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Abstract

Apolipoprotein (apo) E functions in lipoprotein metabolism as a low density lipoprotein receptor 

ligand. ApoE is comprised of two structural domains, a 22 kDa N-terminal (NT) domain that 

adopts a helix bundle conformation and a 10 kDa C-terminal domain with strong lipid binding 

affinity. The NT domain is capable of transforming aqueous phospholipid dispersions into 

discoidal reconstituted high density lipoprotein (rHDL) particles. Given the utility of apoE-NT 

as a structural component of rHDL, expression studies were conducted. A plasmid construct 

encoding a pelB leader sequence fused to the N-terminus of human apoE4 (residues 1–183) 

was transformed into Escherichia coli. Upon expression, the fusion protein is directed to the 

periplasmic space where leader peptidase cleaves the pelB sequence, generating mature apoE4-

NT. In shaker flask expression cultures, apoE4-NT escapes the bacteria and accumulates in the 

medium. In a bioreactor setting, however, apoE4-NT was found to combine with gas and liquid 

components in the culture medium to generate large quantities of foam. When this foam was 

collected in an external vessel and collapsed into a liquid foamate, analysis revealed that apoE4-

NT was the sole major protein present. The product protein was further isolated by heparin affinity 

chromatography (60 – 80 mg/liter bacterial culture), shown to be active in rHDL formulation, 

and documented to serve as an acceptor of effluxed cellular cholesterol. Thus, foam fractionation 

provides a streamlined process to produce recombinant apoE4-NT for biotechnology applications.
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Introduction

Human apolipoprotein (apo) E is a 299 amino acid amphipathic exchangeable 

apolipoprotein. In solution, apoE is a two domain protein, including a 22 kDa N-terminal 

(NT) four helix bundle that is linked to a 10 kDa C-terminal domain with strong lipid 

binding affinity [1]. NT domain helical segments are amphipathic and, in the absence 

of lipid, align such that each helix projects their hydrophilic face toward the aqueous 

environment while their opposing hydrophobic faces interact with one another in the bundle 

interior. The C-terminal domain is attached to the NT domain via a largely unstructured 

hinge region. Three major isoforms of human apoE exist that differ from one another at 

residues 112 and 158 in the NT domain. ApoE2 contains Cys at both sites, apoE3 has Cys 

at 112 and Arg at 158, while apoE4 contains Arg at both sites [2]. In vivo, apoE binds to 

circulating plasma lipoproteins and serves as a ligand for the low-density lipoprotein (LDL) 

receptor in the liver and the LDL receptor related protein 1 in the brain [3,4].

ApoE has also gained notoriety for its association with Alzheimer’s disease (AD), a 

neurodegenerative disorder characterized by severe memory loss [5]. AD is associated with 

the presence of extracellular plaque deposits of amyloid β (Aβ) peptide and intracellular 

neurofibrillary tangles comprised of hyper-phosphorylated Tau protein [6]. Individuals 

homozygous for the ε4 allele experience an increased risk of AD and a lower age of onset 

while individuals homozygous for the ε2 allele show reduced rates of disease prevalence, 

as compared to those homozygous for the ε3 allele [7,8]. The mechanism underlying apoE 

isoform-specific differences in AD risk remains enigmatic [9], although apoE is a known 

component of Aβ plaque deposits [10,11]. ApoE4 is not only associated with increased AD 

risk but also with elevated plasma cholesterol levels, as compared to patients with apoE3. 

This effect has been ascribed to an increased propensity of apoE4 to associate with very low 

density lipoproteins [12], a property related to isoform-specific interactions between the N 

and C terminal domains of apoE4.

Reconstituted high density lipoproteins (rHDL) are a class of nanoparticles comprised 

of a disk-shaped lipid bilayer circumscribed by an amphipathic “scaffold protein”. 

These particles constitute a mimic of nascent HDL and are often prepared using 

phosphatidylcholine as the bilayer forming lipid and apoA-I as the scaffold protein [13]. 

These rHDL have the ability to promote removal of cholesterol from plaque deposits 

on arterial walls and have been investigated in human clinical trials as a treatment for 

atherosclerosis [14]. Moreover, rHDL lipid and protein components are interchangeable, 

providing enhanced versatility in terms of their structure - function properties [13,15]. rHDL 

containing apoE4-NT have been formulated and characterized previously [16,17,18]. rHDL 

prepared with apoE-NT, or mimetic peptides, have been used to investigate topics including 

hydrophobic bioactive agent transport [19], targeted delivery via the low-density lipoprotein 

receptor [20] and as a miniature membrane to analyze SNARE-induced fusion pores [21]. 

