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A newly identified pathway for selective degradation of the
common mutant of the cystic fibrosis transmembrane conduct-
ance regulator (CFTR), F508del, is initiated by binding of the
small heat shock protein, Hsp27. Hsp27 collaborates with Ubc9,
the E2 enzyme for protein SUMOylation, to selectively degrade
F508del CFTR via the SUMO-targeted ubiquitin E3 ligase,
RNF4 (RING finger protein 4) (1). Here, we ask what properties
of CFTR are sensed by the Hsp27-Ubc9 pathway by examining
the ability of NBD1 (locus of the F508del mutation) to mimic the
disposal of full-length (FL) CFTR. Similar to FL CFTR, F508del
NBD1 expression was reduced 50 – 60% by Hsp27; it interacted
preferentially with the mutant and was modified primarily by
SUMO-2. Mutation of the consensus SUMOylation site, Lys447,
obviated Hsp27-mediated F508del NBD1 SUMOylation and
degradation. As for FL CFTR and NBD1 in vivo, SUMO modifi-
cation using purified components in vitro was greater for
F508del NBD1 versus WT and for the SUMO-2 paralog. Several
findings indicated that Hsp27-Ubc9 targets the SUMOylation of
a transitional, non-native conformation of F508del NBD1: (a) its
modification decreased as [ATP] increased, reflecting stabiliza-
tion of the nucleotide-binding domain by ligand binding; (b) a
temperature-induced increase in intrinsic fluorescence, which
reflects formation of a transitional NBD1 conformation, was fol-
lowed by its SUMO modification; and (c) introduction of solu-
bilizing or revertant mutations to stabilize F508del NBD1
reduced its SUMO modification. These findings indicate that
the Hsp27-Ubc9 pathway recognizes a non-native conformation
of mutant NBD1, which leads to its SUMO-2 conjugation and
degradation by the ubiquitin-proteasome system.

The basis of the cAMP/PKA-regulated anion conductance at
the apical membranes of secretory epithelial cells is the cystic

fibrosis transmembrane conductance regulator (CFTR)3 (2).
Similar to other ABC transporters, CFTR is comprised of two
membrane-spanning domains (MSD1 and MSD2), two cyto-
plasmic nucleotide-binding domains (NBD1 and NBD2), and a
central regulatory (R) domain. The latter harbors sites for pro-
tein kinase-mediated phosphorylation that enable the ATP-de-
pendent gating of this unique ion channel. The most common
mutation causing cystic fibrosis disease, F508del, results from
the omission of a phenylalanine residue at position 508 in the
first nucleotide-binding domain, NBD1. The deficient folding
process of this mutant leads to its nearly complete ER-associ-
ated degradation (ERAD), and because of its complex folding
pathway, a significant fraction of WT CFTR is also subjected to
ERAD by most cells (3).

More than 90% of cystic fibrosis patients carry the F508del
mutation on at least one allele; thus, correction of the folding
defect imposed by this mutation offers the greatest potential for
improving the quality of life and life expectancy of cystic fibro-
sis patients. Thus far, small molecules that can deliver a fraction
of F508del CFTR to the cell surface (4) provide correction effi-
cacy that achieves insufficient clinical improvement (5). There-
fore, efforts to uncover the checkpoints in CFTR biogenesis
where most F508del CFTR is lost to ERAD are expected to
identify targets whose manipulation could provide therapy for
this common disease mutation.

Whether a protein escapes ERAD is generally determined by
its interaction with molecular chaperones, which may facilitate
folding or degradation, depending on the conformational state
of the protein (6, 7). CFTR biogenesis is monitored by multiple
chaperone systems, including Hsp70, Hsp90, the Hsp40 co-
chaperones, and calnexin. Chaperone interactions have been
shown to decrease NBD1 aggregation in vitro and to assist with
productive CFTR folding (8, 9). However, unstable conforma-
tions of CFTR remain bound to chaperones, and a prolonged
association with Hsp70/Hsp90, for example, allows recruit-
ment of the ubiquitin ligase CHIP (C terminus of HSC70-inter-
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acting protein), resulting in CFTR ubiquitylation and its degra-
dation by the 26S proteasome (10 –14).

