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Supplementary Figure 1. The role of molecular chaperones in the PM expression and function 

of ΔF508-CFTR in CFBE and HeLa cells.  

(A) Hsc70 knock down (KD) effect on WT CFTR and chaperones expression in CFBE. Expression 

of CFTR and chaperones was detected by immunoblotting of cells transfected by 50 nM siHsc70 or 

NT siRNA (non-targeted).  Right panel: Densitometric analysis of CFTR and chaperone/co-

chaperone expression following Hsc70 KD in CFBE cells. Results show means ± SEM, n=2-3. 

*P<0.05, **P<0.01, ***P<0.001. (B) The effect of chaperone or co-chaperone KD on ΔF508-CFTR 

function in CFBE.  Hsp90α (90α), Hsp90β (90β), DNAJA1 (JA1), DNAJA2 (JA2), Aha1, Hsp70, 

or Hsc70 were silenced with 50nM siRNA. Cells transfected with NT siRNA served as controls. 

Rescued ΔF508-CFTR (30°C, 48h) was unfolded (2h, 37°C) and its function was determined by 

halide-sensitive YFP quenching assay as described in Methods. (C) CFBE was transfected with 

specific or NT siRNA (-) and expression of each target gene was monitored by quantitative Western 

blotting on equal amounts of cell lysates (means ± SED, n=2-3, lower panel). (D) Inhibition of 

Hsp90 by Geldanamycin (5µM) or Genetispib (100nM) downregulates the complex- and core-

glycosylated WT-CFTR expression (band C and band B, respectively) in CFBE after 24 hours. 

Na+/K+-ATPase was used as a loading control. (E-F) The effect of Hsc70 and Hsp90 acute 

inhibition on the PM density, function and FPMA of ΔF508-CFTR-3HA in filter grown CFBE. 

After rescuing ΔF508-CFTR (30°C, 48h), cells were exposed to 5 µM apoptozole (Apop), 5µg ml-1 

geldanamycin (GA), 10 µM MKT-077 (MKT) or 100nM ganetespib (Gpib) individually or in 

combinations for 2h. Short circuit current (Isc) was measured after CFTR activation with forskolin 

(frk, 20 μM) and genistein (gen, 100 μM) followed by CFTR inhibition with Inh172 (172, 20 μM). 

Results show means ± SEM, n=4. *P<0.05, **P<0.01, ***P<0.001. (G) The effect of Hsc70 KD and 

chaperone inhibition on the PM density and PKA-activated chloride transport of ΔF508- and WT-

CFTR-3HA, was determined by PM ELISA and iodide efflux, respectively, in HeLa cells. Hsc70 
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was KD with 50nM siHsc70. Rescued ΔF508-CFTR (26°C, 48h) was unfolded (2.5h, 37°C) in the 

absence or presence of Hsc70 (1 µM pifthrin µ [Pif] or 1 µM apoptozole [Apo]) or Hsp90 (10 µg 

ml-1 geldanamycin [GA]) inhibitor.  PM density and function was expressed as percentage of 

NTsiRNA cells. Lower panels depict the FPMA of CFTRs. Results show means ± SEM, n=5-8. 

*P<0.05, **P<0.01, ***P<0.001. 
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Supplementary  Figure 2. Modulation of ΔF508-CFTR biochemical stability at the PM and in 

post-endocytic compartments.  

(A) Representative histograms of the luminal pH (pHv) of ΔF508-CFTR-3HA containing endocytic 

vesicles. pHv was measured by fluorescence ratiometric image analysis (FRIA), as described in 

Methods. GA and Pif (5µM each) were present during Ab incubation (0°C) and then the 30 min 

chase at 37°C. Cells were treated with DMSO (left panel) or VX-809 (3 µM, right panel) for 24h 

and during the chase. The pHv distribution of ~500 endocytic vesicles is shown from one 

representative set of experiments of three. (B) The influence of GA+Pif on the endo-lysososomal 

distribution of internalized ΔF508-CFTR in control and VX-809 treated CFBE. Data are means 

±SEM, n=3. (C) Chaperone inhibition sensitizes ΔF508- and ΔF508-CFTR-3S to downregulation  

by the gating potentiator, VX-770, after 24 h treatment in CFBE. Rescued ΔF508-CFTR (26°C, 