In a similar manner, rHDL have been used as a transport vehicle for imaging agents in 

theranostic applications [22], a model membrane for ligand binding studies [23] and as a 

miniature membrane for transmembrane protein incorporation and characterization [24].

Lethcoe et al. Page 2

Protein Expr Purif. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Despite the importance of apoE in lipid transport, metabolism, and disease, production of 

this protein at scale suffers from poor yield and high cost, thereby hampering its utility 

as an rHDL scaffold. Herein, a facile method for production of untagged apoE4-NT in 

Escherichia coli is described that employs a bioreactor and takes advantage of the intrinsic 

biosurfactant-like properties of this protein. The method described utilizes a plasmid 

construct that encodes a pelB leader sequence fused to the coding sequence of apoE4-NT. 

The leader sequence directs the nascent fusion protein to the periplasmic space where the 

pelB sequence is cleaved by leader peptidase, generating mature apoE4-NT which then 

escapes from the bacterium into the culture medium. Upon interacting with gas and liquid 

components of the medium, apoE4-NT induces formation of a thick foam that contains 

apoE4-NT as the sole major protein component, simplifying downstream processing and 

isolation of this protein.

Materials and Methods

Plasmid construct design / pelB leader sequence.

A pET22b+ plasmid vector containing the coding sequence for residues 1 – 183 of mature 

human apoE4 (apoE4-NT) was generated in silico and synthesized by Genscript Biotech 

(Piscataway, NJ). The human apoE4-NT coding sequence was optimized for bacterial 

expression by changing 22 Arg codons from CGG to CGC. Although both encode Arg, 

the latter is strongly favored by E. coli. The construct encodes a pelB leader sequence fused 

at the N-terminus of apoE4-NT. The plasmid was then transformed into BL21 competent 

cells and maintained on streaked agar plates or as a frozen glycerol stock.

Shaker flask expression.

A 500 ml shaker flask containing 125 ml NZCYM media and 100 μg/ml ampicillin was 

inoculated with a single E. coli bacterial colony harboring the pelB - apoE4-NT plasmid 

construct. The bacterial culture was grown at 37 °C until the optical density (OD) of the 

medium at 600 nm reached ~0.7. PelB-apoE4-NT fusion protein expression was induced 

with isopropyl β-D-thiogalactopyranoside (IPTG; 1 mM), followed by culturing the bacteria 

for 5 h at 37 °C. The bacteria were then pelleted by centrifugation at 11,200 × g for 10 

min at 4 °C and the supernatant recovered [25]. Isolated supernatant (125 ml) was vacuum 

filtered (0.45 μm) and applied to a 5 ml HiTrap Heparin HP column at a rate of 5 ml/min. 

Subsequently, the column was washed with 10 column volumes of binding buffer (10 mM 

sodium phosphate, pH 7.0) followed by 3 column volumes of elution buffer (10 mM sodium 

phosphate, pH 7.0, 1.5 M NaCl). Protein eluting under these conditions was recovered, 

dialyzed against phosphate buffered saline (PBS, 100 mM sodium phosphate, pH 7.0, 150 

mM NaCl) for 16 h and stored at 4 °C until further use. Sample protein content was 

measured using the bicinchoninic acid assay, following manufacturer instructions (Thermo 

Scientific, San Jose, CA).

Bioreactor-based expression of apoE4-NT.

A Distek Model BiOne 1250 bioprocessor (5 L capacity) was employed for expression 

studies. The bioreactor control tower was calibrated for specific running parameters 

including dissolved oxygen, pH, temperature, and impeller rotation rate. Dissolved oxygen 
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and pH were monitored using an OxyFerm FDA VP 325 dissolved oxygen sensor and 

an EasyFerm Plus PHI VP 325 Pt100 pH probe (Hamilton Co., Reno, NV). For standard 

apoE4-NT expression experiments, the bioreactor chamber contained 3 L NZCYM medium 

supplemented with 100 μg/ml ampicillin and 30 g/L D-glucose. The bioreactor chamber was 

seeded with a saturated overnight culture of E. coli (50 ml/L culture volume). Following a 

growth period of 5 h at 37 °C, when the OD600 reached 7.0 – 9.0, IPTG was added (1 mM 

final concentration). Approximately 1 h post induction, foam production became continuous 

and culture pH was observed to decline over the next 2 h. At this point, 2 M NaOH was 

titrated into the culture to maintain the pH between 6.5 – 6.8. Air flow was monitored 

and controlled by the dissolved oxygen cascade, which is established using the proportional 

integral derivative value determined as a function of the current dissolved oxygen percentage 

within the bioreactor chamber. Flow of compressed air and/or O2 was maintained at 5–15 psi 

using an internal sparge unit. Sterility was maintained by flowing the gases through 0.22 μm 

sterile filters prior to entering the sparge unit.

