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Figure 3.11 EM Negative staining of purified CFTR in SMALPs or detergent 
micelles. Full-length CFTR was purified from cell membranes using either 2.5% 
SMA copolyer or  2% n-dodecyl-β-D-maltopyranoside (DDM).  Negative stain 
TEM was performed on freshly-prepared material, as well as on material that had 
been snap-frozen and stored at -80 °C for 24 hours.  Lower (top row) and higher 
(bottom row) magnifications are taken for each sample on the same grid. 
Samples analyzed using the FEI Tecnai Spirit 12 (120 keV). Negative staining: 
1% Uranyl Acetate staining  Carbon coated 400 mesh grids. 
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One observation that was surprising was the greater amount of lower 

molecular weight bands seen with SEC-purified CFTR-SMALPs compared to the 

detergent purified material immediately following column purification (Figures 3.9 

and 3.10). I hypothesized that the bands visible with the CFTR-SMALP material 

when separated out on SDS-PAGE may be due to the inclusion of binding 

partners that were being purified out along with CFTR; interactions that would 

normally be interrupted by detergent purification.  To evaluate sample purity and 

confirm the identity of the lower species seen with SDS-PAGE separation, I ran 

the CFTR-SMALP sample on a Native PAGE gel, which makes use of the 

negatively-charged maleic acid moietiy that encircles the particles to migrate 

through a native Tris/Gly gradient gel.  The gel was run in duplicate and one was 

transferred to a nitrocellulose blot for CFTR immunoblotting. The resulting 

banding pattern with both coomassie staining and anti-CFTR immunoblotting 

both showed a single major band (NativeMark MWM is an approximation and 

may not be reliable as a comparison of particle size), as well as a thinner band of 

a higher molecular weight, which may have been either aggregates of the CFTR-

SMALPs or potentially two individual molecules that were co-purified in one long 

SMA polymer (See Figure 3.12).    
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Figure 3.12 Native PAGE analysis of CFTR-SMALPs detected by coomassie 
staining (left) and anti-CFTR immunoblotting show migration of one major CFTR 
band and a slightly higher band which may be SMALPs that contain two 
molecules of CFTR co-purified into one lipid particle.   

  

Samples were also prepared for proteomic analysis by separating the 

sample on a “short gel.”  This separated the protein just far enough to distinguish 

three separate bands (seen in Figure 3.13).  These bands were cut out of the gel 

and labeled as 1A, 1B and 1C, and were then sent for proteomic analysis.  I 

compared the number of unique CFTR peptides detected to the total spectra 

collected for each gel fragment and determined that CFTR comprised 99.61% of 

the detected protein in band 1A, 94.77% in 1B and  67.36% in 1C.  The 

remaining protein detected in 1C, which normally migrates to approximaly 70 

kDa, was folding chaperone HSP70, polyubiquitin and actin filaments, all of 

which are expected to bind to CFTR during the protein’s normal life cycle.  

Collectively, these data indicate that along with the CFTR, SMA co-extracts 
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associated proteins, which likely account for the smaller bands seen on SDS-

PAGE.  The band labeled 1B, which was 94.77% CFTR, is likely a small 

population of CFTR that has broken in half at the R-domain and migrated to abou 

the 80-100kDa position on the gel.  Both the N- and C-terminus were identified in 

the CFTR spectral pattern for that band. 

 

 

 

Figure 3.13 Mass spectral analysis of SEC-purified CFTR-SMALPs shows 
high-purity CFTR protein.  On left, SEC fractions were pooled and separated 
out on a reducing 4-12% Bis-Tris “short gel” to separate out 3 sets of bands (1A, 
1B and 1C) that correlated with bands of size 100kDa and higher (1A), 60-
100kDa (1B) and 40-60kDa (1C).  On right, percentage of total unique peptides 
identified as CFTR for each sample fraction.  Keratin contaminants (common 
trace occurrences) and chymotrypsin peptides were removed from calculation. 
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3.4.3 Evaluation of alternative polymers for CFTR purification 
 

Due to certain properties of SMA, particularly its sensitivity to divalent 

cations and the strong UV absorption of styrene, it can be challenging to perform 

certain quantitative assays on SMALPs such as ATPase activity and spectral 

analysis.  In an effort to address these issues, alternative polymers have been 

developed that do not share the same incompatibilities.  In the course of my 

work, I tested two of these polymers for their ability to solubilize CFTR from 

HEK293 membranes.     

