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The mosquito protein AEG12 encompasses a large (~ 3800 Å3) hydrophobic

cavity which binds and delivers unsaturated fatty acids into biological mem-

branes, allowing it to lyse cells and neutralize a wide range of enveloped

viruses. Herein, the lytic and antiviral activities are modified with non-

naturally occurring lipid ligands. We generated novel AEG12 complexes in

which the endogenous fatty acid ligands were replaced with hydrophobic viral

inhibitors. The resulting compounds modulated cytotoxicity and infectivity

against SARS-CoV-2, potentially reflecting additional mechanisms of action

beyond membrane destabilization. These studies provide valuable insight into

the design of novel broad-spectrum antiviral therapeutics centred on the

AEG12 protein scaffold as a delivery vehicle for hydrophobic therapeutic

compounds.
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The mosquito protein AEG12 is a member of the insect

major allergen (MA) domain protein family which has

been implicated in both insect digestion and antiviral

defense [1–5]. The MA fold consists of 12 amphipathic

alpha-helices, which enclose a large hydrophobic cavity

[6–8]. This hydrophobic cavity can bind a range of

hydrophobic ligands. Previous work on the cockroach

MA protein Bla g 1 revealed a mixture of saturated and

unsaturated fatty acids – particularly palmitate, oleate

and stearate – as the endogenous (nMix) ligands when

extracted from cockroach frass, with additional evidence

suggesting that these lipids likely represent the native

cargo of other MA proteins such as AEG12 [6–8]. In

these studies, both Bla g 1 and AEG12 were shown to

mediate the delivery of these nMix ligands into biological

membranes, disrupting their biophysical structure. This

activity enables AEG12 to inhibit the infectivity of envel-

oped viruses such as flaviviruses, lentiviruses and coron-

aviruses, contributing to its antiviral function within the

mosquito and potentially providing the basis for the

design of novel antiviral compounds [6]. However, the

membrane destabilizing properties of AEG12’s natural

nMix ligands also allow it to lyse mammalian cells [6].

While this cell cytotoxicity likely facilitates digestion

within the insect midgut, it significantly limits the utility

of AEG12 as a human therapeutic.
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Major allergen proteins are distinguishable by the

large size (~ 3800 Å3) of its central hydrophobic cavity:

dwarfing the 100–500 Å3 range typical of most non-

specific lipid-transfer proteins (nsLTPs) [7,9–11]. This

allows MA proteins such as AEG12 to support an

exceptionally high binding stoichiometry of 8–12 fatty

acid ligands per protein molecule – equivalent to ~ 10%

w/w [6,8]. This large cavity also enables MA proteins to

accommodate a large range of non-natural ligands, pro-

viding a convenient avenue that might enhance the ther-

apeutic utility of AEG12-derived protein scaffolds [12].

Recent work has identified several such compounds

including ginkgolic acid (GA), lysophosphatidylcholine

and docosanal [13–17]. These compounds have been

shown to effectively inhibit a broad range of enveloped

viruses including influenza, HIV and coronaviruses in

vitro by modifying the structure and biophysical proper-

ties of the viral lipid envelope. However, their lipophilic

nature limits their solubility while making them extre-

mely susceptible to sequestration by non-specific lipid-

binding proteins such as serum albumins, reducing their

therapeutic utility.

Replacing the nMix ligands of AEG12 with non-

natural viral inhibitors such as the ones described above

could address the inherent limitations of both these sys-

tems. In this work, we loaded AEG12 with docosanol

(Doc), 16:0-lysophosphatidylcholine (LPC) and GA

ligands. AEG12 mediated delivery of these non-natural

ligands into model bilayer systems. While cytotoxicity

was retained under some conditions, all three AEG12

complexes showed a significant increase in therapeutic

index over their natural fatty-acid-loaded counterparts

reflecting their more specialized function. Encapsulating

these fusion inhibitors within the AEG12 scaffold had

the additional benefit of enhancing their solubility com-

pared to the free ligands while simultaneously protect-

ing them from interference and sequestration by

albumins and other serum factors. Together, these stud-

ies provide valuable insight into the development of

novel therapeutic strategies leveraging the unique lipid

delivery capabilities of AEG12 and other MA proteins

to facilitate the delivery of hydrophobic antiviral com-

pounds directly into biological membranes.