Foam Collection.

Foam was reliably generated in cultures expressing the pelB – apoE4-NT fusion protein at 

~1 h post induction. Foam production continued for a period of 5 – 7 h. Foam diversion 

into a collection vessel relied on the internal pressure of the bioreactor chamber. Once the 

chamber filled with foam, pressure within the chamber forced foam into flexible tubing 

attached to a port in the bioreactor headplate, where it flowed into the collection vessel (a 

30 L carboy placed on ice). When foam production slowed, or the collection vessel filled to 

capacity, it was transferred to a 4 °C cold room for 12 – 14 h, allowing the foam to collapse 

into a liquid foamate. The foamate was then centrifuged at 11,200 × g for 20 min at 4 °C. 

The resulting supernatant was collected, vacuum filtered through a 0.45 μm membrane and 

subjected to heparin affinity chromatography as described above.

SDS-PAGE Analysis.

SDS-PAGE was performed on 4–20% Bio-Rad Mini-PROTEAN TGX Precast Gels. Gels 

were electrophoresed at 200 V for 30 min and stained with a solution (80% methanol and 

20% glacial acetic acid) containing Naphthol Blue Black (20 μg/ml, Sigma) for 1 h. Gels 

were de-stained in a solution containing 40% deionized water / 40% methanol / 20% glacial 

acetic acid for 3 h. Stained gels were imaged using a Bio-Rad ChemiDoc instrument.

Liquid chromatography / mass spectrometry analysis.

Protein content of individual samples was estimated using EZQ Protein Quantitation Kit 

(Thermo Scientific Cat R33200). One hundred μg protein was reduced, alkylated with 

iodoacetamide, and digested with trypsin/Lys-C protease mixture using Thermo Scientific 

EasyPep Mini MS Sample prep kit (Cat #A40006). Proteases were added in a 1:10 (enzyme 

to protein) ratio for digestion and samples were cleaned using the column provided with the 

kit. Samples were analyzed using an UltiMate 3000 RSLCnano system (Thermo Scientific). 

Peptides were trapped prior to separation on a 300 μm i.d. × 5 mm C18 PepMap 100 

trap (Thermo Scientific) for 5 min at 10 μL/min. Separation was conducted on a 50 cm 

uPAC C18 nanoLC column (PharmaFluidics, Ghent, Belgium) with a 20 μm fused silica 

emitter and a Nanospray Flex ion source (Thermo Scientific). Separation was performed 
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at 350 nL/min using a gradient from 1% - 45% (Solvent A 0.1% Formic Acid, Solvent 

B Acetonitrile, 0.1% Formic Acid). Data-dependent analysis (DDA) mass spectrometry 

was performed using an Orbitrap Eclipse mass spectrometer (Thermo Scientific). The MS1 

precursor selection range was from 375–1500 m/z at a resolution of 120K with a normalized 

automatic gain control (AGC) target of 250% and an automatic maximum injection time. 

Quadrupole isolation was 0.7 Th for MS2 isolation and CID fragmentation in the linear 

ion trap, with a collision energy of 35% and a 10 ms activation time. The MS2 AGC was 

in standard mode with a 35 ms maximum injection time. The instrument was operated in 

data-dependent mode with a 3 s cycle time, the most intense precursor priority and the 

dynamic exclusion set to 60 s with a 10 ppm tolerance. Data analysis was performed using 

Sequest (Thermo Scientific, version v.27, rev. 11) and Scaffold Q+ (Proteome Software, 

Portland, OR).

Mass Spectrometry – Direct Infusion.

Direct Infusion was performed on 1 mg/ml solutions of apE4-NT at a flow rate of 5 μl/min 

using electrospray ionization (ESI) on an Orbitrap Eclipse mass spectrometer (Thermo 

Scientific) set to intact protein mode. ESI spray voltage was set to 3030 V with an ion 

transfer tube temperature of 310 °C. The MS1 was acquired within the orbitrap mass 

analyzer with a precursor selection range from 6002000 m/z at a resolution of 120K with 

a normalized AGC target of 250% and an automatic maximum injection time. Quadrupole 

isolation was 0.7 Th for MS2 isolation and CID fragmentation in the linear ion trap with 

a collision energy of 35% had a 10 ms activation time. The MS2 AGC was in standard 

mode with a 35 ms maximum injection time. The instrument was operated in data-dependent 

mode with a 3 second cycle time with the most intense precursor priority and the dynamic 

exclusion set to an exclusion duration of 60 s with a 10 ppm tolerance. Deconvolution was 

performed using the Xcalibur Xtract algorithm (Thermo Scientific, version 3.0.63). The data 

was then analyzed using Sequest (Thermo Scientific, version v.27, rev. 11) and Scaffold Q+ 

(Proteome Software, Portland, OR).