48h) was unfolded for 30 min at 37°C prior to a 2h incubation with chaperone inhibitors (10 µM 

Apo, 10µM GA and combination). ΔF508-CFTR-3S cells were not rescued. CFTR PM density is 

expressed as percent of the control before VX-770 treatment. Data show means ±SEM, n=3. (D) 

The effect of Hsc70 and Hsp90 inhibition on the IC50 of VX-770-induced ΔF508-CFTR variant 

downregulation at the PM in CFBE. Experiments were performed as in panel C, using Apo+GA 

inhibitors as indicated. Data show means ±SEM, n=4.  
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Supplementary Figure 3. Functional and biochemical characterization of CFTR and NBD1 

variants.  

 (A) WT-CFTR gating activity is preserved after a temperature ramp in the BLM. The activity of 

two WT-CFTR channels was monitored for ∼6 min at ∼34-35°C after the ramp. (B) The Hsc70 

concentration in the BLM was negligible. The amount of Hsc70 that was co-fractionated with 

microsomes (∼5µg), isolated from BHK-21 cells, expressing WT, ΔF508-CFTR-2RK, or ΔF508-

2RK/3S-CFTR,  was determined by immunoblotting. Purified Hsc70 (0.15-45 ng) and whole cell 

lysates were loaded as reference. The Hsc70 concentration in the BLM cup was ∼40 nM, <1% of 

the cytoplasmic Hsc70 concentration (∼5 µM)1 (n=2). (C) All point amplitude histograms of WT 

and ΔF508-CFTR-2RK currents at 25, 30, and 35ºC from 1 min representative records in BLM. (D) 

Temperature-dependence of WT- and rΔF508-CFTR-2RK unitary conductance (pS) was calculated 

from the amplitude histogram (g=i Vh
-1, where i is the single channel amplitude and Vh is the 

holding membrane potential -60 mV, n=3-4). (E) The Po of WT-, rΔF508-, and rΔF508-CFTR-2RK 

was calculated during temperature ramps (∼1.4°C min-1) in the BLM. The Po values of the WT- and 

rΔF508-CFTR-2RK are shown (dashed lines) from Fig.3F. (F) Comparison of functional 

inactivation kinetics of rΔF508-CFTR at the PM, in excised patch and in the BLM. The ΔF508-

CFTR inactivation kinetics in excised patch configuration was reported by the Kirk2 and Sheppard3 

labs. The functional PM turnover of rΔF508-CFTR in CFBE cells was monitored by Isc 

measurements and derived from our publication4. Incubation time at 37°C is indicated, except for 

the BLM studies, where temperature ramps were imposed as in panel E. n values are as in Fig.3F, 

Supplementary Fig.3F-G and Isc n=3. (G) Thermal stability of isolated NBD1 variants, containing 

the indicated second site suppressor mutations (see Supplementary Table 1), was monitored by 

differential scanning fluorimetry (DSF) using SYPRO Orange and is depicted as melting 
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temperatures (Tm) (means ±SEM, n=3). (H) Hsc70 and DNAJA2 have no discernible effect on the 

WT-CFTR Po.  Channel activity was recorded in the BLM. Chaperones were added at 2 µM 

concentration. Data are means ± SEM, n=10-16.  
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Supplementary Figure 4. Co-chaperones are required for chaperone-mediated refolding of 

ΔF508-CFTR-2RK.  

(A-E) Representative temperature-dependent gating activity of ΔF508-CFTR-2RK in BLM in the 

presence of Hsc70 (A), Hsc70 + DNAJA1 (B), DNAJA2 (C), Hsc70-K71M + DNAJA2 (D) and 

Hsp90β (E) as described in Fig.3. (F) Thermal inactivation of the ΔF508-CFTR-2RK is reversible. 

