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Abstract

The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR, ABCC7) is a plasma 

membrane chloride ion channel in the ABC transporter superfamily. CFTR is a key target for 

cystic fibrosis drug development, and its structural elucidation would advance those efforts. 

However, the limited in vivo and in vitro stability of the protein, particularly its nucleotide binding 

domains, has made structural studies challenging. Here we demonstrate that phosphatidylserine 

uniquely stimulates and thermally stabilizes the ATP hydrolysis function of purified human CFTR. 

Among several lipids tested, the greatest stabilization was observed with brain phosphatidylserine, 

which shifted the Tm for ATPase activity from 22.7 ± 0.8 °C to 35.0 ± 0.2 °C in wild-type CFTR, 

and from 26.6 ± 0.7 °C to 42.1 ± 0.2 °C in a more stable mutant CFTR having deleted regulatory 

insertion and S492P/A534P/I539T mutations. When ATPase activity was measured at 37 °C in the 

presence of brain phosphatidylserine, Vmax for wild-type CFTR was 240 ± 60 nmol/min/mg, a 

rate higher than previously reported and consistent with rates for other purified ABC transporters. 

The significant thermal stabilization of CFTR by phosphatidylserine may be advantageous in 

future structural and biophysical studies of CFTR.
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1 Introduction

Cystic fibrosis is a grave genetic disease caused by mutations in the Cystic Fibrosis 

Transmembrane Conductance Regulator, an ABC transporter that functions as a chloride ion 

channel [1]. CFTR is gated by ATP binding and hydrolysis, and this gating is regulated by 

phosphorylation [1-3]. Disease-causing CFTR mutations are numerous, with the most 

prevalent mutations leading to CFTR misfolding and degradation [4, 5]. CFTR-targeted drug 

development is being pursued aggressively, with the notable success of ivacaftor for patients 

with gating mutations [6]. On the other hand, the first drug (Orkambi) approved for patients 

with the misfolded ΔF508 form of CFTR has delivered only moderate improvement [7, 8], 

and patients with many other types of mutations still await new therapeutic strategies. 

Rational drug design for cystic fibrosis would be greatly advanced by an understanding of 

CFTR gating and regulatory mechanisms, interaction with drugs, and the impacts of clinical 

mutations. Solving the three-dimensional structure of CFTR would expedite these efforts.

Protein quality is key to solving structure at high resolution, and often hinges on protein 

stability [9-11]. A recent investigation of the temperature sensitivity of CFTR single channel 

conductance showed that even in the context of cellular membranes the wild-type protein 

ceases to gate above 40 °C [12]. CFTR becomes even more unstable upon solubilization, 

with the purified protein exhibiting both detergent sensitivity and thermal instability [13, 

14], properties that have impeded progress toward its structural determination. Some 

improvement in thermal stability of CFTR has been achieved by introducing strategic 

mutations [12, 15]. The addition of specific lipids represents a standard approach to 

enhancing stability of membrane proteins for structural biology [9]. Yet in the case of CFTR, 

there remains a dearth of information regarding its interaction with specific phospholipids. A 

single earlier study reported quenching of tryptophan fluorescence by phospholipids at a site 

in NBD1, and loss of lipid head group selectivity in the clinically important, misfolded 

ΔF508 form of CFTR [16]. Here we utilize the readily quantifiable ATPase function of 

purified human CFTR to demonstrate its specific and significant thermal stabilization by 

phosphatidylserine.
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2 Methods

We previously described the cell line D165 for expression of human CFTR modified with 

His10-SUMO* and 901Flag affinity purification tags and C-terminally fused green 

fluorescent protein (EGFP) [17]. The recombinant CFTR protein, with a molecular mass of 

212 kDa, is referred to herein as wild-type. We generated an equivalent CFTR construct with 

stabilizing mutations ΔRI/2PT [12] as follows. CFTR DNA sequence with 901FLAG epitope, 

with RI residues 404-435 deleted, and with NBD1 mutations S492P A534P and I539T 

(2PT), was ligated in-frame into the previously described lentiviral vector between SUMO* 

and EGFP sequences [17], to give the His10-SUMO*-ΔRI/2PT-CFTRFLAG-EGFP open 

reading frame under transcriptional control of the tetracycline response element. The vector 

was packaged, pseudotyped with vesicular stomatitis virus G protein, and used to transduce 

CHO-S cells (Invitrogen) that constitutively express the reverse Tet transactivator [18, 19]. 