In contrast to the ATP-dependent core chaperones, small
heat shock proteins (sHsps) are ATP-independent chaperones
that can hold proteins in non-native, but not denatured, protein
conformations during cell stress, and these conformations have
the potential to refold once the stress abates (15–17). We found
previously that sHsps can distinguish between WT and F508del
CFTR, selectively targeting the mutant protein to degradation
(1, 18). Given the propensity of sHsps to associate with non-
native protein conformations (15–17), we entertained the
hypothesis that Hsp27 may recognize intermediate conforma-
tion(s) of CFTR during biogenesis, leading these proteins to
degradation pathways when folding to the native conformation
cannot be achieved, as for the F508del mutant.

Among the sHsps, we chose to study Hsp27 based on its
expression level in airway epithelial cells (1), its role in diseases
of protein folding/aggregation (19, 20), and its identification as
a member of the CFTR interactome (21). Our prior work (1)
showed that Hsp27 selectively binds and targets F508del CFTR
for degradation via conjugation with the small ubiquitin-like
modifier (SUMO). This modification arises from the strong
physical interaction of Hsp27 with Ubc9, the single known E2
enzyme in the SUMO conjugation cascade (22). Modulating the
expression of SUMO pathway components produced similar
outcomes for mutant CFTR biogenesis/degradation as altering
Hsp27 expression, consistent with linkage of the sHsp to CFTR
SUMOylation. Of the three SUMO paralogs, Hsp27 promoted
the modification of F508del CFTR by SUMO-2/3, paralogs
of nearly identical sequence, which are capable of form-
ing SUMO poly-chains because they contain consensus
SUMOylation sites. SUMO-2/3 modification of CFTR re-
cruited the SUMO-targeted ubiquitin ligase, RNF4, which can
select poly-SUMOylated substrates for proteasome-mediated
degradation. Experiments employing Hsp27 knockdown or a
dominant-interfering RNF4 implicated this ubiquitin E3 in
Hsp27-mediated F508del degradation (1). This SUMO- and
SUMO-targeted ubiquitin ligase-mediated degradation path-
way had previously been implicated only in the proteolysis of
nuclear proteins (23).

In the present study, we asked what properties of F508del
CFTR are sensed by the sHsp/SUMO pathway in promoting
mutant protein degradation. Because CFTR is a large, polytopic
protein, we simplified the system by focusing experimentally on
NBD1, the domain bearing the F508del mutation that leads to
Hsp27/Ubc9 incursion. The in vivo experiments were per-
formed using a membrane-tethered NBD1 to evaluate its ability
to mimic interactions of the SUMO pathway with full-length
(FL) CFTR. The in vitro assays were performed using purified
proteins; they allowed manipulation of the biophysical proper-
ties and stability of NBD1 to judge the structural basis underly-
ing its SUMO modification.

Experimental Procedures

Antibodies and Reagents—Monoclonal antibodies targeting
CFTR NBD1 (660 and 3G11) were obtained via Cystic Fibrosis
Foundation Therapeutics (Bethesda, MD). Polyclonal antibod-
ies against SUMO-1 or SUMO-2/3 were from Enzo Life Sci-

ences (Ann Arbor, MI), anti-Hsp27 was from StressGen (Van-
couver, Canada), and anti-�-actin was from Sigma-Aldrich.
Horseradish peroxidase-conjugated secondary antibodies,
anti-mouse and anti-rabbit, were obtained from Amersham
Biosciences-Pharmacia Biotech (GE Healthcare Bio-Sciences),
and anti-rat was from Jackson ImmunoResearch Laboratories.
Complete protease inhibitor tablets were purchased from
Roche. N-Ethylmaleimide was purchased from Thermo Scien-
tific (Rockford, IL), and other chemicals were obtained from
Sigma-Aldrich at the highest grade available.

Cell Culture and Transfection—HEK293 cells were cultured
in DMEM (Invitrogen) with 10% fetal bovine serum (Hyclone,
Thermo Scientific, Waltham, MA). The cells were maintained
in a humidified incubator at 37 °C with 5% CO2. For protein
overexpression, HEK293 cells grown in 60-mm dishes were
transiently transfected with the indicated expression plasmids
using Lipofectamine 2000 (Invitrogen). After 48 h, the cells
were rinsed with phosphate-buffered saline and extracted in
lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM

EDTA, 1% Triton X-100, and 20 mM N-ethylmaleimide plus
protease inhibitors). Samples were incubated for 30 min in lysis
buffer on ice and centrifuged at 16,000 � g for 10 min at 4 °C.
Cell lysates were used for immunoblot analyses.