After the temperature ramp, the BLM temperature was reduced to 24ºC, which was coincided with 

regained activity of the mutant. Record only shows the channel gating during the second 

temperature ramp. The Po values were 0.13 and 0.16 at 25-30°C before and after the second 

temperature ramp, respectively. Representative record of 14 observations. (G) Left panel: Semi-

logarithmic Van't Hoff plots of WT and ΔF508-CFTR-2RK gating in the presence of 

Hsc70/DNAJA2 or Hsp90/Aha1. Equilibrium gating constants were calculated from Po of single 

and multiple channel activities (n values are the same as in Fig.2F). Data were fitted by linear 

regression analysis. Right panel: Free energy of channel opening at 24ºC and 36ºC was calculated 

based on the ΔGO-C = -RTlnKe equation as described in Methods. (H) Folding activity of purified 

DnaK, DnaJ, and GrpE . Denatured firefly luciferase (8µM) in 6M Gdm-Cl (5 min, 26ºC) was after 

100-fold dilution into 40 mM Hepes/KOH pH 7.5, 50mM K-acetate, 2 mM Mg-acetate2, and 2 mM 

ATP at 30°C in the absence or presence of DnaK (K, 800nM), DnaJ (J, 160nM) and GrpE (E, 

400nM). Luciferase activity was measured by luminometry in the presence of 70µM D-luciferin 

and 5 mM ATP and expressed as the percentage of non-denatured luciferase activity (n=3). (I) 

Temperature-dependent single-channel activity of rΔF508-CFTR-2RK in the presence of DnaK (1 

µM), DnaJ (0.2 µM) and GrpE (0.5 µM). (J) The effect of DnaK or DnaK/DnaJ/GrpE on the Po of 

ΔF508-CFTR-2RK, determined as the function of temperature. Results show means ± SEM. 

*P<0.05, **P<0.01, ***P<0.001. 
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Supplementary Figure 5. Effect of molecular chaperones on the temperature-dependent 

gating kinetics and energetics of WT- and ΔF508-CFTR.  

(A) The temperature effect on closed time histograms of WT- and ΔF508-CFTR-2RK with or 

without Hsc70/DNAJA2. Peaks were fitted with one Gaussian distribution to the following single 

channel records: ΔF508-CFTR-2RK (total duration=10-28 min, n=5-24), ΔF508-CFTR-2RK with 

Hsc70/DNAJA2 (15-25 min, n=10-23) and WT (4-7 min, n=3-7), except for the ΔF508-CFTR-2RK 

at 24 and 26ºC, where two Gaussian distributions were fitted. (B) Temperature-dependence of the 

mean O1 and O2 time of WT, ΔF508-CFTR-2RK and ΔF508-CFTR-2RK in the presence of 

Hsc70/DNAJA2 based on dwell time histograms  obtained from records as in panel A (C) A 

simplified gating model of temperature rescued ∆F508-CFTR-2RK consists of three states: O1(T)  - 

C(T) - O2(T) at 24°C. Upon thermal unfolding these states are transformed into O1’, O2’ and C’ 

states in the BLM at 36°C. Unfolding is characterized by the increased prevalence of short O1’ and 

longer C states (see Fig. 4, Fig. S4 and Table S2). During thermal unfolding, the partially unfolded 

channel is recognized by the Hsc70/DNAJA2 complex, which remodels the polypeptide folding 

trajectory by entropic pulling and engaging the channel in unfolding/refolding cycle. This leads to 

the shift of the O1’, O2’ and C’ states toward near-native, temperature-rescued ∆F508-CFTR-2RK 

conformations (O1’’, O2’’ and C’’) (blue arrows), reflected by the partially restored channel gating 

(Fig. 2F). While the gating kinetics analysis revealed energetic differences between the open (O1 

and O2) states, the conformational and energetic differences between C, C’ and C’’ states cannot be 

defined. Considering that chaperone inhibition has an effect on ∆F508-CFTR FPMA in the absence 

of PKA activation (see Fig.2C), we propose that both the open and the closed states are subjected to 

conformational rearrangement by chaperones (blue arrows). This is arbitrarily indicated by the 

increased free energy of the ∆F508-CFTR-2RK closed state upon thermal unfolding at 36°C and its 

reduction by Hsc70/DNAJA2 activity (see Fig. 5B), which suggest that the chaperone-induced 

energetic stabilization of the ∆F508-CFTR-2RK is probably underestimated at 36°C. (D) Arrhenius 
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plots of short (O1, top panels) and long (O2, lower panels) opening, as well as closing rate constants 

calculated from single channel gating activity. Data were fitted by linear regression. (E) Steady-

state enthalpic and entropic energy changes required for the ∆F508-CFTR C to O1 or O2 transitions 

and the effect of Hsc70/DNAJA2 at 36°C, calculated based on the Arrhenius plots of panels D and 