The suspension culture-adapted transduced cell line is designated D727. To produce 

ΔRI/2PT CFTR, D727 cells were treated with 1 μg/ml of doxycycline in CD4CHO medium 

(Thermo Fisher), and harvested 2 days after induction.

Recombinant wild-type or mutant CFTR was phosphorylated with protein kinase A catalytic 

subunit and purified to homogeneity in the presence of 0.05% decyl maltose neopentyl 

glycol as described [13]. Purified protein concentrations were quantitated by densitometry 

after Coomassie Blue G250 staining [20, 21], with external standardization using aldolase 

(GE Life Sciences) which was calibrated spectrophotometrically.

Hydrolysis of 0.3 mM α-[32P]-ATP was measured in incubations containing 1.5 mM MgCl2, 

pH 7.5, at 33°C for 2 h as described [13]. Background measured with reagent blanks 

containing all components except CFTR was subtracted. Vmax values were determined at 

pH 7.5 by varying ATP concentration (0.3-3.0 mM, with 3.6 mM MgCl2) in 1.5 h 

incubations at 37 °C. The Michaelis-Menten equation was fit to the data using Excel with 

the Solver add-in.

Lipids (Avanti Polar Lipids) were peroxide tested [22] and stored at -80 °C. Sonicated 

liposomes (POPE/brain PS/egg PC/cholesterol, weight ratio 5:3:1:1, or as otherwise 

specified) were mixed 4:1 (w/w) with C12E8. Titrations with monitoring of turbidity (data 

not shown) demonstrated this ratio to be near Rsat, the point at which the bilayer is 

maximally perturbed [23] and favorable for membrane protein reconstitution [24]. We 

previously showed that this destabilization protocol enhanced lipid stimulation of ATP 

hydrolysis by CFTR [13]. A C12E8:lipid ratio of 1:4 (w/w) was used for all lipid 

preparations, giving stable emulsions in every case.

To determine lipid effects on functional stability, aliquots of CFTR (9 μl) were premixed on 

ice with the indicated lipid (6 μg in 2 μl). After 30 min at varying temperatures and return to 

ice, POPS (6 μg in 2 μl) was added, unless PS was already present. Substrate α-[32P]-ATP (2 

μl) was then added for measurement of ATPase activity as described above. Results for 

enzymatic activity remaining vs. pretreatment temperature were fit to three parameter 

sigmoidal equations in SigmaPlot. The derived inflection points, described here as 

functional Tm, were compared using Student’s two-tailed t-test.
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Methods for blind docking simulations are presented in Supplemental Data.

3 Results

We previously showed that ATP-hydrolysis by detergent-solubilized and purified CFTR 

requires addition of lipid [13]. In that study we used a PE/PS/PC/cholesterol mixture that is 

typical for studies of reconstituted CFTR [12, 25, 26]. Here we examine the specificity of 

CFTR’s lipid requirement. We performed preliminary molecular docking studies, which 

suggested preferential interaction with PS, especially with the NBDs (Table S1 in 

Supplemental Data). To test this prediction experimentally, we compared ATPase activities 

after titrating in the standard lipid mixture vs. a variety of other lipids prior to substrate 

addition (Figure 1). The standard PE/PS/PC/cholesterol liposome formulation (5:3:1:1) 

stimulated maximally at 0.2-0.5 mg/ml (Figure 1A), and omission of PS from the mixture 

greatly reduced the extent of stimulation. Brain polar extract containing 18% PS and other 

phospholipids stimulated activity to a similar extent as the defined liposome mixture, though 

it was somewhat less potent, requiring 1 mg/ml (Figure 1A). For synthetic lipids (Figure 