Diisobutylene Maleic Acid (DIBMA) 

The first polymer tested, Diisobutylene/Maleic Acid Copolymer, or DIBMA, 

has replaced the styrene ring with diisobutylene, making it compatible with UV-

based spectroscopy methods and, despite the presence of the maleic acid 

moiety, impervious to higher concentrations of MgCl2.  I purified CFTR on three 

occasions with DIBMA, which require an overnight incubation of the polymer with 

purified membranes when used at 4 °C.  Each time I was able to obtain a 

reasonable amount of relatively pure material from the nickel column.   

One issue inherent in the properties of DIBMA, however, is the reduction 

in particle stability that comes with removing the styrene head group, which is 

believed to intercalate stably into the lipid bilayer during traditional SMA 

purification.  As a result, CFTR purified using DIBMA began to degrade after the 



171 
 

first 24 hours of the purification, and gel filtration had little impact on the overall 

purity of the prep.  

Because I was unfamiliar with the solubilizing effect of DIBMA on Expi293 

cell membranes, I prepared two separate solubilizing reactions.  The initial 3 hour 

incubation with DIBMA returned very little CFTR in the imidazole elution 

fractions; however, after the 18 hour incubation with DIBMA at 4 °C, affinity 

column purification (seen below in Figure 3.14 top panel) showed a robust 

amount of CFTR eluting.  Fractions containing CFTR were pooled and run over a 

gel filtration column for further purification; however, the resulting fractions 

returned sample that appeared less pure than that which was injected. The 

material was again concentrated and run over a clean SEC column a second 

time, and again purity did not improve, suggesting that the process of 

concentrating and gel filtration was unfavorable for the CFTR-DIBMALPs.  
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Figure 3.14 Initial analysis of CFTR solubilization using DIBMA.  Silver stain 
analysis of imidazole-eluted affinity column fractions (top, imidazole 
concetrations indicated above each lane) collected after either 3- or 18-hour 
membrane incubation with DIBMA, and SEC gel filtration column fractions 
(bottom) from two SEC purification steps run concurrently.  Because DIBMA 
lacks the styrene head group of SMA, it may require a longer incubation time for 
complete CFTR solubilization, and may be slightly more unstable as those made 
with SMA. Silver stain analysis of SEC fractions suggest that protein degradation 
may occur at significant levels when CFTR is purified using DIBMA.  Fractions 
outlined in the red boxes are those containing CFTR purified with DIBMA that 
were collected as fractions of interest for further analysis. 

 

In an attempt to stabilize the CFTR-DIBMALPs, I incorporated PKA 

phosphorylation and ATP-γ-S to the preparation protocol, as I had done with 
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CFTR-SMALPs. Initial elution from the affinity purification column returned 

relatively pure material of good concentration (Figure 3.15).  

 

Figure 3.15 Imidazole elution fractions for CFTR-DIBMALPs prior to 
phosphorylation treatment with PKA.  Silver stain (top) and immunoblotting 
evaluation of imidazole elution fractions for CFTR-DIBMALPs shows a robust 
amount of CFTR of a reasonable purity after solubilization using DIBMA.   

 

Following imidazole elution, the material was pooled, gently concentrated 

and added to a phosphorylation reaction. Because the material had been purified 
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with DIBMA, which is presumed to be insensitive to divalent cations, I used the 

recommended amount of 10 mM MgCl2 to facilitate the reaction, and followed the 

protocol that I had applied to CFTR-SMALPs. The reaction appeared to proceed 

normally, and no aggregation was apparent in the solution; however, results from 

the gel filtration SEC column suggested that no CFTR protein had successfully 

been passed through the column, and the only protein that did appear to elute 

was the remaining 43 kDa PKA that was used in the reaction prior to injection on 

the column.  

 

Figure 3.16 Fractional analysis of size-exclusion chromatography of PKA-
treated CFTR-DIBMALPs shows a total loss of CFTR after exposure to 10 mM 
MgCl2 during phosphorylation step. 

 

When I inverted the column on the AKTA and flowed sodium hydroxide 

over it, the absorption trace revealed a significant amount of protein had been 

trapped at the start of the column. This was likely the result of a breakdown of the 

DIBMALP, perhaps due to the presence of magnesium, and the subsequent 
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CFTR unfolding and aggregation after disintegration of the nanodisc that held it 

in place.  