F. WT CFTR was used as reference. (F) Arrhenius plots of WT CFTR opening and closing 

transition rates as a function of temperature. Data were fitted by linear regression. Rate constants 

were determined from mean open and closed times as described in Methods. Results are means ± 

SEM,  n=5-24 (ΔF), n=10-23 (ΔF with Hsc70/DNAJA2) and n=3-7 (WT). 
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Supplementary Figure 6.  Schematic model of molecular chaperones role in refolding and 

degradation of near-native CFTR at the PM. 

Molecular chaperone and co-chaperone complexes can contribute to both the conformational 

maintenance and degradation of ΔF508-CFTR at the PM. Depending on the severity of the channel 

conformational defect and the cellular proteostasis network activity and composition, the pro-

folding or the pro-degradative function of associated chaperone complexes will be dominant at the 

PM and endocytic compartments. Although both Hsc70 and Hsp90 contribute to the refolding and 

ubiquitination of the unfolded ΔF508-CFTR, DNAJA2 is preferentially required for the mutant 

refolding and DNAJA1 is necessary for its ubiquitin-dependent lysosomal downregulation5 from 

the PM, suggesting distinct co-chaperone requirement for the pro-degradative and pro-folding roles 

of chaperones. 
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Supplementary Figure 7. The impact of second-site suppressor mutations on ΔF508-CFTR-

3HA susceptibility to Hsc70 meditated folding.  

The influence of NBD1 and/or NBD1-MSD2 second site suppressor mutations (3S and R1070W, 

respectively) on the temperature-dependent ΔF508-CFTR gating was measured in BLM. (A-F) 

Representative channel activity of ΔF508-CFTR-R1070W in the absence (A) and presence (B) of 

Hsc70/DNAJA2, as well as ∆F508-CFTR-3S/R1070W (D) and ΔF508-CFTR-3S in the absence (E) 

and presence (F) of Hsc70/DNAJA2, are shown. (C) Open probabilities of ΔF508-CFTR, 

containing the indicated stabilizing mutations in the presence or absence of Hsc70/DNAJA2 

(Hsc70/J). (G-H) Energetic stabilization of ΔF508-CFTR open state by NBD1-MSD2 interface 

(R1070W), but not the NBD1 suppressor 3S mutation. Semi-logarithmic Van’t Hoff plots depicts 

the temperature-dependence of the gating equilibrium constant ln(Ke), calculated from the Po for 

the mutants. Data were fitted by linear regression and plots were used to calculate steady-state 

energetic parameters (G). ΔHO-C and TΔSO-C values at 24°C and 36°C were determined from the 

slope and intercept, respectively, as described in the Methods (H). Data are means ± SEM, n values 

are the same as in Figure 7A. 



FKBP-cHSF1 +/CFTR 

+Shield1 control 

a 

0 

20 

40 

60 

80 

100 

120 

0.001 0.01 0.1 1 10 
GA (µM) 

E
rb

B
2 

P
M

 d
en

si
ty

 (%
 D

M
S

O
) 

0 

20 

40 

60 

80 

100 

120 

D
M

S
O

 

C
he

C
O

S
P

-2
6 

C
he

C
O

S
P

-2
7 

C
he

C
O

S
P

-3
0 

C
he

C
O

S
P

-3
6 

E
rb

B
2 

P
M

 d
en

si
ty

 (%
 D

M
S

O
) 

untreated 1µM GA S7c b 

Supplementary Figure 8 

+Shield1 control 



 11 

 

Supplementary Figure 8. Modulation of HSF1 expression and the effect of Hsp90 allosteric 

activators on the ErbB2 PM turnover.  