ApoE4-NT rHDL formation.

Five mg dimyristoylphosphatidylcholine (DMPC, Avanti Polar Lipids) was dissolved in 

chloroform/methanol (3:1 v/v) and the solvent evaporated under a gentle stream of N2 gas, 

leaving a thin film of phospholipid on the vessel wall. Eight hundred μL of 10 mM sodium 

phosphate, pH 3.0, was added and the sample vortexed to form an aqueous dispersion of 

DMPC. Two mg isolated apoE4-NT (in 200 μL 10 mM sodium phosphate, pH 3.0) was then 

added and the sample bath sonicated at 24 °C until the solution clarified (<15 min).

FPLC gel filtration chromatography.

ApoE4-NT rHDL particles (200 μL) were analyzed on a GE AKTA Pure FPLC system fitted 

with a Superdex 200 Increase 10/300 GL column equilibrated in 10 mM sodium phosphate, 

pH 3.4. Isolated apoE4-NT and apoE4-NT rHDL were applied to the column, respectively, 

and eluted at a rate of 0.75 ml/min. Absorbance was continuously monitored at 280 nm with 

collection of 1.5 mL fractions.
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Cholesterol efflux assay.

Human THP-1 monocytic cells were obtained from American Type Culture Collection 

(ATCC TIB-202, Cedarlane, Ontario). Phorbol 12-myristate-12 acetate (PMA) was obtained 

from Sigma-Aldrich (Oakville, Ontario, Canada) while cholesterol, [1,2-3H(N)] was 

purchased from Perkin Elmer (Norwalk, CT). Human oxidized low-density lipoprotein 

(ox-LDL) was from Kalen Biomedical. Cells were cultured in T175 flasks in 

bicarbonate-buffered RMPI medium containing 10% heat-inactivated FBS, 50 mmol/L β-

mercaptoethanol, and 100 U/ml penicillin/streptomycin at 37 °C in a humidified atmosphere 

containing 5% CO2. Cells were used between passage 2 and 5. Experiments were carried 

out in 24-well tissue culture plates at a cell density of 1.0 × 106/mL in the presence of 

10% FBS and 200 nM PMA for 48 h. Subsequently, the cells were labeled with 2 μCi/ml 

[3H]-cholesterol and ox-LDL (50 μg/ml) in RPMI media / 1% FBS / 200 nM PMA for 48 

h. Cells were washed twice with RPMI media prior to efflux assays [26]. Efflux assays 

were performed in triplicate by incubating cells for 6 h at 37 °C with 40 μg/ml of specified 

cholesterol acceptors (as protein). Following incubation, the culture medium was collected, 

and cells were washed twice with PBS. The medium was centrifuged at 3000 × g for 5 min 

to remove cell debris and 0.2 mL of the supernatant fraction was mixed with scintillation 

liquid and counted for radioactivity. The cells were lysed by overnight incubation with 0.5 

mL 0.1 N NaOH, with shaking. A 0.1 mL aliquot of each cell lysate was mixed with 

scintillation liquid and counted for radioactivity. Cholesterol efflux capacity was calculated 

as percent cholesterol efflux = [3H] cpm medium / ([3H] cpm medium + [3H] cpm cells) × 

100%. Diffusional efflux (control condition) was subtracted from total efflux to determine 

net efflux.

Statistical Analysis.

Statistical analysis was performed by one-way ANOVA followed by Tukey multiple 

comparison test. Statistical tests were performed using Graphpad Prism version 9.5.1 for 

Windows (Graphpad Software, San Diego, CA).

Results

Bioreactor production of recombinant apoE4-NT.

Herein, the ability of recombinant apoE4-NT to escape E. coli when expressed as a fusion 

protein with an N-terminal pelB leader sequence extension has been exploited to streamline 

isolation of this protein. Following expression of the pelB – apoE4-NT fusion, apoE4-NT 

is directed to the bacterial periplasmic space where the pelB leader sequence is cleaved 

and ultimately mature apoE4-NT transits to the extracellular space [25, 27]. In a bioreactor 

setting, apoE4-NT expression coincides with production of copious quantities of dense, 

viscous foam (Figure 1). Given that foam was not produced when pelB - apoE4-NT 

was expressed in shaker flask cultures, foam generation in the bioreactor chamber was 

hypothesized to result from apoE4-NT interaction with gas / liquid bubbles that deliver air 

and O2 to the culture media.
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Foam analysis.

To examine foam generated in the bioreactor chamber during pelB – apoE4-NT fusion 

protein expression, it was diverted to a collection vessel and condensed to a liquid foamate. 

