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Short Abstract: A number of lipid enveloped viruses bud from the plasma membrane of host cells where they acquire their lipid coat. The method presented here efficiently purifies the plasma membrane, exosomes, and Ebola virus like particles allowing proteomic and lipidomic analysis. This technique is adaptable to countless lipid enveloped viruses.
Long Abstract: Ebola virus is an enveloped RNA virus from the Filoviridae family in the order Mononegavirales (1).  Ebola virus causes the most severe and fatal hemorrhagic fever in humans through transmission from infected individuals or non-human primates. To date, licensing of antiviral drugs or effective vaccines has remained elusive but recent progress in vaccine development (2) and the introduction of the ‘animal rule’ by the Food and Drug Administration is lessening the gap (3).

Ebola virions are composed of seven structural proteins encoded by single-stranded, non-segmented, negative-sense RNA (1).  The nucleocapsid (NC), where transcription of the Ebola genome occurs consists of four proteins: nucleoprotein (NP), viral protein 30 (VP30), VP35, and L as well as viral RNA. The other three proteins, VP24, VP40 and glycoprotein (GP) are associated with the membrane.  VP40 is the major matrix protein (4) and it alone is enough to form virus-like particles (VLPs) from host cells. Thus, VP40 alone has served as an appropriate model of Ebola budding, egress, and VLP formation as the VP40 VLPs structurally resemble infectious virions (6).  While the mechanistic roles of Ebola and host proteins have begun to be elucidated much less is known regarding the protein and lipid composition of Ebola virus particles and the role lipids in the plasma membrane play in assembly and budding of Ebola.

The composition of viral lipid envelopes can provide timely information on the assembly and budding process from the plasma membrane of host cells. For instance, recent lipidomic studies of human immunodeficiency virus type 1 (HIV-1) have demonstrated an enrichment in dihydrosphingomyelin (7) as well as cholesterol, ceramide, GM3, and phosphoinositides (8). Lipidomic analysis of Vesicular Stomatitis Virus and Semiliki Forest Virus demonstrated an enrichment of diunsaturated phosphatidylserine (9) while that of influenza, derived from the apical membrane of MDCK cells, was enriched in sphingolipids and cholesterol  (10). These analyses require careful sample preparation of virus or VLPs and also can be sensitive to exosome (11) contamination. Detailed knowledge of the lipid composition of viruses may lead to new avenues of therapeutics, which may halt viral replication as recently shown for HIV-1 (12). To date the lipid composition of the Ebola virus is unknown.  To begin to resolve the role of the plasma membrane lipids in Ebola budding and egress we present methodology for the timely and quantitative separation of Ebola VLPs from exosomes and the plasma membrane of human cells. This method can be used for robust proteomic and lipidomic analysis of Ebola VLPs.

Protocol Text: 
A) Cell Maintenance, Growth and Exosome Free Media Preparation

1) DMEM:RPMI (50:50) containing 20% FBS was prepared according to standard protocols.  

2) To remove exosomes the media was centrifuged for 6 hrs at 100,000 x g at 4(C.

3) The supernatant was then collected and centrifuged again overnight (16 hrs) at 100,000 x g at 
4(C.

4) The resulting supernatant was collected and DMEM:RPMI (50:50) media (No FBS) was added to prepare a final volume containing 10% FBS.

5) The media was then sterile filtered through a 0.2 mm filter and assessed for exosome content using electron microscopy and dynamic light scattering analysis.

6) To begin using exosome free media, A549 cells grown in 10 cm diameter petri dishes were grown until ~70% confluent

7) The media was then exchanged to exosome-free media post transfection of DNA (see below).
B) VP40 VLP Purification 

1) Human A549 cells were seeded at 2 x 105 cells per well in standard 6 well plates. Cells were       allowed to grow for 24-48 hours to ( 80-90% confluency.
2) Cells were transfected using Lipofectamine LTX and Plus Reagent along with 3 mg of VP40    DNA per well according to the manufacturers protocol (Invitrogen).