Plasmid Construction and Site-directed Mutagenesis—The
Hsp27 plasmid was purchased from Origene (Rockville, MD).
CD4T-NBD1 plasmids, WT and F508del, were as described
(24). Briefly, the NBD1 domains, WT and F508del, were fused
in frame to the C terminus of the transmembrane segment,
CD4T; the domain boundaries are provided in supplemental
Table S1 of Ref. 24. CD4T-WT-NBD1-K447R and CD4T-
F508del-NBD1-K447R mutants were generated using the
following primers: 5�-CCTGTCCTGAAAGATATTAATTT-
CAGGATAGAAAGAGGACAGTTG-3� (forward) and 5�-
CAACTGTCCTCTTTCTATCCTGAAATTAATATCTTTC-
AGGACAGG-3� (reverse). Mutants were obtained using the
QuikChange Lighting site-directed mutagensis kit (Agilent
Technologies, Santa Clara, CA). All plasmid constructs were
sequence-verified.

Immunoblot (IB) and Immunoprecipitation (IP) Analyses—
For IBs, equal amounts of protein from HEK293 cell lysates
were resolved by SDS-PAGE and transferred to PVDF mem-
branes (PerkinElmer Life Sciences). Unbound sites were
blocked for 1 h at room temperature with 5% nonfat milk pow-
der in TBST (20 mM Tris, pH 8.0, 150 mM NaCl, 0.01% Tween
20). The blots were incubated with primary antibodies (above)
at room temperature for 1 h; then washed three times, 10 min
each, with TBST; and incubated for 1 h with horseradish per-
oxidase-conjugated secondary antibodies in TBST containing
5% nonfat milk, followed by three TBST washes. The reactive
bands were visualized with enhanced chemiluminescence
(PerkinElmer Life Sciences) and exposed to x-ray film.

For IPs, precleared HEK293 cell lysates (500 �g of protein)
were mixed with the appropriate primary antibodies for 2 h at
4 °C in lysis buffer. Fifty microliters of washed protein G-Sep-
harose beads (Invitrogen) were added to each sample and incu-
bated 4 h or overnight at 4 °C with gentle rotation. Immuno-
complexes were washed three times with lysis buffer and
precipitated by centrifugation at 12,000 � g for 10 s. The
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immune complexes were then suspended in SDS sample buffer
and subjected to IB.

In Vitro SUMOylation Assays—The in vitro assay was rou-
tinely performed using reagents purchased from Enzo Life Sci-
ences (Ann Arbor, MI), together with WT or F508del hNBD1,
with quality control of the bacterially expressed proteins, as
described (25). Variants that contain a single solubilizing muta-
tion, F494N, were used in most experiments; this mutation
enhances the yield of both NBDs from bacterial expression.
Variants containing additional solubilizing and/or stabilizing
mutations (25) were used to evaluate the relation of these NBD1
properties to their SUMO modification. For the standard assay,
15 ng of purified NBD1 was incubated in SUMOylation buffer
(Enzo Life Sciences, Ann Arbor, MI) with a reaction mixture
containing recombinant E1 (SAE1/SAE2, 0.4 �M), E2 (Ubc9, 4
�M), a SUMO paralog (3 �M), and Mg-ATP (2 mM), with or
without purified recombinant human Hsp27 protein (15 ng),
for 1 h at 27 °C. After the reaction was terminated with SDS
sample buffer containing 2-mercaptoethanol, reaction prod-
ucts were resolved on 12% SDS-PAGE, and the gel shift result-
ing from SUMO modification was detected by immunoblot
using anti-NBD1 (antibody 660), as indicated.