Methods

Expression, purification and biophysical

characterization of AEG12

Samples of AEG12 were prepared as described previously

[6,12]. In brief, AEG12 was expressed as a glutathione-S-

transferase (GST) fusion in Escherichia coli. The resulting

protein was purified using affinity chromatography, and the

GST tag was cleaved using TEV protease. The resulting

AEG12 protein was further purified using reverse-phase

high-performance liquid chromatography and re-folded

either in the Apo (empty) form or in the presence of the

appropriate fusion inhibitor [6,7,12]. Protein concentrations

were determined using the Bicinchoninic Acid Assay kit

(Pierce, Waltham, MA, USA). Amberlite-treated samples

were generated using 30 mg�mL−1 of Amberlite Resin

(Sigma, St. Louis, MO, USA) per mg of lipid ligand. Fol-

lowing a 1–2 h incubation at room temperature, the beads

were removed and protein concentration was confirmed as

described above. Thermodenaturation curves were collected

using a Jasco J-815 circular dichroism (CD) spectropo-

larimeter (Iola, KS, USA). 0.5 μM samples of AEG12 in

CD buffer (100 mM Tris pH 7.5, 50 mM NaCl) were loaded

into 10 mm quartz cuvettes, and the CD at 220 nm was

measured over a range of temperatures from 25 °C to

95 °C at a heating rate of 0.5 °C�min−1. Measurements

were taken every 2 °C and fit using a two-state Boltzmann

curve to determine the melting temperature (MT): defined

as the temperature at which the protein experienced a 25%

loss in secondary structure as described previously [6].

Assessing the biological activity of AEG12

in vitro

Vesicle membrane fusion was assessed using an R18 dilution

assay. Here, dipalmitoylphosphatidylcholine (DPPC) vesicles

containing 5 mol% octadecyl rhodamine B chloride (R18;

Thermo Fisher, Waltham, MA, USA) were prepared using a

lipid extruder with a 1.0 μm membrane (Avanti, Birming-

ham, AL, USA) as per manufacturer’s instructions. Unla-

belled DPPC vesicles were prepared in a similar fashion. The

influenza fusion peptide (GLFGAIAGFIENGWEGMIDG)

[18] was synthesized by Genscript (Piscataway, NJ, USA),

and resuspended in DMSO to a final concentration of 2 mM.

Unlabelled vesicles (10 mg�mL−1) were incubated with 25 μM
AEG12 for 1 h, and washed three times in PBS to remove

excess AEG12 and any unbound ligands. 22.5 μL of unla-

belled vesicles were then resuspended in 240 μL citrate buffer

(100 mM citrate pH 5.4). The fusion reaction was initiated by

the addition of 2.5 μL of R18-labelled vesicles and 7.5 μL of

influenza fusion peptide to yield a final concentration of

0.1 mg�mL−1 lipid vesicles (1 : 10 labelled to unlabelled) and

33 μM fusion peptide. R18 is a fluorophore (ex560, em590) that

self-quenches at high concentrations [19]. The effective local

concentration of R18 is significantly reduced upon fusion

with an unlabelled vesicle, resulting in an increase in fluores-

cence intensity [20]. R18 fluorescence intensity was moni-

tored over the course of 15 min and used to quantify the rate

of vesicle fusion. Positive (no AEG12) and negative (no

AEG12, no fusion peptide) controls were also carried out.

Experimental values were normalized, with the positive con-

trol (no AEG12) being set to 100%, in order to obtain rela-

tive rates of vesicle fusion.
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Vesicle stability measurements were carried out as

described previously [6]. In brief, distearoylphosphatidyl-

choline (DSPC) vesicles were prepared as described above.

A 3.70 mg�mL−1 solution of DSPC vesicles was resus-

pended in PBS and incubated in the presence of 2 μM
LAURDAN (Sigma) and 25 μM AEG12 for 1 h at 37 °C.
The resulting mixture was diluted 10-fold and placed in a

2 mL quartz cuvette. Fluorescence spectra (ex355, em400–500)

were collected at 2 °C increments from 24 °C to 88 °C
using a Fluoromax-Plus-CP-Spectrophotometer (Horiba,

Kyoto, Japan) at a heating rate of 2 °C�min−1. Generalized

polarization (GP) values were calculated using the fluores-

cence intensity at 440 and 490 nm [21]. The resulting GP

values were fit to a two-state Boltzmann equation to calcu-

late the phase-transition temperature (PT).

AEG12 cell cytotoxicity and antiviral activity

The cytotoxic activity of AEG12 was assessed using tech-

niques described previously [6]. In brief, human embryonic

kidney (HEK) cells were suspended in PBS to a final concen-

tration of 1 × 106 cells�mL−1 in the absence or presence of

10% FBS. The cells were incubated with increasing concen-

trations of Doc-AEG12 (0–150 μM), GA-AEG12 (0–75 μM)
or LPC-AEG12 (0–75 μM) for 37 °C for 1 h. The resulting

mixture was diluted 1 : 1 with acridine orange/propidium

iodide stain solution (Nexcelom, Lawrence, MA, USA).