(A) Co-expression of FKBP-cHSF1 with ΔF508-CFTR-3HA in HeLa cells was visualized by 

indirect immunostaining with anti-HSF1 and anti-HA primary antibodies, respectively, before and 

after stabilization of FKBP-cHSF1 by Shield1. Bar: 50 µm. (B) Geldanamycin (GA) downregulated 

ErbB2 from the PM for CFBE (left panel), monitored by cell surface ELISA.  PM ErbB2 was 

labelled by anti-ErbB2 Ab on ice. After 1.5 h incubation at 37°C in the presence of GA, the 

remaining ErbB2 receptor PM density was determined. Right panel: Hsp90 activators can 

counteract the GA-induced downregulation of the ErbB2 receptor from the PM, measured by cell 

surface ELISA. The receptor turnover was measured in the absence or presence of the indicated 

Hsp90 allosteric activators (50 µM) after 1.5 h incubation at 37°C with 1 µM GA. Data are means ± 

SEM, n=3. 

 

 

 

 

 

 

 

 

 

 

 

 



 Fig. 1A (Hsc70)  Fig. 1A (Hsp90) 

 Fig. 1A (HA) 
 Fig. 1C (Aha1 and Hdj1) 

 Fig.1D 
250 

150 

100 

Supplementary Figure 9 

DMSO control  Fig.1E 

GA+Pif 



Fig. 8A FKBP-cHSF1 
Shield1

: 

150- 

250- 

100- 

75- 

150- 

250- 

100- 

75- 

50- 

-150 

-250 

-100 

-75 

-50 

150- 

250- 

100- 

75- 

50- 

37- 

Hsp70 

HA 

HSF1 

DnaJB1 

Na+/K+ ATPase 

FKBP-cHSF1 
Shield1

: 

FKBP-cHSF1 
Shield1

: 

FKBP-cHSF1 
Shield1

: 

Fig. S1A 

Hsc70 

Hsp90α 

Hsp90β 
Hsp70 

DNAJA1 
DNAJA2 

Aha1 

Bip/
Grp78 

Na+/K+ 
ATPase 

Long exposure short exposure 

150- 

250- 

100- 
75- 

50- 

37- 

25- 

150- 

250- 

100- 
75- 

50- 

37- 

25- 

150- 
250- 

100- 
75- 

50- 

37- 

25- 

-150- 
-250- 

-100- 
-75- 

-50- 

-37- 

-25- 

-20- 
-15- 

150- 

250- 

100- 
75- 

50- 

37- 

150- 
100- 
75- 

50- 

37- 

25- 

250- 
150- 
250- 

100- 
75- 

50- 

37- 

150- 
100- 

75- 

50- 

37- 

25- 

250- 
150- 
100- 

75- 

50- 

37- 

25- 

250- 

20- 
15- 
10- 

siHsc70 
- + 

siHsc70 
- + 

siHsc70 
- + 

siHsc70 
- + 

siHsc70 
- + 

siHsc70 
- + 

siHsc70 
- + 

siHsc70 
- + 

siHsc70 
- + 

siHsc70 
- + 

Supplementary Figure 9 cont’d 



Fig. S1C 

150- 
250- 

100- 

75- 

50- 

37- 

25- 

150- 
250- 

100- 
75- 

50- 

37- 

25- 

150- 

250- 

100- 

75- 

50- 

37- 

25- 

150- 
250- 

100- 

75- 

50- 

37- 

25- 

150- 
250- 

100- 

75- 

50- 

37- 

25- 

150- 
250- 

100- 
75- 

50- 

37- 

25- 

20- 
15- 

75- 
cut 

Hsp90α Hsp90β 

Hsp70 

DNAJA1 DNAJA2 AhaI 

siHsp90AA1 siHsp90AB1 siHsp70 

siDNAJA1 siDNAJA2 siAha1 

- + - + - + 

- + - + - + 

Fig. S1D 

150- 

250- 

100- 

75- 

150- 

250- 

100- 

75- 

50- 

HA 

Na+/K+ ATPase 

Long exposure short exposure 

Supplementary Figure 9 cont’d 

Fig. S3B 



 1 

Supplementary Figure 9. Uncropped scans of the western blots. 

Full size scans of western blots accompanied by size markers. Black boxes show the region 

presented in the indicated figures. 
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SUPPLEMENTARY TABLES 

Supplementary Table 1. Variants of CFTR and NBD1 used  

CFTR variants Second site mutation Tag             Target# Ref. 