1B), maximum stimulation was attained at 0.2 mg/ml lipid (0.24-0.28 mM), close to 

equimolar with the amount of detergent present (0.3 mM). The comparison of different head 

groups indicated a clear preference for PS over other lipids (Figure 1B), a result compatible 

with predictions of the docking analysis (Table S1). Stimulation by PS was acyl chain-

dependent: brain PS containing predominantly C18 chains produced higher ATPase activity 

than POPS, while soluble short-chain forms (diC8- or diC10-PS) were completely ineffective 

(Figure 1C). PS is an anionic lipid, so we compared two other anionic species, PG and PI 

(Figure 1C). Both reproducibly demonstrated a spike of stimulation at low concentration, but 

reduced activity at higher concentration, suggesting a combination of stimulatory and 

inhibitory actions. Indeed, mixing experiments showed that even in the presence of 0.4 

mg/ml PS, the addition of 0.4 mg/ml PG or PI inhibited ATPase activity by 100% and 63%, 

respectively, whereas neither PE nor PC inhibited (data not shown). Docking analysis had 

indeed suggested similar binding sites for POPS and POPG (Figure S2), but would not 

distinguish between stimulatory sites of interaction and inhibitory ones. In sum, the lipid 

addition experiments demonstrated that robust CFTR ATPase activity required the presence 

of long chain PS.

Precedent in the CFTR literature is for ATP hydrolysis to be assayed at 33 °C or higher [25, 

27], and for the above comparisons ATPase was assayed at 33 °C. Further investigation 

demonstrated that CFTR, in the absence of lipid or nucleotide, was unstable at room 

temperature, losing approximately half its ATP hydrolysis activity over a 30 minute period 

(data not shown). This suggested the possibility that lipid supported ATPase activity of 

purified CFTR by stabilizing the protein. To test this hypothesis, we performed 30 min 

preincubations of CFTR/lipid mixtures at varying temperatures, then measured ATPase 

activity remaining. As illustrated by the examples in Figure 2, the resulting curves were 

sigmoidal, and curve fitting allowed determination of an inflection temperature that we will 

refer to as the functional Tm. Functional Tm was shifted to higher temperature in the 

presence of lipids, and the magnitude of the shift depended strongly on lipid composition, 

with PS producing the largest shift. These results indicated that CFTR would be significantly 
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more stable at assay temperature in the presence of certain lipids, likely accounting for the 

apparent stimulation of ATP hydrolysis seen in Figure 1.

Compiled results of independent functional Tm determinations for various lipid additions 

are presented in Table 1. PE addition produced a modest 3 °C shift of Tm to higher 

temperature. Similarly, liposomes containing PE but not PS (i.e. 5:0:1:1) shifted the Tm by 

just 2 °C . In contrast, addition of POPS or brain PS produced much larger 10 and 12 °C 

stabilizations of CFTR. Liposomes of the conventional 5:3:1:1 formula (i.e. 30% PS) were 

also strongly stabilizing, and were significantly more effective than the formula without PS 

(P< 0.001). For comparison, we chose the open channel blocker glibenclamide whose CFTR 

affinity is known (Kd = 13 μM) [28]. Glibenclamide is one of relatively few available 

reagents whose CFTR binding site has been well characterized; this site lies within the ion 

channel pore in the inner vestibule [28]. In our assays, glibenclamide partially inhibited ATP 

hydrolysis (by 40%, not shown), but had no effect on CFTR thermal stability (Table 1).

Certain mutations have been shown to thermally stabilize CFTR; these include deletion of 

the regulatory insertion (ΔRI) and/or the NBD1 mutations S492P/A534P/I539T (2PT) [12]. 

We introduced both ΔRI and 2PT mutations into the CFTR construct used in the above 

studies, and determined that the functional Tm for ATPase inactivation was shifted 3.9 °C to 

26.6 ± 0.7 °C. Addition of brain PS significantly stabilized the more stable ΔRI/2PT mutant 

protein, giving a functional Tm of 42.1 ± 0.2 °C (figure 3).