In Vivo SUMOylation Assays—For in vivo SUMOylation, a
total of 1 mg of HEK293 cell lysate, prepared using lysis buffer
(50 mM HEPES, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1%
Nonidet P-40, pH 7.5, and 20 mM N-ethylmaleimide), was incu-
bated with 1 �g of NBD1 antibody (660 or 3G11; Cystic Fibrosis
Foundation Therapeutics) or CFTR R domain antibodies (217
plus 596; Cystic Fibrosis Foundation Therapeutics) overnight.
Immunocomplexes were isolated by incubation with protein
A-agarose beads (Invitrogen) for 4 h. Precipitates were isolated
and washed three times with lysis buffer, and the proteins were
resolved on 6% SDS-PAGE and subjected to IB analysis for
SUMO modification.

NBD1 Stability and Structural Measurements—Thermal sta-
bility of NBD proteins was assessed as previously reported
using SYPRO orange as a fluorescence marker of denaturation
(25). Protein was diluted into buffers containing either 50 �M or
2 mM ATP, and the reaction was monitored on an ABI 7900 HT
qPCR machine. A single hold at 25 °C was performed for 2 min,
and the samples were ramped at 2% to 95 °C and held for 2 min.

NBD structural transitions were monitored by intrinsic tryp-
tophan fluorescence using a BioTek Synergy 4 plate reader in
kinetic mode. Protein was diluted into SUMO reaction buffer
and excited at 290 nm. Excitation intensity was continuously
monitored at 325 nm with the reaction temperature held at
27 °C.

Results

Membrane-tethered NBD1 Recapitulates the Impact of
Hsp27 on Full-length CFTR—The F508del mutation destabi-
lizes NBD1, makes it more susceptible to proteolysis, decreases
its melting temperature and its thermal unfolding transition
temperature, and accelerates its conversion to a less ordered,
non-native conformation (26 –28), thus reducing its folding
yield (29, 30). Because our prior work indicated that the func-
tional and physical interactions between Hsp27 and FL CFTR
were directed at facilitating degradation of the F508del mutant

(1, 18), we asked whether this selectivity of Hsp27 extended to
WT versus F508del NBD1.

First, we expressed WT and mutant NBD1s tethered to a
truncated CD4 membrane spanning segment, as used previ-
ously in studies of CFTR domain interactions (24). This
approach produces membrane associated WT or F508del
NBD1 that is largely retained in the ER, traffics poorly to the cell
surface, and allows focus on ER-associated events. The poten-
tial for Hsp27 to identify NBD1 for degradation was evaluated
in HEK293 cells by assessing the impact of its overexpression on
the steady-state levels of CD4T-NBD1, WT or F508del.
HEK293 cells were co-transfected with plasmids containing
these fusion constructs, together with Hsp27 or empty vector as
control. As shown in Fig. 1A, Hsp27 overexpression reduced
the steady-state expression level of CD4T-F508del-NBD1
�50%, without significantly altering the expression of CD4T-
WT-NBD1; this mutant selectivity was found previously for FL
CFTR (1). The reduction in mutant NBD1 expression could be
abrogated by preincubation of the cells with proteasome inhib-
itor (MG132) for 4 –5 h prior to cell lysis (data not shown),
indicating that Hsp27-induced CD4T-F508del-NBD1 degrada-
tion was mediated by the proteasome, also previously demon-
strated for FL F508del CFTR.

Second, we evaluated the possibility that Hsp27 selects
F508del NBD1 for degradation via a preferential interaction
with the mutant. For these experiments, the CD4T-NBD1s
were subjected to IP, followed by Hsp27 IB. When corrected for
the Hsp27-induced reduction in mutant protein expression, the
co-IP data (Fig. 1B) show that approximately twice as much
Hsp27 interacted with F508del as with WT NBD1. The bar
graph plots data in which the amount of Hsp27 in the IP was
normalized to the amount of NBD1 pulled down. The data of
Fig. 1 (A and B) validate the use of membrane-tethered NBD1s
to mimic the impact of Hsp27 on FL CFTR degradation (1).
Quantitatively, the effects of Hsp27 here were not as great as
those observed for the full-length protein: mutant NBD1
expression was reduced 50% versus 70% for FL F508del CFTR,
and its interaction was �2-fold greater with F508del NBD1
versus WT, whereas 6-fold more Hsp27 co-IPed with FL
F508del versus the WT protein. However, the selectivity of
Hsp27 for mutant protein degradation and binding was pre-
served qualitatively. In addition, the retention of the mutant
and WT CD4T-NBDs in the ER indicates that the selective
degradation of F508del NBD1 was not due to the escape of
WT NBD1 to the plasma membrane but is due to the abil-
ity of Hsp27 to distinguish the mutant and WT NBD1
conformations.