WT CFTR   3HA     

WT CFTR   CiHA     

ΔF508  3HA     

ΔF508   CiHA    

ΔF508-R29K R29K 3HA ER retention 6, 7 

ΔF508-R555K R555K 3HA  NBD1, NBD1-NBD2 6, 7 

ΔF508-R555K R555K CiHA see above 6, 7 

ΔF508-2RK R29K, R555K 3HA  see above 6, 7 

ΔF508-2RK R29K, R555K CiHA see above 6, 7 

ΔF508-3S F494N, Q637R, F429S 3HA NBD1 8, 9 

ΔF508-2RK-3S R29K, R555K, F429S, F494N, 637R CiHA NBD1, NBD1-NBD2 6, 7, 8 

ΔF508-R1070W ΔF508 3HA NBD1-MSD2 9, 10 

ΔF508-3S-R1070W F429S, F494N, Q637R, R1070W 3HA see above 8, 9, 11, 12 

ΔF508-R1S ΔF508, G550E, R553Q, R555K, F494N 3HA NBD1, NBD1-NBD2 
4, 6, 7, 8, 9, 10, 

13, 14  
ΔF508-E1371S E1371S 3HA NBD1-NBD2 4, 15, 16, 17 

P67L  3HA  18 

 

NBD1 variants   second-site mutation               Effect Ref. 

WT 0S  none   
ΔF508-0S  none     
ΔF508-3S F429S, F494N, Q637R  NBD1 stab. 9, 19 
ΔF508-R555K R555K see above 9, 19 
ΔF508-R1S G550E, R553Q, R555K, F494N NBD1 and NBD1-NBD2 stab. 9, 19 
 

#Target: the indicated second site mutation probably stabilizes the following structure: ΔF508-NBD1, ΔF508-NBD1-
MSD2 and/or ΔF508-NBD1-NBD2 interface.  
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Supplementary Table 2. Temperature dependence of mean open and closed times and gating 
rate constants 
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Tau O1 and O2 are open dwell times, tau C1 and C2 are closed dwell times of the WT- and ΔF508-CFTR-2RK. kO1-C 

and kO2-C are transitional rate constants of closing, while kC1-O and kC2-O are transitional rate constants of opening. 
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Supplementary Table 3. Gating transitions between O1 and O2 as a function of temperature 
 
 

 
 

# O1-O2 and # O2-O1 indicate the number of single channel gating transitions from the O1 to O2 state and from the O2 

to O1 state, respectively, of the phosphorylated ΔF508-CFTR-2RK. The number of events represents the sum of all 

opening and closing events. The relative frequency O1 to O2 and O2 to O1 transitions was expressed as percentage of 

the total number of openings.  
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Supplementary Table 4. CFTR gating energetics 
 

 

 

 
The transitional and steady-state energetics of the phosphorylated WT- and ΔF508-CFTR-2RK channel gating were 

calculated as described in Methods. ΔH‡
o-c, ΔS‡

o-c, TΔS‡
o-c, and ΔG‡

o-c are transitional energetic parameters of closings. 

ΔH‡
c-o, ΔS‡

c-o, TΔS‡
c-o, and ΔG‡

c-o are transitional energetic parameters of openings. ΔHO-C, ΔSO-C, TΔSO-C, and ΔGO-C are 

hallmarks of the open state steady-state energetics relative to the closed state. 
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Supplementary Table 5. siRNA and antibodies 
 
siRNA  Type Cat# Supplier Target sequence Ref 
NT  D-001210-01 Dharmacon UAGCGACUAAACACAUCAA  
HSP90AA1 siGENOME, SMARTpool M-005186-

02-0005 Dharmacon   

HSP90AB1 siGENOME, SMARTpool M-005187-
02-0005 Dharmacon   

HSP70 ON-TARGETplus, 
SMARTpool 

L-005168-00-
0005 Dharmacon   

DNAJA1 custom custom Dharmacon GUGAAGGACUGUAAUCAUA  
DNAJA2 custom custom Dharmacon CCACAAAGCUUUACAUCUU  
AHA1 custom custom Dharmacon NNAUUGGUCCACGGAUAAGCU 20 
HSC70  SI04236596 QIAGEN  TGGGCATTCTCAATACTTGAA  
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