp and protein of interest

Optimize protein induction levels

Optimize protein induction levels
and culture conditions; possibly due
to size/biophysical properties of
your protein

Use method to screen for optimal
culture volume and induction levels
(Fig. 1)

VNp vesicle induction is optimal at
37°C; if lower temperatures are
required, use the VNp6 tag

Vesicle induction is inhibited in
high [glycerol]; use LB and/or TB
recipes described here

Use a BL21 or K12 E. coli strain
[BL21 (DE3) star is optimal]

Use higher concentration of the
detergent

Use Support Protocol 2 to purify
the protein and resuspend in
optimal activity buffer

Use higher concentration of the
detergent
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grow. The following morning it takes ~10 min
to separate cells from the vesicle containing
medium (by centrifugation or filtration). If the
protein needs to be further purified, the multi-
well affinity purification described in Support
Protocol 2 takes another 10 to 20 min. Finally,
if all the required reagents are prepared before-

hand, the uricase activity assay (Support Pro-
tocol 3) typically takes 25 to 30 min. While
there are many points throughout the whole
procedure where the protocol can be paused
and the samples stored at 4°C until required,
using the freshest possible sample is always
advisable.
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