3) After 8 hrs the transfection media was removed and replaced with DMEM/RPMI (50:50)

exosome free media containing 10% FBS and 1% pen:strep.

4) 48 hrs post transfection the media was collected and centrifuged for 5 min at 1500 x g at 4(C

to pellet cell debris

5) The supernatant was then transferred over a 20% sucrose cushion and centrifuged at 50,000 x
g for 2 hrs at 4(C.
6) The resulting pellet containing the VLPs was collected by resuspension in 150 mM NH4HCO3.  VLPs were verified by electron microscopy and dynamic light scaterring analysis (DLS) (see below).
C) Plasma Membrane Purification 
1) To purify plasma membrane (PM) from A549 cells a protocol was modified from Kalvodova, 

L. et.  al. (9). A549 cells were seeded at 2 x 105 in 5 T150 flasks (150 cm2) and were allowed to grow for 2-3 days to reach 80-90% confluency.

2) To begin the plasma membrane purification, culture flasks were moved to 4( C and allowed

to cool for 10 min prior to biotinylation
3) Cells were then washed twice with 10 ml PBS.

4) 1 mg/ml NHS-Sulfo-LC-biotin in PBS; pH 8 ((0.02 ml/cm2) was then added to each flask to

initiate the biotinylation reaction. Cells were incubated for 20 min with gentle rocking at 4( C.

5) After 20 min cells were washed twice with PBS (10 ml per flask).

6) Subsequently, a 0.1 M glycine wash was used to quench unreactive biotinylation reagents (10

ml per flask) followed by another wash with PBS (10 ml each flask).

7) Cells were then scraped into 20 mM Tris, pH 8.35 containing 200 mM sucrose and 0.2 mM
MgCl2 (( 0.01 ml/cm2 or 1.5 ml per flask) and transferred to a 5 ml test tube.

8) Neutravidin-conjugated Dynabeads™ M-450 (in PBS containing 0.1% gelatin) were then

added to the cells using 0.5 ml of beads/cm2 at the concentration of 4 x 108 beads per mL.

9) The suspension was carefully mixed to allow binding to proceed at 4(C for 20-30 min. A

light microscope is used to monitor binding of the cells to the beads.

10) After 30 min an EasySep magnet was used to remove bound cells from the solution. This was

performed quickly to prevent sedimentation of unbound cells.  

11) The supernatant was poured off and the collected cells were washed twice with 1 mL of 20

mM Tris, pH 8.35 containing 200 mM sucrose and 0.2 mM MgCl2.

12) 3 ml of freshly prepared hypoosmotic buffer (20 mM Tris, pH 9.1, containing 25 mM sucrose 
and 0.2 mM MgCl2) was then added and incubated for 10 min at 4(C with mixing.

13)  The hypoosmotic buffer was removed using the EasySep magnet and pipeting off of the

supernatant.

14) Buffer exchange was then performed by resuspending the plasma membrane coated beads      with 3 ml of 250 nM latrunculin A and incubation at room temperature with mixing for 5 min. There should not be many if any whole cells under the microscope at this juncture.  The buffer was then removed as described in step 13 above.

15) Beads were then washed with 50 mM Tris, pH 6.8 containing 0.2 M NaBr, 0.2 M KCl, and

250 nM latrunculin A and transferred to a new tube.

16) Beads were then washed twice with 0.1 M Na2CO3, pH 11 and once with 25 mM Tris, pH 6.8

containing 0.1 M KCl and 0.1 M NaBr. 

17) A final wash with freshly prepared 150 mM NH4HCO3, pH 8 was then performed. Each 

wash step described used the EasySep magnet and supernatant removal as described earlier.

18) The resulting plasma membrane was resuspended in 200 (l of 150 mM NH4HCO3 for

respective analysis.

D) Electron Microscopy 

1) Ten microliters of purified VLPs or exosomes were loaded onto a Carbon-formvar-coated copper grid.