To investigate the potential correlation between foam production and apoE4-NT expression, 

SDS-PAGE was performed on supernatant fractions obtained from aliquots of culture 

medium and foamate (Figure 2). A band corresponding to apoE4-NT appears in both the 

culture medium and foamate supernatants, indicating apoE4-NT is associated with foam 

produced in the bioreactor chamber during expression.

Foam processing and apoE4-NT isolation.

Approximately 5 h after induction of pelB - apoE4-NT expression, foam production slowed 

or stopped. At this point, the carboy containing collected foam was stored at 4 °C to promote 

foam collapse into a liquid foamate. From a 3 L bioreactor culture, ~1.3 L of liquid foamate 

was recovered. Following centrifugation and filtration of the supernatant, the sample was 

subjected to heparin affinity chromatography. ApoE4-NT bound to the column in low salt 

buffer and eluted upon application of buffer containing 1.5 M NaCl. The eluted protein was 

dialyzed against low salt buffer and used in structure-function characterization studies. The 

yield of apoE4-NT ranged from 60 to 80 mg per liter of bioreactor culture medium.

Characterization of apoE4-NT.

Given the nature of foam fractionation method, it is conceivable that recombinant apoE4-

NT was modified or damaged during this process. To investigate this, mass spectrometry 

analysis was performed on shaker flask- and bioreactor-derived apoE4-NT samples. The 

proteins were digested with trypsin/Lys-C prior to analysis by liquid chromatography / 

mass spectrometry (Table 1). The peptides observed in both samples were identical and 

covered ~80% of the apoE4-NT sequence. Although evidence of methionine oxidation 

was obtained, no differences were observed between shaker flask- and bioreactor-derived, 

suggesting methionine oxidation is not specific to foam fractionated apoE4-NT samples. 

In other experiments, intact apoE4-NT from shaker flask- and bioreactor-based expressions 

were subjected to direct infusion mass spectrometry. The results revealed a single major 

protein population (MW = 21,461 Da) is present in both samples, in good agreement with 

the calculated mass of apoE4-NT (MW = 21,245 Da).

Biological activity of foam fractionated apoE4-NT.

The ability of apoE4-NT to transform phospholipid vesicles into rHDL was evaluated 

as described previously [28]. Briefly, an aqueous dispersion of DMPC was incubated 

with isolated recombinant apoE4-NT. Mild bath sonication induced transformation of the 

sample from an opaque lipid dispersion into a clear solution, indicative of rHDL formation. 

FPLC gel filtration chromatography was then performed to assess rHDL particle size and 

homogeneity. When foam-derived, lipid-free apoE4-NT was examined (Figure 3A), a single 

major absorbance peak at ~17.0 mL was observed, consistent with the monomeric molecular 

weight of apoE4-NT (~22 kDa). By contrast, apoE4-NT rHDL eluted as a single absorbance 

peak at ~11.5 ml (Figure 3B). This peak corresponds to a MW in the range of 100–150 
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kDa, consistent with the expected size of apoE4-NT rHDL. Thus, apoE4-NT isolated from 

bioreactor foam retains the ability to form rHDL.

Cholesterol efflux capacity of foam fractionated apoE4-NT.

To test the functionality of apoE4-NT, cholesterol efflux assays were performed. This 

assay examined the ability of lipid-free apolipoproteins, or rHDL, to serve as acceptors of 

cholesterol effluxed from cultured cells by the ATP binding cassette (ABC) transporters 

(ABCA1 and/or ABCG1). ABCA1 specifically interacts with lipid-free apolipoprotein 

to promote formation of phospholipid/cholesterol/apoA-I complexes, while ABCG1 

preferentially interacts with lipid-bound apolipoprotein and promotes efflux of cholesterol 

to HDL, LDL, and phospholipid vesicles [29]. Differentiated THP-1 monocytes were 

cultured, loaded with a mass of cholesterol, and labeled with [3H]-cholesterol as a tracer of 

cholesterol mobilization. Compared to lipid-free apoA-I (positive control), apoE4-NT from 

shaker flask expressions and apoE4-NT derived from bioreactor foamate, were slightly less 

effective in promoting cholesterol efflux (Figure 4). Compared to apoA-I rHDL, apoE4-NT 

rHDL derived from shaker flask expressions was marginally less effective, while apoE4-NT 

rHDL, formulated from bioreactor-derived foamate, was equally effective at promoting 

cholesterol efflux. These results demonstrate that the apoE4-NT isolated from bioreactor 

foamate is functionally competent as a cholesterol efflux acceptor.