In the presence of the most stabilizing lipid, brain PS (0.4 mg/ml), we found the optimum 

assay temperature of wild-type CFTR to be 37 °C for a 1.5 h incubation at 0.3 mM ATP 

(data not shown). Using these same assay conditions, we then varied [ATP] to determine the 

Vmax for purified, PKA-phosphorylated human CFTR (Figure 4). For three independently 

purified CFTR preparations, the Vmax value was 240 ± 60 nmol/min/mg, a rate several fold 

greater than previous values of 30 nmol/min/mg reported by our own laboratory [13] or 

13-77 nmol/min/mg by others [26, 27, 29, 30].

4 Discussion

Although purified CFTR in detergent solution loses activity rapidly at just 23 °C, we have 

shown that the transition can be shifted to higher temperature by addition of select 

phospholipids. Docking simulations successfully predicted preferential interaction of CFTR 

with PS over PG or PC. Experimentally, PS produced by far the largest stabilizing effect 

among the lipids tested (Table 1), and brain PS shifted the functional Tm to 35 °C. To 

determine functional Tms, CFTR was heated in the absence of ATP, but the optimum assay 

temperature with brain PS (determined in the presence of substrate ATP) was 37 °C. 

Observation of somewhat greater CFTR stability in the presence of ATP than in its absence 

is not surprising, because differential scanning calorimetry studies have firmly established 

nucleotide stabilization of CFTR isolated NBDs [31]. Tm shifts achieved by addition of PS 

were larger than any stabilizations yet achieved through selective mutation of CFTR NBD1 

[15, 32, 33] or the full length protein [12]. Further, we demonstrated proof of principle for 

combining thermal stabilization of CFTR by PS with stabilizing effects of introduced 

mutations (Figure 3). It is therefore anticipated that thermal stabilization of CFTR through 
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judicious combination of mutations, nucleotide, and PS will help to advance efforts to solve 

the structure of this difficult but medically important membrane protein.

A number of membrane proteins exhibit specifically bound lipid playing structural and 

physiological roles [34-37]. Indeed, a growing body of literature implicates PS or other 

anionic phospholipids in modulating the function of ion channels [38, 39]. Because the 

subcellular distribution of anionic phospholipid species is tightly controlled, such regulatory 

lipid interactions may provide a mechanism for differentially regulating ion channel function 

in different organellar compartments [40]. While PS is low in endoplasmic reticulum and 

Golgi compartments, it is particularly enriched in the cytoplasmic leaflet of plasma 

membrane and early endosomes [41], where it would be available to CFTR upon its 

maturation and delivery to the cell surface. We cannot predict on the basis of our in vitro 

study whether PS plays a chaperone-like role in CFTR processing in the living cell. A very 

recent report showed that ATP8B1 depletion in human lung or intestinal cell lines led to 

failure of fully glycosylated CFTR to traffic to the apical cell surface [42]. ATP8B1 is a P4 

ATPase-type lipid flippase that maintains the asymmetric distribution of PS between leaflets 

of the cell membrane, and is thought to play a role in vesicular transport [43]. Thus it is 

difficult to know whether the influence of the flippase on CFTR processing should be 

ascribed to a perturbation in phospholipid distribution or to collapse of vesicular transport.

Previous studies of purified CFTR have likely underestimated ATPase activity due to 

suboptimal assay conditions. Using brain PS to maximally stabilize CFTR, we could assay 

activity at physiological temperature, and obtained a Vmax for the wild-type protein of 240 

± 60 nmol/min/mg (turnover rate 0.9 ± 0.2 sec-1). This rate is in better agreement with Vmax 

values measured for ATP hydrolysis by other solubilized and purified ABC transporters, e.g. 