Styrene co-maleimide (SMI)  

The second polymer evaluated was poly(styrene-co-maleimide) (SMI), a 

copolymer comprised of alternating styrene and dimethylaminopropylamine 

maleimide, which provides a solution to the challenges that the maleic acid 

moiety presents for users of SMA.  Given the loss of the negatively charged 

maleic acid, which is thought to play a role in engaging the lipid head groups 

while hydrophobic styrene inserts into the lipid acyl tails, I incubated the 

membranes overnight with SMI to ensure good solubilization and cycled the 

solubilized CFTR-SMILPs over a 5 mL nickel column continuously overnight 

using an AKTA Pure and eluted the protein from the column the next morning.  It 

was clear the column contained a significant amount of material, given the bright 

yellow color it accumulated.  A higher than normal imidazole concentration of 500 

mM  was required to fully elute protein from the affinity column, as CFTR 

immunoblotting of the initial set of eluted fractions showed that 250 mM imidazole 

did not sufficiently remove CFTR from the nickel resin.  Coomassie and silver 

stain analysis were performed on the full panel of eluted fractions which, 

unfortunately, suggested that the CFTR was a minor component of the elution.  

Given the challenges and inefficiency seen with purifying lipid particle samples 

using gel filtration columns, I decided not to pursue the SMI purification method 

any further. 
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3.4.4 Lipid evaluation of CFTR-SMALPs  
 

 As discussed previously, there is great utility in understanding the native 

lipid environment of a membrane protein. Not only does this information provide 

important structural information regarding the surrounding charge and lateral 

pressure on the molecule, it also offers valuable information that can be 

incorporated into purification protocols for functional analysis.  As was mentioned 

earlier, the limitations inherent in SMA purification impede many types of 

structural analysis; a design flaw that could easily be circumvented by employing 

a more structurally benign polymer.  At the same time, a significant advantage of 

SMA is its strong solubilizing capabilities and its compatibility with a number of 

different cell types.  Ideally, we could harness the extensive solubilizing capability 

of SMA initially, and then replace this polymer with one that is better suited for 

the downstream analysis intended; however, this approach relies on a precisely-

timed approach and a supporting network that won’t allow CFTR to unfold and 

aggregate in the process, preferably without the use of detergent.  So if we know 

which lipids endogenously surround CFTR, we can parlay this information into an 

exogenously-added lipid bilayer for CFTR lipid particle stabilization.  

 For lipidomics evaluation of CFTR-SMALPs, I first created a CFTR-

SMALP sample from Expi293 expression cells as a proof-of-concept, and then 

solubilized CFTR from the more physiologically-relevant CFSMEo- cells. Both 
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samples were analyzed for lipid content of SMALPS as well as total membrane 

fraction, and proteomics.  

CFTR lipid composition in Expi293 expression cells as proof-of-concept 

For initial attempts, and to create a set of control samples, I first 

transfected Expi293 cells with hCFTR plasmid and solubilized CFTR with SMA. 

This provided an abundant sample that could be used to validate the 

experimental approach and ensure differences in lipid composition could be 

detected between total membrane and SMALPed CFTR. Sample set and 

rationale for each is outlined below. 

 hCFTR-SMALPs solubilized from the Expi293 human expression cell line.  

This cell line is used as a means of producing a large amount of protein for 

solubilization and purification, but is not reflective of the native environment of 

hCFTR. For CFTR expression in this cell line, a cationic lipid-based 

transfection reagent was used. This may impact the overall lipid content. 

CFTR-SMALPs were purified using a nickel column and size exclusion 

chromatography 

 Expi293-SMALPs solubilized from a NON-TRANSFECTED batch of Expi293 

cell membranes. This sample represents a total population of purified 

membrane proteins and lipids from the Expi293 cells solubilized using SMA. 

To create this sample, Expi293 cell membranes were incubated with SMA for 

two hours at 4 °C per the standard protocol, at which point the solubilized 
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suspension was spun down at 100,000 xg for 1 hr to remove large membrane 

fragments. The resulting supernatant contained nonspecifically-purified 

SMALPs.  Because the final ultracentrifugation step would not pellet individual 

lipid molecules that would be detected in the lipidomics analysis, I ran both 

the hCFTR-SMALPs and Expi293-SMALPs on a Native PAGE gel. This 

allowed for PAGE purification of the Expi293-SMALPs which had not 

undergone column purification. When run on the Native PAGE gel, the 

Expi293-SMALPs separated into 3 distinct bands, which were cut out of the 

gel. The sample containing CFTR-SMALPs was also run on the Native PAGE 

gel and resolved to one band, which was also cut out of the gel and provided 

for both proteomics and lipidomics analysis. In addition to gel fragments, all 

samples were sent for analysis in SEC buffer. Each sample was analyzed by 

MS/MS with gating set to isolate members of different lipid classes.  We 

compared profiles from 4 lipid classes in particular, shown in the table below. 