Discussion

Foam fractionation has previously been utilized for production of numerous biosurfactant 

molecules secreted by bacteria [30,31]. These biosurfactants are generally low molecular 

weight, non-proteinaceous compounds such as glycolipids, biopolymers, and lipopeptides 

[32]. Microbial biosurfactant production using foam fractionation technology is well 

established and these biosurfactants are widely used as emulsification agents in the 

food, petro-chemical, antimicrobial, biomedical, and pharmaceutical industries [33–37]. 

Extension of this methodology to recombinant biosurfactant-like apolipoproteins was 

recently demonstrated for insect apolipophorin-III [38].

It is evident that a required step in foam formation is apoE4-NT transit from the bacterial 

cell into the culture medium. A key step in this process involves pelB leader sequence 

targeting of apoE4-NT to the periplasmic space. A less well understood process is the 

subsequent movement of mature apoE4-NT from the periplasm to the culture medium. 

Given that this behavior is not common, it likely relates to the intrinsic structural properties 

of this protein. E. coli outer cell membranes are comprised of approximately 20% 

negatively charged phospholipid (i.e. phosphatidylglycerol) [39]. ApoE4-NT possesses a 

natural propensity to bind negatively charged phospholipids [28], whereupon it undergoes 

a conformational change [40]. In aqueous solutions, apoE4-NT exists as a bundle of four 

elongated amphipathic α-helices. Each α-helix segment possesses distinct hydrophobic 

and hydrophilic faces. The hydrophobic faces of apoE4-NT α-helix segments are directed 

toward the interior of the bundle where they contact one another via hydrophobic 

interactions, thereby stabilizing the bundle conformation [41]. Upon exposure to an 

appropriate lipid surface, however, the molecule undergoes a conformational change in 
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which the protein adopts an “open” conformation that exposes the hydrophobic faces of its 

amphipathic helix segments, promoting their interaction with lipid surfaces [40]. Thus, it 

is possible that, as apoE4-NT gains access to the periplasmic space, it interacts with lipids 

in the outer membrane of E. coli and undergoes a conformational change that facilitates its 

transit into the culture media.

In a similar fashion, when utilized as a component in rHDL particles, apoE4-NT 

circumscribes the perimeter of a nanoscale disk-shaped phospholipid bilayer, wherein the 

hydrophobic faces of its amphipathic α-helices contact phospholipid fatty acyl chains at the 

edge of the disk. Indeed, this process is analogous to apoE’s function in lipoprotein binding 

and is required for LDL receptor binding activity [42]. In the present study we posit that, just 

as it interacts with lipid surfaces, when apoE4-NT interacts with gas/liquid bubble interfaces 

in the culture media, it generates foam.

Given that foam fractionation represents a novel approach to recombinant apolipoprotein 

production and isolation, it was important to assess if this method alters, or otherwise 

damages, apoE4-NT structure or function. Analysis of bioreactor-derived, foam fractionated, 

apoE4-NT by mass spectrometry indicated that, while methionine oxidation was detected, 

no differences were observed between shaker flask-derived and foam fractionation-derived 

expression cultures. The molecular weight increment observed for intact apoE4-NT samples 

versus the value calculated based on amino acid sequence may have arisen from the electro-

spray ionization methodology [43]. A related concern is whether recombinant apoE4-NT 

retains its functional properties following isolation by foam fractionation. To examine this, 

the ability of apoE4-NT to generate rHDL was examined. Both shaker flask-derived [28] and 

foam fractionation-derived apoE-NT (this study) possess the ability for transform dispersed 

phospholipid vesicles into fully aqueous soluble rHDL. Moreover, apoE4-NT produced 

in shaker flask cultures and from bioreactor-dependent foam fractionation retained the 

ability to promote cholesterol efflux from cultured cells. Based on these results, it may be 

concluded that apoE4-NT obtained from bioreactor-generated foam is functional.

An advantage of foam fractionation methodology for production of recombinant apoE4-

NT relates to downstream processing following protein production at bioreactor scale, an 

important consideration for industrial and academic applications. ApoE-NT has previously 

been shown to function as a scaffold protein for a specialized type of rHDL, termed 

nanodisks, that represent an advancement in drug delivery technology [13, 44]. In general, 

rHDL technology has been exploited in a wide range of applications, including cholesterol 

efflux enhancement, use as a bioactive agent delivery vehicle and receptor targeting (LDL 

receptor or N-acetyl-d-galactosamine / asialoglycoprotein receptor) [13,15,45]. Efforts to 

commercialize these, and other, applications of rHDL technology will be facilitated by 

the availability of a cost effective, high yield recombinant scaffold protein production 

methodology. Towards that end, the method described herein represents an attractive 

approach to meet the growing demand for apolipoproteins.