170, 287, 329, and 460 nmol/min/mg for ABCC3, ABCG5/G8, MsbA, and ABCC1, 

respectively [44-47]. We conclude that CFTR should no longer be regarded as a slow 

ATPase in comparison to other members of the ABC transporter family.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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abbreviations

CF cystic fibrosis

CFTR cystic fibrosis transmembrane conductance regulator

EGFP enhanced green fluorescent protein

NBD nucleotide binding domain

PI phosphatidylinositol

POPC 1-palmitoyl-2-oleoyl-phosphatidylcholine

POPE 1-palmitoyl-2-oleoyl-phosphatidylethanolamine

POPG 1-palmitoyl-2-oleoyl-phosphatidylglycerol

POPS 1-palmitoyl-2-oleoyl-phosphatidylserine

RI regulatory insertion

2PT S492P/A534P/I539T
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Highlights

Phosphatidylserine specifically stabilizes ATPase activity of 

purified human CFTR

Select mutations together with phosphatidylserine further 

enhance thermal stability

With PS, turnover for ATP hydrolysis by CFTR is 

comparable to other ABC transporters
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Figure 1. CFTR requires phosphatidylserine for maximum ATPase activity
Aliquots of wild-type CFTR were preincubated on ice with the indicated lipids for 15 min 

prior to substrate addition, which was 1/5th of the final assay volume. Extent of ATP 

hydrolysis was then determined. Final lipid concentrations in assay are given. Representative 

titration data are shown, and have been duplicated for each lipid with similar results. The 

data are displayed in three panels for clarity.

Brain polar lipid extract contained 33.1% PE, 18.5% PS, 12.6% PC, 4.1% PI, 0.8% 

phosphatidic acid, and 30.9% unknown, w/w.
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Figure 2. Phospholipids differ in protecting CFTR ATPase from thermal inactivation
Aliquots of wild-type CFTR were mixed with 0.4 mg/ml of the indicated lipid, then treated 

at varying temperatures for 30 min. The remaining ATPase activity was then assayed in the 

presence of POPS, as detailed in section 2, Methods. Data points represent mean ± standard 

deviation for combined results of three experiments. Inflection points of fitted sigmoidal 

curves were taken as functional Tm values.
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Figure 3. Phosphatidylserine shifts the functional Tm of a stabilized CFTR mutant at least as 
much as for wild-type CFTR
Functional Tms were determined in the presence or absence of 0.4 mg/ml brain PS. Data 

from replicate determinations are represented as mean ± standard deviation (n=7 for 

condition 1, n=3 for other conditions).
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Figure 4. Maximum rate for CFTR ATPase at physiological temperature
Double reciprocal plot showing duplicate data points in one representative assay, and the 

fitted Michaelis-Menten curve. The experiment was replicated for three independently 

purified wild-type CFTR preparations, giving similar Vmax values.
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Table 1

Phosphatidylserine improves thermal stability of wild-type CFTR ATPase

functional Tm, °C Tm shift, °C P valuea

no addition 22.7 ± 0.8 (7)

PE/PS/PC/cholesterol 5:3:1:1 31.5 ± 1.1 (3) ±8.8 <0.0001

PE/PS/PC/cholesterol 5:0:1:1 24.9 ± 0.6 (3) ±2.2 0.003

cholesterol 23.0 ± 0.7 (3) ns

liver PI 22.7 ± 1.4 (3) ns

POPE 26.0 ± 1.1 (3) ±3.3 0.0006

POPC 23.9 ± 0.6 (3) ns

POPS 32.6 ± 0.9 (4) ±9.9 <0.0001

porcine brain PS 35.0 ± 0.2 (3) ±12.3 <0.0001

porcine brain sphingomyelin 21.9 ± 1.6 (3) ns

0.3 mM glibenclamide 22.6 ± 0.9 (3) ns

1.5% dimethylsulfoxideb 22.7 ± 0.4 (3) ns

Functional Tms were derived from thermal inactivation data as illustrated in Figure 2. Data represent mean ± standard deviation, with number of 
replicate experiments given in parentheses.

a
two-tailed Student’s t-test for difference from the no lipid control.

ns: not statistically significant (P >0.05)

b
vehicle control for glibenclamide

Biochim Biophys Acta. Author manuscript; available in PMC 2018 February 01.


	Abstract
	Graphical abstract
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