Cells were imaged as per manufacturer’s recommended pro-

tocols using a Zeiss AxioObserver Z1 fluorescence micro-

scope (Carl Zeiss Incorporated, Oberkochen, Germany) at

10× magnification. The images were analysed using FIJI/IM-

AGEJ [22], and the resulting cell viability values were fit to an

exponential decay function to obtain cytotoxicity (CC50)

values – defined as the concentration of AEG12/inhibitor

which yields a 50% reduction in cell viability relative to the

negative control (PBS only). To determine the CC50 values

of the free ligand, LPC and GA stocks were prepared in

PBS and diluted to the appropriate concentration, taking

into account the expected 8 : 1 binding stoichiometry of

AEG12.

Antiviral activity was assessed using a plaque reduction

assay as described previously [23]. Here, samples of SARS-

COV-2/USA-WA1/2020 (35–40 PFU per 100 μL) were incu-

bated for 1 h at 37 °C in DMEM containing 2% FBS and

varying the concentration of the appropriate AEG12–inhibitor
complexes. Vero cells overexpressing TMPRSS2 (Vero-T2), a

gift from the laboratory of Jonathan Yewdell (NIAID), were

grown in 12-well plates at 37 °C at 5% CO2 in D10+ medium

[DMEM + 10% FBS, 1× Glutamax, 1× Anti-Anti (Gibco,

Waltham, MA, USA) and 250 μg�mL−1 Hydromycin B (InVi-

voGen, San Diego, CA, USA)] to a density of 0.4 × 106 cells/

well. Cells were washed twice with D2 medium (DMEM +
2% FBS and 1× Glutamax) and inoculated with the AEG12–
virus mixture for 1 h at 37 °C. At the end of the absorption

step, the cell monolayers were overlaid with DMEM medium

containing 0.6% methylcellulose and incubated for 3 days at

37 °C. The cell monolayers were stained and fixed with crystal

violet staining solution containing 5% ethanol and 3% neutral

buffered formalin for 20 min, and then washed with water to

visualize the viral plaques. Viral plaques were counted manu-

ally, and the resulting data were fit to an exponential decay

function to determine IC50 values. The IC50 values were com-

pared with the HEK cell cytotoxicity (CC50) values determined

in the previous sections to provide a relative assessment of the

therapeutic index.

Data reporting

All values and associated uncertainty reported in this work

represent the mean and standard deviation obtained from

at least three trials representing at least two biological

replicates unless otherwise specified.

Results

AEG12 binds and delivers hydrophobic fusion

inhibitors into lipid bilayers

Previous studies described techniques through which

lipid-binding proteins could be stripped of their endoge-

nous cargoes, and quantitatively re-loaded with a defined

set of hydrophobic ligands [12]. Using this technique, we

prepared samples of AEG12 loaded with docosanol

(Doc), 16:0-lysophosphatidylcholine (LPC) and GA:

compounds that have been previously characterized in

the literature as hydrophobic viral inhibitors [14–
17,24,25]. Binding of all three inhibitors resulted in a

notable increase in the thermostability of AEG12 relative

to the Apo control, with melting temperatures (MTAEG12)

comparable to those observed for AEG12 bound to its

natural nMix ligands (Fig. 1) [6,7]. While the unique nat-

ure of the AEG12–ligand complex precludes traditional

equilibrium-based KD measurements, the large thermal

shift observed upon ligand binding is consistent with the

formation of a stable, high-affinity complex that is poten-

tially amenable for therapeutic use [6,7,26].

Previous works suggest that the incorporation of

docosanol, LPC and GA into viral membranes hinders

their ability to fuse with their host cell counterparts,

resulting in their observed antiviral activity [13–
17,25,27]. With this in mind, we examined the ability

of our various AEG12 complexes to inhibit membrane

fusion using DPPC lipid vesicles. Here, vesicle fusion

was monitored by the dilution of the self-quenching

octadecyl rhodamine B chloride (R18) fluorescent dye

from labelled to unlabelled vesicles in the presence of

an influenza fusion peptide at pH 5.4 [18,20]. Under

these conditions, 25 μM GA-AEG12 was observed to
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significantly inhibit membrane fusion, representing a

significant improvement over the Apo and nMix fatty

acid-loaded species. Doc-AEG12 had a much smaller

inhibitory effect, even using twofold greater concentra-

tions than its GA-bound counterpart. Curiously, LPC-

AEG12 was observed to increase the rate of membrane

fusion. Other works have noticed inconsistencies in

LPC’s mode of antiviral activity, suggesting a more

complex mechanism of action [17].