Table 3.1 Summary of the four classes of lipids analyzed in detail from 
Expi-293-generated samples, as well as the MS/MS transition that was used to 
gate for each class of lipids. 

Abbreviation Lipid Class MS/MS Transition 

PC Phosphatidylcholine Precursor ion scanning (PIS) of 184.1 

PE Phosphatidylethanolamine Neutral loss of 141 

PS Phosphatidylserine Neutral loss of 185 

PA Phosphatidic Acid Neutral loss of 115, NH4+ Adducts 

PI Phosphatidylinositol Neutral loss of 277, NH4+ Adducts 

PG Phosphatidylglycerol Neutral loss of 189, NH4+ Adducts 

CER Ceramide PIS of 284.4, , NH4+ Adducts 

CE Cholesteryl Ester PIS of 369.1, NH4+ Adducts 
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We first compared the lipid profiles for total Expi293 membrane and 

Expi293-SMALPs and found no significant differences in detection patterns 

apparent between them.  This suggests that no solubilization bias for certain lipid 

classes exists for this human HEK-cell derived cell type.  We then looked for 

differences between CFTR-SMALPs, Expi293 SMALPs and total Expi293 

membrane. Results suggest that no significant differences in the prevalence of 

lipid classes exist between the Expi293-SMALPs and total Expi293 membrane 

sample, which are primarily made up of phosphatidylcholine (PC) and to a lesser 

degree, phosphatidylethanolamine (PE), with smaller fractions of each of the 

remaining classes detected.  The lipid content breakdown for CFTR-SMALPS 

indicates that while PC also makes up the majority of lipids in the CFTR-SMALP 

particles, it only represents 50%, as opposed to the roughly 75% seen with the 

other two samples.  Further, levels of phosphatidylserine (PS, mainly subclass 

PS-28:0) and Phosphatidylethanolamine (PE) (mainly PE - 32:1, 32:2, 34:2) 

lipids detected did increase significantly with the CFTR-SMALP nanodiscs. A 

breakdown of lipid content for Expi293-based samples can be seen in Figure 

3.17.   

With this data, we feel confident concluding that there is a distinct 

preference demonstrated for CFTR lipidic association when compared to general 

association profiles of SMALPs and total Expi293 membrane fraction. This work 

in Expi293 expression cells served as proof-of-concept. 
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Figure 3.17 Lipid profiles comparing the content of Expi293-SMALPs, 
Expi293 membranes and CFTR-SMALPs are displayed as the percent of each 
class that was detected for a given sample.  Data suggest no significant 
differences in the prevalence of lipid classes exist between the Expi293-
SMALPs and total Expi293 membrane sample, which is roughly 76% 
phosphatidylcholine (PC), 12% phosphatidylethanolamine (PE), and smaller 
fractions of each of the 6 remaining classes queried. This result indicates that no 
lipid bias exists upon SMA insertion and solubilization of Expi293 cells. The lipid 
content breakdown for CFTR-SMALPS again highlight the major components as 
PC and PE, although PC only represents 50%, as opposed to the roughly 75% 
seen with the other two samples.    
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 To ensure that we could draw conclusions about the particle content of 

each sample, proteomic analysis was performed on each sample tested.  For all 

non-CFTR SMALP samples, no detectable CFTR was measured. In samples that 

contained CFTR-SMALPs, either in solution or in Native PAGE gel fragments, 

CFTR was the most abundant species.  Of note, a series of peptides that was 

detected was for the microtubule-associated protein, kinectin (KTN1), which is 

normally found anchored to the endoplasmic reticulum, and could indicate that a 

subset of our CFTR-SMALP population is being isolated from ER membranes.   
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CFTR lipid composition in physiologically-relevant CFSMEO- cells 

Once the Expi293 samples were analyzed to determine assay parameters, 

the hCFTR-SMALPs in the cystic fibrosis cell line, CF submucosal gland 

epithelial cells (CFSME0-), were analyzed. 

 hCFTR-SMALPs solubilized from human CFSMEO- cells.  This cell line 

represents a human lung tissue that normally contains trace amounts of 

CFTR.  Cells were transiently transfected with the hCFTR plasmid via 

electroporation, and were seeded on collagen-coated plates for 48 hours 

post-transfection. 