The findings reported in this study also suggest that other members of the class of 

amphipathic exchangeable apolipoproteins may be isolated using foam fractionation 

methods. For example, it is conceivable that apoA-I and/or full-length apoE (299 amino 
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acids) will be amenable to foam fractionation methods when expressed in a bioreactor as 

pelB – apolipoprotein chimeras. Furthermore, investigation into the structural properties 

of recombinant apolipoproteins, as it pertains to their biosurfactant-like behavior and 

extracellular secretion, may provide insight into specialized fields such as lipopeptide 

biosurfactants.
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Highlights

• A pelB leader sequence:apolipoprotein (apo) E4 N-terminal (NT) fusion was 

generated

• Expression of recombinant fusion protein in a bioreactor led to foam 

production

• When the foam was collapsed into a liquid foamate it was found to possess 

apoE4-NT

• Foam-derived apoE4-NT was active in reconstituted high density lipoprotein 

formation

• Lipid-free and lipid-associated apoE4-NT were active in cholesterol efflux 

assays
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Figure 1. Bioreactor-dependent apoE4-NT-induced foam production.
Photograph obtained 5 h post-induction of apoE4-NT expression depicting the bioreactor 

control panel (right), culture chamber (middle) and foam collection vessel (left). As foam 

fills the bioreactor chamber, it is forced out through flexible tubing attached to a headplate 

port and into a 30 L carboy collection vessel. The foam deposited in the carboy is dense and 

piles up on itself to occupy a large volume of the collection vessel.
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Figure 2. SDS-PAGE analysis of fractions from bioreactor-based expression of pelB-apoE4-NT.
E. coli transformed with a pET22b+ plasmid harboring the pelB-apoE4-NT fusion construct 

were used to seed a bioreactor expression culture as described in Materials and Methods. 

Aliquots were collected at various stages of the expression / isolation procedure and 

subjected to SDS-PAGE analysis. Lane 1) Molecular weight standards; Lane 2) uninduced 

bioreactor culture medium supernatant; Lane 3) Induced bioreactor culture medium 

supernatant; Lane 4) foamate fraction. Lane 5) flow through collected following application 

of foamate onto a HiTrap Heparin HP column; Lane 6) eluate obtained following application 

of high salt buffer to the HiTrap Heparin HP column.
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Figure 3. FPLC analysis of foam-fractionated lipid-free apoE4-NT and apoE4-NT rHDL.
Gel filtration chromatography of a 300 μL aliquot of the eluate obtained following HiTrap 

Heparin HP chromatography of foamate (Panel A) and a 300 μL aliquot of foam-derived 

apoE4-NT-rHDL (Panel B). Samples were applied to a Superdex 200 Increase 10/300 

column and eluted with 10 mM sodium phosphate, pH 3.4, at 0.75 mL/min with continuous 

monitoring of absorbance at 280 nm.
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Figure 4. Characterization of apoE4-NT cholesterol efflux activity.
Cholesterol efflux assays were performed using cholesterol-loaded and radiolabeled THP-1 

monocyte / macrophages as described in Materials and Methods. Lipid-free apoA-I, lipid-

free apoE4-NT (isolated from a shaker flask expression), and lipid-free, foamate-derived, 

apoE4-NT (F) were incubated with cells for 6 h at 37 °C. In a similar manner, efflux 

experiments were performed using apoA-I rHDL, shaker flask-derived apoE4-NT rHDL, 

and foamate derived apoE4-NT rHDL (F). Experiments were performed in triplicate, and 

control nonspecific efflux was subtracted from each condition to calculate apolipoprotein 

or rHDL specific efflux. Statistical significance was determined using one-way ANOVA 
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multiple comparison with a Tukey’s post hoc test. Values reported are the mean ± standard 

deviation (n=3) *, p<0.05; **, p<0.001; ****, p<0.0001; ns, not significant.

Lethcoe et al. Page 18

Protein Expr Purif. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lethcoe et al. Page 19

Ta
b

le
 1

.

L
iq

ui
d 

ch
ro

m
at

og
ra

ph
y 

– 
m

as
s 

sp
ec

tr
om

et
ry

 a
na

ly
si

s 
of

 a
po

E
4-

N
T

a

B
io

re
ac

to
r 

Sa
m

pl
e

A
po

E
4-

N
T

 F
ra

gm
en

t 
L

is
t

M
od

if
ic

at
io

ns
A

vg
 m

as
s 

(o
bs

er
ve

d)
A

vg
 m

as
s 

(c
al

cu
la

te
d)

T
he

or
et

ic
al

 m
as

s
St

ar
t 

R
es

id
ue

 S
to

p 
R

es
id

ue

V
E

Q
A

V
E

T
E

P
E

P
E

L
R

N
on

e
81

3.
4

1,
62

4.
80

1,
62

4.
80

2
15

Q
Q

T
E

W
Q

SG
Q

R
N

on
e

62
4.