The antiviral function of the naturally occurring

nMix ligands is mediated by its ability to disrupt lipid

membranes [6]. This same mechanism might contribute

to the antivirus activity of Doc-, LPC- and GA-loaded

AEG12. To test this hypothesis, DSPC lipid vesi-

cles were labelled with dodecanoyl-N,N-dimethyl-2-

naphthylamine (LAURDAN), and incubated with

25 μM of the various AEG12–inhibitor complexes. The

liquid–solid phase-transition temperature (PT) of the

resulting vesicles was assessed as described previously

[6], and the results are shown in Fig. 1C. GA-AEG12

yielded a noticeable reduction in PT, although the mag-

nitude of this destabilizing effect was somewhat reduced

relative to its natural nMix counterparts, potentially

indicating a reduction in cell cytotoxicity. In contrast,

Doc-AEG12 had no effect, suggesting a minimal impact

on membrane structure. Despite its reputation as a

‘harsh’ detergent, LPC-AEG12 produced only a minor

shift in PT. Incubating DSPC vesicles with free LPC

ligands yielded similar results. Given the strong parti-

tion coefficient into lipid bilayers [28], the meagre

responses observed in this assay likely represent an

innate property of the LPC ligand itself. This is consis-

tent with previous works in which the saturated acyl

chain of LPC detergents had minimal impact on the

packing density or phase-transition temperature of lipid

membranes, despite other adverse effects [29,30].

AEG12–inhibitor complexes display enhanced

therapeutic potential

The membrane-destabilizing properties of AEG12’s

natural nMix ligands resulted in robust cytolytic activ-

ity against mammalian cells, greatly limiting its thera-

peutic utility [6]. To determine whether these inhibitor-

bound AEG12 species share this limitation, HEK cells

were treated with varying concentrations (0–150 μM) of
AEG12 for 1 h at 37 °C as described previously [6].

Doc-AEG12 had no impact on cell viability under the

conditions tested, while GA-AEG12 displayed modest

cytotoxic activity (Fig. 2) comparable to that previ-

ously reported for its natural nMix counterpart

(Fig. 3) [6]. Curiously, the cytotoxic activity of LPC-

AEG12 was significantly enhanced despite the lack of

membrane destabilization observed in Fig. 1, poten-

tially reflecting the indirect correlation between PT

and membrane permeability [31,32]. Regardless of the

mechanism, the conclusion is that the biological activ-

ity of our AEG12–inhibitor complexes is mediated by

its bound ligand [6]. Indeed, both free LPC and GA

supported significant cell cytotoxicity consistent with

Fig. 1. In vitro characterization of AEG12–inhibitor complexes. (A) Thermostability of AEG12 in complex with various natural and non-natural

antiviral ligands measured by circular dichroism (MT). (B) Impact of AEG12 on the influenza fusion peptide-mediated fusion of octadecyl rho-

damine B chloride (R18)-labelled DPPC lipid vesicles. Measurements were carried out using 25 or 50 μM complex and normalized against a

positive (+peptide) control (see Methods). P-values for conditions that differed significantly from Apo-AEG12 were determined using a Stu-

dent’s T-test assuming equal variance. (C) Solid–liquid PT of DSPC lipid vesicles in PBS (control) or in the presence of 25 μM AEG12 or the

equivalent free ligand. Note that free docosanol was not assessed due to its low solubility. *Values obtained from previously published

sources [6].
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previous literature [33]. Curiously, free GA had a

lower CC50 than its AEG12-bound counterpart. This

is potentially indicative of incomplete ligand transfer

due to the high binding affinity observed in the previ-

ous section, or the larger phenolic headgroup reducing

the carrying capacity relative to its nMix counterparts.

Free docosanal was not tested in this assay due to its

lack of cytotoxicity and the low solubility of the free

ligand (< 0.1 μM).

Utility of AEG12 as a drug delivery scaffold

The cytotoxicity of GA and LPC, either as free lipids

in solution or complex with AEG12, was assessed in

the presence of 10% FBS to better replicate the in vivo

environment. The cytotoxicity of both GA and LPC

as free ligands was significantly reduced under these

conditions, potentially reflecting their sequestration by

albumins and other serum factors [34,35]. Both GA-

Fig. 2. Cytotoxic activity of AEG12–inhibitor complexes. (A) Cell cytotoxicity of AEG12–inhibitor complexes against HEK cells.

Representative microscope images (10×) showing HEK cells following a 1 h incubation in PBS (i), in the presence of 10 μM GA-AEG12 (ii),

10 μM LPC-AEG12 (iii) or 100 μM Doc-AEG12 (iv). In this assay, live and dead cells are stained to be either red or green respectively. (B)

Impact of FBS on the cytotoxic activity of free and AEG12-bound GA and LPC. (C) Impact of Amberlite resin on the cytotoxic activity of free

and AEG12-bound GA and LPC. *Data obtained from two independent trials from one biological replicate.
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AEG12 and LPC-AEG12 experienced a minor loss of

efficacy, but still retained significant biological activity

(Fig. 2). Even treatment by Amberlite – a resin specifi-

cally designed to bind and sequester fatty acid ligands

– failed to significantly reduce the CC50 of both LPC-

AEG12 and GA-AEG12 (Fig. 2). As noted above and

in previous studies, the biological activity of AEG12 is

derived from its ability to bind and deliver hydropho-

bic ligands into biological membranes [6]. In this

capacity, the high affinity of the AEG12–ligand com-

plex provides a significant degree of protection from

interference by albumins or other serum factors while

facilitating rapid delivery upon encountering its molec-

ular targets.