 GFP-SMALPs (Sham control) This sample represent SMALPs isolated 

from cells that were electroporated with a plasmid for soluble eGFP 

expression.  This treatment group was used as a control for CFSME O- cell 

membrane SMALP solubilization after electroporation.   

 CFSMEO- total membrane (untreated negative control) – This sample 

is the untransfected CFSMEO- membrane fraction, and was included to 

determine whether SMA preferentially targets certain lipids. 

 CFTR-transfected CFSMEo- total membrane – This sample will be 

analyzed to determine whether the expression of hCFTR alters the total 

cell lipid composition overall. 
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Figure 3.18 Lipid profiles comparing the content of GFP-transfected 
CFSMEO- SMALPs (A),  CFSMEO-total membrane (B), CFTR-SMALPs (C) and 
CFTR-containing CFSMEO- membranes.  Results are given as % of each class 
that was detected for a given sample.  The data show some minor differences in 
the prevalence of lipid classes exist between the CFSMEO-SMALPs, total 
CFSMEO-membrane sample and CFTR-CFSMEo- membrane sample, which is 
between 55-75% phosphatidylcholine (PC), 12 -25% phosphatidylethanolamine 
(PE), and 5-10% PS. The lipid content breakdown for CFSMEo- CFTR-SMALPS 
contains a significantly larger component of PS lipids and a reduced level of PC 
lipids.  Of note, the amount of PE lipids was also much lower in the CFTR-
SMALP sample.   
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Preliminary data from CFSMEo- lipid analysis suggests that similar to 

Expi293 samples, the major components of the two non-CFTR containing 

samples were PE and PC lipids.  The sample of CFTR-transfected, whole-

membrane prep also had majority fractions of PE and PC lipids; however, there 

was significantly less PC, and a greater quantity of PE. When CFTR-transfected 

CFSMEO- membrane were SMALPed and the sample was enriched for CFTR 

using affinity purification, the level of PC lipids detected in the CFTR-SMALP 

samples diminished greatly, and there was a significant increase seen in levels of 

PS (mainly PS-28:0) for the sample. Overall, it appears that CFTR may have a 

preference for phosphatidylserine, with the main contributor to this differential 

across samples being PS subclass (14:0/14:0)·H, which occurs in much higher 

prevalence in CFTR-SMALPs from both cell lines as compared to other 

subclasses of PS as well as other lipid classes overall. This may not be 

surprising, however, when we consider the main subclasses that contribute to PE 

prevalence in Expi293 CFTR-SMALPs. They, too, have at least one fully 

saturated lipid chain - PE (16:0/16:1)-H and PE (16:0/18:1)-H, for example. In 

addition to the lipid classes quantified above, significant enrichment of 

cholesterol esters was detected in CFTR/SMALP samples.  

To confirm CFTR specificity of the lipid classes found in the CFTR-

SMALPs, it would be important to evaluate the content of SMALPs containing 

other purified MPs of different classes (transporter, channel and pore, for 

example) that containing different numbers of TMs. A correlation may exist 
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between size of the protein (i.e., number of TMs) and the relative percentage of 

unsaturated lipid classes that tend to pack more tightly around proteins in the 

lipid bilayer. While this data represents a very solid first trial, the experiment will 

be repeated to confirm the results.  A side-by-side comparison of the Expi-293 

and CFSMEo- data is seen in Figure 3.19. 

 

Figure 3.19 Comparison of lipidomics data for two cell lines, CFSMEo- 
lung cells (top row) and Expi293 expression cells (bottom row). For 
comparison purposes in this discussion, this Figure displays a different alignment 
and consolidation of data that appears in Figures 3.17 and 3.18. Sample type (L 
to R: CFTR-containing total membrane, CFTR-SMALPs, total membrane 
SMALPs and total untreated cell membrane) is separated by column to allow for 
comparison between the two cell types. The data suggests a strong prevalence 
for CFTR to reside in an environment that is enriched with phosphatidylserine, 
which contains long, saturated acyl chains and may provide a more static 
environment for CFTR. 