29
1,

24
6.

57
1,

24
6.

57
16

25

W
E

L
A

L
G

R
F

W
D

Y
L

R
W

V
Q

T
L

SE
Q

V
Q

E
E

L
L

SS
Q

V
T

Q
E

L
R

N
on

e
1,

10
9.

82
4,

43
5.

25
4,

43
2.

26
26

61

A
L

M
D

E
T

M
K

O
xi

da
tio

n
47

7.
72

95
3.

42
93

7.
42

62
69

A
Y

K
SE

L
E

E
Q

LT
P

V
A

E
E

T
R

N
on

e
1,

04
7.

02
2,

09
2.

03
2,

09
2.

03
73

90

L
G

A
D

M
E

D
V

R
O

xi
da

tio
n

51
1.

24
1,

02
0.

45
1,

00
4.

46
10

4
11

2

LV
Q

Y
R

G
E

V
Q

A
M

L
G

Q
ST

E
E

L
R

O
xi

da
tio

n
77

5.
06

2,
32

2.
16

2,
30

6.
17

11
5

13
4

L
L

R
D

A
D

D
L

Q
K

N
on

e
39

6.
22

1,
18

5.
64

1,
18

5.
64

14
8

15
7

L
A

V
Y

Q
A

G
A

R
N

on
e

47
4.

77
94

7.
52

94
7.

52
15

9
16

7

Sh
ak

er
 F

la
sk

 S
am

pl
e

A
po

E
4-

N
T

 F
ra

gm
en

t 
L

is
t

M
od

if
ic

at
io

ns
A

vg
 m

as
s 

(o
bs

er
ve

d)
A

vg
 m

as
s 

(c
al

cu
la

te
d)

T
he

or
et

ic
al

 m
as

s
St

ar
t 

R
es

id
ue

 S
to

p 
R

es
id

ue

V
E

Q
A

V
E

T
E

P
E

P
E

L
R

N
on

e
81

3.
4

16
24

.7
9

16
24

.7
9

2
15

Q
Q

T
E

W
Q

SG
Q

R
N

on
e

62
4.

29
12

46
.5

7
12

46
.5

7
16

25

W
E

L
A

L
G

R
F

W
D

Y
L

R
W

V
Q

T
L

SE
Q

V
Q

E
E

L
L

SS
Q

V
T

Q
E

L
R

N
on

e
11

09
.8

2
44

35
.2

7
44

35
.2

6
26

61

A
L

M
D

E
T

M
K

O
xi

da
tio

n
47

7.
72

95
3.

42
93

7.
42

62
69

A
Y

K
SE

L
E

E
Q

LT
P

V
A

E
E

T
R

N
on

e
10

47
.0

2
20

92
.0

2
20

92
.0

3
73

90

L
G

A
D

M
E

D
V

R
O

xi
da

tio
n

51
1.

24
10

20
.4

5
10

04
.4

6
10

4
11

2

LV
Q

Y
R

G
E

V
Q

A
M

L
G

Q
ST

E
E

L
R

O
xi

da
tio

n
77

5.
06

23
22

.1
6

23
06

.1
7

11
5

13
4

L
L

R
D

A
D

D
L

Q
K

N
on

e
39

6.
22

11
85

.6
4

11
85

.6
4

14
8

15
7

L
A

V
Y

Q
A

G
A

R
N

on
e

47
4.

77
94

7.
52

94
7.

52
15

9
16

7

a B
io

re
ac

to
r-

de
ri

ve
d 

(f
oa

m
 f

ra
ct

io
na

te
d)

 a
nd

 s
ha

ke
r 

fl
as

k-
de

ri
ve

d 
ap

oE
4-

N
T

 w
er

e 
di

ge
st

ed
 w

ith
 tr

yp
si

n/
Ly

s-
C

 p
ri

or
 to

 a
na

ly
si

s

Protein Expr Purif. Author manuscript; available in PMC 2024 October 01.


	Abstract
	Introduction
	Materials and Methods
	Plasmid construct design / pelB leader sequence.
	Shaker flask expression.
	Bioreactor-based expression of apoE4-NT.
	Foam Collection.
	SDS-PAGE Analysis.
	Liquid chromatography / mass spectrometry analysis.
	Mass Spectrometry – Direct Infusion.
	ApoE4-NT rHDL formation.
	FPLC gel filtration chromatography.
	Cholesterol efflux assay.
	Statistical Analysis.

	Results
	Bioreactor production of recombinant apoE4-NT.
	Foam analysis.
	Foam processing and apoE4-NT isolation.
	Characterization of apoE4-NT.
	Biological activity of foam fractionated apoE4-NT.
	Cholesterol efflux capacity of foam fractionated apoE4-NT.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