The ability of AEG12 to deliver fusion inhibitors

into lipid bilayers of both host and viral membranes

is expected to reduce viral infectivity. To test this

hypothesis, we examined the ability of our various

AEG12 complexes to inhibit SARS CoV-2, the

causative agent responsible for the COVID-19 pan-

demic. Consistent with previous studies, the natural

nMix-AEG12 complex displayed modest antiviral

activity, with IC50 values in the mid-μM range follow-

ing a 30 min incubation at 37 °C in the presence of

2% FBS (Fig. 3) [6]. Under similar conditions, the

Apo form had no effect, again mirroring our previous

studies. Use of the GA and LPC fusion inhibitors sig-

nificantly enhanced antiviral activity with IC50 values

approximately one order of magnitude lower than

those observed using their natural nMix ligands. This

resulted in a ~ 20-fold increase in the relative therapeu-

tic index for GA-AEG12 over its nMix counterpart as

calculated using the CC50/IC50 ratio. The elevated

cytotoxicity of LPC-AEG12 resulted in a more modest

increase, although a significant improvement over

nMix-AEG12 was still noted. The use of docosanol as

an AEG12 cargo embodies the opposite approach;

while Doc-AEG12 displayed markedly reduced

Fig. 3. Antiviral activity of AEG12–inhibitor complexes. (A) Relative infectivity of SARS CoV-2 viruses following incubation with AEG12–in-
hibitor complexes. Near-zero values represent conditions where no viral plaques were detected. N/D denotes conditions that were not

tested due to cell cytotoxicity concerns. The therapeutic index of the various AEG12–inhibitor complexes relative to nMix-AEG12 is shown

in B. *Values obtained from two independent trials representing two biological replicates. †< 20% cell cytotoxicity observed at the highest

concentration tested (150 μM).
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antiviral activity, its lack of cytotoxicity resulted in a

net increase in the therapeutic index on par with LPC.

Discussion

Major allergen proteins such as AEG12 are defined by

a large hydrophobic cavity that can bind a range of

hydrophobic ligands. In this study, we are able to

leverage this capability to facilitate the delivery of

hydrophobic viral inhibitors such as GA, LPC and

docosanol into biological membranes, resulting in the

formation of novel antiviral inhibitors with varying

degrees of cell cytotoxicity and antiviral efficacy

against SARS-CoV-2. GA and LPC also retained sig-

nificant membrane destabilization and cell cytotoxicity,

potentially contributing to their antiviral activity. In

addition to membrane destabilization, the incorpora-

tion of rigid or cone-shaped lipids, such as docosanol

[16,25], ginkgolic acid [15] and lysophosphatidylcholine

[17,27], has been proposed to impair the ability of viral

membranes to fuse with their target host cells, provid-

ing an additional mechanism for antiviral activity [13–
17]. In this work, GA-AEG12 and Doc-AEG12 may

have retained this capability to varying degrees, con-

tributing to the increase in antiviral activity relative to

their cytotoxicity, although the specific molecular

mechanism was not examined in this work.

Regardless of the mechanism, the biological activity

of AEG12 is dependent on their bound hydrophobic

ligands, with the protein itself acting primarily as a

delivery vehicle. Indeed, the greatest enhancement in

the therapeutic index was observed in GA-AEG12: a

ligand whose ability to inhibit viral membrane fusion

and infectivity has been previously documented

[14,15,24]. However, these studies found that free GA

interacted with serum factors such as albumins and

other lipid-binding proteins, reducing its efficacy in a

therapeutic setting [15]. Using AEG12 as a delivery

vehicle significantly ameliorates this limitation, as the

high affinity and thermodynamic stability of the

AEG12-GA complex protects its cargoes from seques-

tration by serum factors and even specialist detergent-

absorbing resins such as Amberlite. It should also be

noted that the protocol for generating our AEG12–in-
hibitor complexes involves numerous buffer exchange

and filtration steps. The ability of AEG12 to retain its

bound ligands following this treatment provides fur-

ther evidence for its stability and resilience, highlight-

ing its potential utility as an in vivo therapeutic agent.

The concept of using lipid-binding proteins as drug

delivery vehicles has been proposed previously in the

literature. Early attempts focused on albumins and

transferrins due to their broad substrate specificity and

relatively favourable biophysical properties. However,

these proteins are limited by their mechanism of

action. Here, the lipid–protein interaction is defined by

a typical dissociation equilibrium, with the ligand

existing in either the bound form or as an aqueous

monomer (Fig. 4A). Transfer of these ligands from

their carrier protein into a target bilayer occurs via the

monomeric phase and is thus dependent on the disso-

ciation equilibrium of the lipid–protein complex.