2) The sample was left on the grid for 5 min to form a monolayer. After 5 min the remainder of sample was blotted off and the grid was dried at room temperature for 30 min.  
3) The sample was then stained for 2 min with 5 mL of 2% uranyl acetate solution (uranyl acetate solution was filtered through a 0.2 mm filter prior to sample treatment) and dried at room temperature for 1 hr. 
4) VLP or exosome morphologies were examined on a HITACHI H-600 Transmission Electron Microscope (TEM) with an accelerating voltage set to 75 kV. 
5) Images were taken with a SIA L3C, Peltier cooled CCD array, and 4.2 Megapixels digital camera with a direct magnification of 8 – 15 kx (See Fig. x).

E) Dynamic Light Scattering Analysis

1) 100 mL of exosome of VLP samples were analyzed on a Beckman Coulter DelsaNano

submicron particle size analyzer using a small volume microcuvette.

2)  70 iterations of each sample were measured (~ 2 min) to yield the intensity, number and volume distribution (See Fig. 2. D-E). 
Representative Results: A549 cells expressing EGFP-VP40 (Fig. 1A) produce large amounts of VLPs (Fig. 1B); however, the VLPs will be contaminated with exosomes (Fig. 1C and D) found in the media and naturally shed from the cells in culture if not carefully purified.  Removal of exosomes from the FBS containing media was essential to obtain a purified VLP preparation (Fig. 1E) that could be used for proteomic and lipidomic (Fig. 5) analysis.  In addition to confirming the presence of VLPs (Fig. 4A) by EM and DLS, western blotting or ELISA assays with antibody can be used to specifically detect the viral protein of interest (Fig. 4B). To confirm the presence of specific Ebola WT VLPs we used two mutations of VP40, E160A (VP40-EA) and W95/E160A (VP40-WEA) that have previously been shown to reduce viral egress (13). VLPs quantified by ELISA demonstrate the formation Ebola VLPs compared to plasmid transfected control cells.  Additionally, VP40-EA and VP40-WEA behaved as similarly reported with VP40-EA slightly reducing VLP formation and VP40-WEA causing a substantial decrease in VLP production (13).  

The purified PM (Fig. 2A-F) and isolated exosomes (Fig. 3) allow for a systematic comparison of the proteins and lipids present in VLPs, the PM, and exosomes.  The PM preparation can be contaminated most notably by the ER (Fig. 2E), which is the most abundant membrane of the cell.  To yield a purified PM preparation devoid of ER markers (Fig. 2E) excessive beads must be avoided from preparation to preparation.  It is also important to test for positive PM markers either by western blotting or proteomic analysis (Fig. 2F).