Under this model, tight binding affinities severely limit

the concentration of free ligand present in solution at

any given time. This prevents sequestration of the

ligands by serum albumins, albeit at the cost of greatly

reduced ligand delivery kinetics, with lifetimes in the

hours or tens of hours observed in some studies

[36,37]. As with any other lipid-protein complex, MA

proteins such as AEG12 also undergo the same disso-

ciation equilibrium shown in Fig. 4A. However, they

are also able to directly exchange lipids with the target

membrane via a membrane-bound intermediate,

bypassing the need to form a monomeric species

(Fig. 4B) [6]. By decoupling the two processes, the

AEG12 complex is able to remain stable for hours or

days in solution with limited exchange with the aque-

ous environment or other serum factors, yet deliver its

ligands on the minute timescale upon encountering its

target lipid bilayer [6]. This lipid exchange mechanism

also imparts some selectivity with regards to the target

membrane. For instance, Foo et al. [6] observed that

AEG12-mediated ligand delivery is significantly

reduced against phosphatidylethanolamine (PE) bilay-

ers due to the reduced stability of the resulting

AEG12-PE product. In contrast, AEG12 has a high

affinity for phosphatidylcholine (PC) lipids, facilitating

delivery against flaviviruses and coronaviruses whose

bilayers contain high proportions of PC lipids [6]. This

mechanism could be further developed using protein

engineering approaches to impart greater control over

AEG12-mediated lipid delivery: a capacity that is not

possible using either the free ligands or ‘equilibrium-

based’ protein scaffolds.

It should be noted that plant non-specific lipid

transfer proteins (nsLTPs) also display a similar mode

of action involving a membrane-bound intermediate

state [38,39]. This allows nsLTPs to support rapid

delivery kinetics similar to those observed for AEG12,

while permitting low concentrations of free, mono-

meric ligand in solution [11,38–40]. However, these

proteins are unable to match the binding stoichiometry

of AEG12, with most nsLTPs being able to accommo-

date up to 2 fatty acids compared to the 8–10
observed for MA proteins. The correspondingly smal-

ler size of the nsLTP hydrophobic cavity (100–500 Å3)
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also restricts the types of cargoes which can be accom-

modated [7,9–11]. An interesting comparison can also

be drawn between AEG12 and cyclodextrins.

Cyclodextrins are cyclic oligosaccharides that encapsu-

late a hydrophobic cavity: analogous to the architec-

ture of AEG12. Like AEG12, this large hydrophobic

cavity allows cyclodextrins to extract cholesterol and/

or deliver lipid ligands to cell membranes, resulting in

significant interest in its potential as an antiviral thera-

peutic [41]. Furthermore, both processes have been

observed to occur on a relatively fast timescale sug-

gesting the presence of a membrane-bound intermedi-

ate step such as that described in Fig. 4B [42,43]. As

with nsLTPs, the binding stoichiometries of cyclodex-

trins (~ 1 : 1) is significantly lower than that of

AEG12, although their overall small size and simplic-

ity might compensate for this [44,45]. While the

AEG12–inhibitor complexes described in this work

represent a significant improvement over the nMix

counterparts, significant drawbacks remain – especially

with regards to cell cytotoxicity in the case of GA-

AEG12. This could be addressed through the use of

more specialized hydrophobic viral inhibitor ligands

such as 25-hydroxycholesterol or rigid amphipathic

fusion inhibitors: strategies that may not be feasible

with the smaller and more confined hydrophobic cavi-

ties of nsLTP or cyclodextrin scaffolds [46,47].

Through this work, we show that AEG12 can facili-

tate the delivery of hydrophobic viral fusion inhibitors.

The resulting complexes displayed significantly

enhanced therapeutic utility relative to both the free

ligands and the naturally occurring nMix-AEG12 spe-

cies against SARS CoV-2. We acknowledge that cyto-

toxicity and antiviral activity will vary depending on

the targeted cell types (e.g. HEK vs. Vero) and thera-

peutic conditions. Nonetheless, the ability to modulate

both these properties through the use of non-natural

lipid ligands represents a novel approach to enhancing

AEG12 antiviral activity and generating novel thera-

peutics to address a wide range of existing and emerg-

ing threats such as flaviviruses and HIV in addition to

the ongoing COVID-19 pandemic.
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31 Chen W, Duša F, Witos J, Ruokonen SK, Wiedmer

SK. Determination of the main phase transition

temperature of phospholipids by nanoplasmonic

sensing. Sci Rep. 2018;8(1):1–11. https://doi.org/10.
1038/s41598-018-33107-5

32 Kraske WV, Mountcastle DB. Effects of cholesterol

and temperature on the permeability of

dimyristoylphosphatidylcholine bilayers near the chain

melting phase transition. Biochim Biophys Acta.

2001;1514(2):159–64. https://doi.org/10.1016/S0005-2736
(01)00379-0

33 Plemel JR, Michaels NJ, Weishaupt N, Caprariello AV,

Keough MB, Rogers JA, et al. Mechanisms of

lysophosphatidylcholine-induced demyelination: a

primary lipid disrupting myelinopathy. Glia. 2018;66

(2):327–47. https://doi.org/10.1002/glia.23245
34 Kim YL, Im YJ, Ha NC, Im DS. Albumin inhibits

cytotoxic activity of lysophosphatidylcholine by direct

binding. Prostaglandins Other Lipid Mediat. 2007;83(1–
2):130–8. https://doi.org/10.1016/j.prostaglandins.2006.
10.006

35 Ojala PJ, Hirvonen TE, Hermansson M, Somerharju P,

Parkkinen J. Acyl chain-dependent effect of

lysophosphatidylcholine on human neutrophils. J

Leukoc Biol. 2007;82(6):1501–9. https://doi.org/10.1189/
jlb.0507292

36 Abreu MSC, Luis MBBL, Moreno MJ, Vaz WLC.

Binding of a fluorescent lipid amphiphile to albumin

and its transfer to lipid bilayer membranes. Biophys J.

2003;84(1):386–99. https://doi.org/10.1016/S0006-3495
(03)74859-0

37 Estronca LMBB, Moreno MJ, Laranjinha JAN,

Almeida LM, Vaz WLC. Kinetics and thermodynamics

of lipid amphiphile exchange between lipoproteins and

albumin in serum. Biophys J. 2005;88(1):557–65. https://
doi.org/10.1529/biophysj.104.047050

38 Nichols JW. Kinetics of fluorescent-labeled

phosphatidylcholine transfer between nonspecific lipid

transfer protein and phospholipid vesicles. Biochemistry.

1988;27:1889–96.
39 Cheng CS, Samuel D, Liu YJ, Shyu JC, Lai SM, Lin

KF, et al. Binding mechanism of nonspecific lipid

transfer proteins and their role in plant defense.

Biochemistry. 2004;43(43):13628–36. https://doi.org/10.
1021/bi048873j

40 Pato C, Le Borgne M, Le Baut G, Le Pape P, Marion

D, Douliez JP. Potential application of plant lipid

2564 FEBS Letters 596 (2022) 2555–2565 Published 2022. This article is a U.S. Government work and is in the public domain in the USA.

Improved antiviral effects of AEG12 on SARS-CoV-2 A. C. Y. Foo et al.

https://doi.org/10.1074/jbc.270.49.29279
https://doi.org/10.1007/s00232-006-0862-z
https://doi.org/10.1007/s00232-006-0862-z
https://doi.org/10.1021/bi00319a002
https://doi.org/10.1021/bi00319a002
https://doi.org/10.1021/bi00093a009
https://doi.org/10.1021/bi00093a009
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1073/pnas.2109744118
https://doi.org/10.1073/pnas.2109744118
https://doi.org/10.3390/ph14100980
https://doi.org/10.3390/ph14100980
https://doi.org/10.1016/S0166-3542(98)00048-5
https://doi.org/10.1016/S0166-3542(98)00048-5
https://doi.org/10.1002/pro.3701
https://doi.org/10.1128/jvi.78.16.8536-8542.2004
https://doi.org/10.1128/jvi.78.16.8536-8542.2004
https://doi.org/10.1021/jp003631o
https://doi.org/10.1021/jp003631o
https://doi.org/10.1016/S0005-2736(03)00171-8
https://doi.org/10.1016/S0005-2736(03)00171-8
https://doi.org/10.1021/bi00243a021
https://doi.org/10.1021/bi00243a021
https://doi.org/10.1038/s41598-018-33107-5
https://doi.org/10.1038/s41598-018-33107-5
https://doi.org/10.1016/S0005-2736(01)00379-0
https://doi.org/10.1016/S0005-2736(01)00379-0
https://doi.org/10.1002/glia.23245
https://doi.org/10.1016/j.prostaglandins.2006.10.006
https://doi.org/10.1016/j.prostaglandins.2006.10.006
https://doi.org/10.1189/jlb.0507292
https://doi.org/10.1189/jlb.0507292
https://doi.org/10.1016/S0006-3495(03)74859-0
https://doi.org/10.1016/S0006-3495(03)74859-0
https://doi.org/10.1529/biophysj.104.047050
https://doi.org/10.1529/biophysj.104.047050
https://doi.org/10.1021/bi048873j
https://doi.org/10.1021/bi048873j


transfer proteins for drug delivery. Biochem Pharmacol.

2001;62(5):555–60. https://doi.org/10.1016/S0006-2952
(01)00708-0

41 Garrido PF, Calvelo M, Blanco-González A, Veleiro U,
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Anderluh G. Kinetics of cholesterol extraction from

lipid membranes by methyl-β-cyclodextrin-a surface

plasmon resonance approach. Biochim Biophys Acta.