Figure 1.   Exosome purification is essential to obtaining purified Ebola VLPs. A. A549 cells expressing EGFP-VP40 imaged with a confocal microscope show the egress of Ebola VLPs from the PM. B. Electron microscopy using negative staining is used to visualize Ebola VLPs. Scale bar = 200 nm. C. VLP samples purified without removing exosomes from the media are contaminated with exosomes as evidence by electron microscopy. Scale bar = 50 nm. D. DLS analysis demonstrates that VLPs (~ 400 nm) obtained without removing exosomes from the media are contaminated by exosomes (~ 50 nm). E. The enhanced protocol presented above, which includes removal of exosomes from FBS containing media is essential to obtaining a purified sample of VLPs that are exosome free.  Here, the absence of exosomes is confirmed with DLS analysis.  The average size of Ebola VLPs is in the 400 nm range as compared to exosomes observed in the 50 nm range (1C and 1D).
Figure 2. Plasma membrane isolation and characterization. A. Neutravidin-conjugated Dynabeads™ M-450 (in PBS containing 0.1% gelatin) were used to capture the biotinylated plasma membrane. B. A549 cells were biotinylated with NHS-Sulfo-LC-biotin in PBS for 20 minutes. C. Neutravidin-conjugated Dynabeads™ M-450 were then added to the A549 cells using 0.5 ml of beads/cm2 at the concentration of 4 x 108 beads per mL.  D. After 30 min of mixing cells and beads an EasySep magnet was used to remove bound cells from the solution under conditions which greatly limited sedimentation of unbound cells.  E.  To verify the purity of the captured plasma membrane, western blotting with an anti-calnexin (a marker of the ER) antibody was performed.  The left panel indicates a contaminated PM preparation, which can be attributed to using excessive beads.  The center panel demonstrates a purified PM preparation for which calnexin is not detectable.  In addition, proteomic analysis was performed to verify that calnexin could not be detected in purified PM preparations. The right panel is used as a control to detect calnexin in the cell lysate.  F. Proteomic analysis was done on purified PM samples to verify the presence of PM specific markers such as: phosphatidylinositol-3,4,5-trisphosphate phosphatase and plasma membrane calcium-transporting ATPase.
Figure 3.  Exosome purification schematic. Purified exosomes from the same cells that are used to assess VLP formation are useful to understanding similarities and differences in the budding process of Ebola VLPs and exosomes. They can also serve as a viable control to ensure VLPs aren’t contamined with exosomes.  Exosomes can be isolated from cells after 48-hours in exosome free media (see above).  Media is removed from A549 cells and spun at low speed for 20 min.  The supernatant is then removed and spun at moderate speed for 30 min to once again obtain the supernatant.  The supernatant is then subjected to high-speed centrifugtation for 70 min to obtain exosomes contaminated with proteins.  The resulting pellet is collected, resuspended, and once again spun at high speed for 70 min to obtain a purified preparation of exosomes.
Figure 4.  VLP purification schematic. A.  Visual schematic of the purification of Ebola VLPs as presented above.  In brief, A549 cells are transfected with plasmid harboring VP40 in exosome free media. After 48 hours, VLPs are collected and cellular debris is removed through centrifugation. The supernatant is removed and transferred over a 20% sucrose cushion to collect VLPs by high-speed centrifugation. B. The egress of VLPs was confirmed using an ELISA detection kit for EGFP. To quantify VLP formation, EGFP-VP40, EGFP-VP40-EA (E160A), EGFP-VP40-WEA (W95A/E160A), or EGFP were detected with a GFP ELISA kit (Cell Biolabs, Inc. San Diego, CA) according to the manufacturers protocols.  VLPs were isolated from cellular media as previously described (14) 48-hours post transfection.  Cells were collected and lysed to measure the cellular concentration of EGFP-VP40, EGFP-VP40-EA, EGFP-VP40-WEA or EGFP using the BCA protein assay method as a control for total protein content.  Relative VLP formation is expressed as the ratio of EGFP in the VLPs/EGFP in the cellular lysate.  
Figure 5. Lipidomic analysis of Ebola VLPs. Precursor ion scan of VP40 VLPs for phosphatidylethanolamine (PE) with a neutral loss of 141.0 by positive polarity electrospray ionization using an AB Sciex Qtrap 5500.  Neutral PE 28:0, 636.8 m/z (in A) and 636.7 m/z (in B) served as an internal standard for both samples. A. Exhibits relatively poor sample signal and species selectivity, as it is difficult to differentiate signal of lipid species from the background noise of the instrument. B. Exhibits increased signal by 2 orders of magnitude, while identifying multiple species at drastically different signal intensities.
Discussion: The purification and sizing analysis presented here enables sensitive and quantitative assessment of Ebola VLPs from human cells.  This methodology is suitable for purification and examination of a large range of lipid enveloped viruses.  Exosome purification from both the FBS containing media and from the VLPs during the 48-hour post transfection period was essential (See Figure 2. C-E) to obtaining purified Ebola VLPs.  While exosomes will not normally hinder assessment of viral egress when comparing WT and mutant VP40 molecules they will contaminate subsequent lipidomic and proteomic analysis. Additionally, because Ebola buds from the PM, a pure plasma membrane preparation will allow a systematic comparison of lipids in the VLPs and lipids in the PM.  This should lead to a better understanding of how the PM is involved in the Ebola budding process.  In order to reduce contamination of the PM preparations, excessive beads must be avoided to prevent contamination by the ER (Figure 2E).    The combined efforts of antibody detection, DLS, and EM analysis allow for sizing analysis of VLPs and exosomes and semi quantitative assessment of exosome contamination of the VLPs.  In closing, a detailed protocol has been presented to purify Ebola VLPs that are exosome free. While yield may vary from lab to lab or preparation to preparation (or from cell line to cell line), the presented protocol should serve to robustly purify VLPs, exosomes, and the PM from A549 cells.
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Table 1. Specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	DMEM
	Invitrogen
	11885-0921234
	Cell Culture