2008;1778(1):175–84. https://doi.org/10.1016/j.bbamem.

2007.09.022

44 Ondo D. Thermodynamic study on complexation of

long-chain fatty acid anions with α-cyclodextrin in

water. J Mol Liq. 2020;311:113172. https://doi.org/10.

1016/j.molliq.2020.113172

45 Skoulika SG, Georgiou CA, Polissiou MG. Interaction

of β-cyclodextrin with unsaturated and saturated

straight chain fatty acid anions studied by

phenolphthalein displacement. J Incl Phenom Macrocycl

Chem. 1999;34(1):85–96. https://doi.org/10.1023/A:

1008080619470

46 Zu S, Deng YQ, Zhou C, Li J, Li L, Chen Q, et al. 25-

Hydroxycholesterol is a potent SARS-CoV-2 inhibitor.

Cell Res. 2020;30:1043–5. https://doi.org/10.1038/
s41422-020-00398-1

47 St. Vincent MR, Colpitts CC, Ustinov AV, Muqadas M,

Joyce MA, Barsby NL, et al. Rigid amphipathic fusion

inhibitors, small molecule antiviral compounds against

enveloped viruses. Proc Natl Acad Sci USA. 2010;107

(40):17339–44. https://doi.org/10.1073/pnas.1010026107

2565FEBS Letters 596 (2022) 2555–2565 Published 2022. This article is a U.S. Government work and is in the public domain in the USA.

A. C. Y. Foo et al. Improved antiviral effects of AEG12 on SARS-CoV-2

https://doi.org/10.1016/S0006-2952(01)00708-0
https://doi.org/10.1016/S0006-2952(01)00708-0
https://doi.org/10.1016/j.ijpharm.2020.119689
https://doi.org/10.1016/j.ijpharm.2020.119689
https://doi.org/10.1021/acs.langmuir.6b03515
https://doi.org/10.1021/acs.langmuir.6b03515
https://doi.org/10.1016/j.bbamem.2007.09.022
https://doi.org/10.1016/j.bbamem.2007.09.022
https://doi.org/10.1016/j.molliq.2020.113172
https://doi.org/10.1016/j.molliq.2020.113172
https://doi.org/10.1023/A:1008080619470
https://doi.org/10.1023/A:1008080619470
https://doi.org/10.1038/s41422-020-00398-1
https://doi.org/10.1038/s41422-020-00398-1
https://doi.org/10.1073/pnas.1010026107

	Outline placeholder
	feb214456-aff-0001
	feb214456-aff-0002

	 Meth�ods
	 Expres�sion, purifi�ca�tion and bio�phys�i�cal char�ac�ter�i�za�tion of AEG12
	 Assess�ing the bio�log�i�cal activ�ity of AEG12 in&thinsp;vitro
	 AEG12 cell cyto�tox�i�c�ity and antivi�ral activ�ity
	 Data report�ing

	 Results
	 AEG12 binds and deliv�ers hydropho�bic fusion inhibitors into lipid bilay�ers
	 AEG12-in�hibitor com�plexes dis�play enhanced ther�a�peu�tic poten�tial
	feb214456-fig-0001
	 Util�ity of AEG12 as a drug deliv�ery scaf�fold
	feb214456-fig-0002
	feb214456-fig-0003

	 Dis�cus�sion
	 Acknowl�edge�ments
	feb214456-fig-0004

	 Author con�tri�bu�tions
	 Data acces�si�bil�ity
	feb214456-bib-0001
	feb214456-bib-0002
	feb214456-bib-0003
	feb214456-bib-0004
	feb214456-bib-0005
	feb214456-bib-0006
	feb214456-bib-0007
	feb214456-bib-0008
	feb214456-bib-0009
	feb214456-bib-0010
	feb214456-bib-0011
	feb214456-bib-0012
	feb214456-bib-0013
	feb214456-bib-0014
	feb214456-bib-0015
	feb214456-bib-0016
	feb214456-bib-0017
	feb214456-bib-0018
	feb214456-bib-0019
	feb214456-bib-0020
	feb214456-bib-0021
	feb214456-bib-0022
	feb214456-bib-0023
	feb214456-bib-0024
	feb214456-bib-0025
	feb214456-bib-0026
	feb214456-bib-0027
	feb214456-bib-0028
	feb214456-bib-0029
	feb214456-bib-0030
	feb214456-bib-0031
	feb214456-bib-0032
	feb214456-bib-0033
	feb214456-bib-0034
	feb214456-bib-0035
	feb214456-bib-0036
	feb214456-bib-0037
	feb214456-bib-0038
	feb214456-bib-0039
	feb214456-bib-0040
	feb214456-bib-0041
	feb214456-bib-0042
	feb214456-bib-0043
	feb214456-bib-0044
	feb214456-bib-0045
	feb214456-bib-0046
	feb214456-bib-0047