	RPMI
	Mediatech
	50-020
	Cell Culture

	NaHCO3
	Fisher Scientific
	S233-3
	Cell Culture

	FBS
	Altanta Biologicals
	S11050
	Cell Culture

	Penicillin-Steptomycin
	Invitrogen
	15140-122
	Cell Culture

	A549 Cell Line
	Sigma Aldrich
	86012804
	Cell Culture

	EZ-Link Sulfo-NHS-LC-Biotin
	Pierce Biotechnology
	21335
	PM preparation

	NaCl
	Fisher Scientific
	BP358-212
	PM preparation

	KCl
	Fisher Scientific
	BP366-1
	PM preparation

	Na2HPO4
	Mallinckrodt Chemicals
	7917-04
	PM preparation

	KH2PO4
	Fisher Scientific
	BP362-500
	PM preparation

	Glycine
	Fisher Scientific
	BP381-5
	PM preparation

	Dynabeads™ M-450 Epoxy
	Invitrogen
	140-11
	PM preparation

	MnCl2 4H20
	MP Biomedicals
	155334
	PM preparation

	Latrunculin A
	Cayman Chemical 
	10010630
	PM preparation

	NaBr
	MP Biomedicals
	194869
	PM preparation

	Tris Base
	Fisher Scientific
	BP151-1
	PM preparation

	Na2CO3
	MP Biomedicals
	191437
	PM preparation

	BD Falcon Tissue Culture Flasks with vented cap
	VWR
	15705-074
	PM preparation

	EasySep Magnet
	Stem Cell Technology
	18000
	PM preparation

	NeutrAvidin Protein
	Pierce Biotechnology
	31000
	PM preparation

	gelatin
	Amresco
	9764
	PM preparation

	sucrose
	Fisher Scientific
	BP220-1
	VLP purification

	HCl
	Fisher Scientific
	23-011-111
	VLP purification

	EDTA Disodium Salt
	Fisher Scientific
	BP120-500
	VLP purification

	NH4HCO3
	Santa Cruz Biotechnology
	SC-207281
	VLP purification

	Bottle Assembly, Polycarbonate, 50 ml, 29 x 104 mm
	Beckman Coulter
	357000
	VLP purification

	DelsaNano S Submicron particle size analyzer


	Beckman Coulter
	A53876


	Exosome/VLP sizing

	Small volume cell (microcuvette)
	Beckman Coulter
	A54094


	Exosome/VLP sizing

	Precision Plus Protein Dual Color Standards


	BioRad
	1610374


	Western Blotting

	Supported nitrocellulose membrane
	BioRad
	1620094


	Western Blotting

	Flotillin-1 (H-104) antibody


	SantaCruz Biotechnology
	SC-25506
	Western Blotting

	Calnexin antibody
	BioVision
	3811-100
	Western Blotting

	Secondary antibody
	Invitrogen
	81-6120
	Western Blotting

	Immuno-Star Goat Anti-Rabbit (GAR)-AP Detection


	BioRad
	170-5011


	Western Blotting

	Tween-20
	Fisher Scientific
	BP377-500


	Western Blotting

	Lipofectamine LTX
	Invitrogen
	15338-100


	Transfection

	Uranyl Acetate
	Electron Microscopy Services
	541-09-3
	Electron Microscopy

	Formvar/Carbon film: Copper grids 400 mesh
	Electron Microscopy Services
	FF400-Cu
	Electron Microscopy

	Hitachi H-600 (TEM)
	Hitachi
	
	Electron Microscopy
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