Third, we evaluated the modification of CD4T-WT-NBD1
and CD4T-F508del-NBD1 by SUMO paralogs and the possibil-
ity that Hsp27 facilitated this process. NBD1 was IPed from
HEK293 cells expressing the CD4T-NBD1 fusions and co-ex-
pressing Hsp27 or empty vector. The NBD1 precipitates were
blotted for SUMO-1 or SUMO-2/3 to detect modification by
endogenous SUMO paralogs. As shown in Fig. 1C, single
SUMO-1 bands were observed in both the WT and F508del
precipitates at a position above the molecular masses of the
CD4T-NBD fusions (which are �75 kDa); these bands would
be indicative of conjugation with a single SUMO-1. In contrast,
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the SUMO-2/3 blot shows evidence of higher molecular mass
conjugates that likely reflect the addition of SUMO poly-chains
(31). The laddering pattern observed here is consistent with
Hsp27-induced modification of FL F508del CFTR by SUMO-
2/3; the latter led to our identification of RNF4 as a poly-
SUMO-targeted ubiquitin ligase that directs FL mutant CFTR
to proteasomal degradation (1). For quantitation of the aggre-
gate data (bar graph), the Hsp27-induced SUMO-1 or SUMO-
2/3 intensities for F508del-NBD1 were normalized to their
respective control signals. The modification of CD4T-F508del-

NBD1 in the IP by SUMO-2/3 was increased 3-fold by overex-
pressed Hsp27, similar to the results obtained for FL F508del
CFTR. In contrast, Hsp27 did not significantly alter SUMO
modification WT NBD1. Thus, the CD4T-NBD1 fusions mir-
ror the action of Hsp27 on expression level, Hsp27 binding, and
SUMOylation of WT and mutant FL CFTRs, impacting primar-
ily the mutant NBD1.

In Vitro SUMOylation of NBD1—WT or F508del NBD1
SUMOylation was performed in vitro using purified human
1S-NBD1, a variant containing a single solubilizing mutation

FIGURE 1. Selective Hsp27 impact on F508del NBD1 expression, binding, and SUMOylation in vivo. A, overexpression of Hsp27 promotes the degradation
of CD4T-F508del-NBD1. HEK293 cells were transiently transfected with CD4T-WT-NBD1 or CD4T-F508del-NBD1 and with vector control or Hsp27 as described
under “Experimental Procedures.” Whole cell lysates were extracted 48 h after transfection, and protein expression was detected by IB using the indicated
antibodies. NBD1 protein levels were quantified and normalized to control values from four independent experiments. ***, p � 0.0003. B, Hsp27 preferentially
interacts with CD4T-F508del-NBD1. CD4T-WT-NBD1 or CD4T-F508del-NBD1 was expressed in HEK293 cells as in A. The interaction of the NBDs with Hsp27 was
evaluated by IP using anti-NBD1 followed by resolution of the co-IPed proteins by SDS-PAGE and IB with antibodies against Hsp27 or CD4. The densities of the
Hsp27 blots were normalized to the amount of NBD1 in the IP. The quantitative data normalized to WT binding level are the averages of three independent
experiments. *, p � 0.032. C, Hsp27 promotes NBD1 SUMOylation in vivo. CD4T-WT-NBD1 or CD4T-F508del-NBD1 and vector control or Hsp27 were expressed
as above. After 48 h, the cells were lysed, and co-IP was performed using anti-NBD1 and resolved on SDS-PAGE and IB with antibodies against SUMO paralogs.
The endogenous SUMO signals were normalized to the amount of NBD1 pulled down (CD4 IB) and then compared with their respective control values in three
independent experiments. *, p � 0.023.
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(F494N) that was introduced into the NBD during crystalliza-
tion trials (32). This modification provides sufficient solubility
to bacterially expressed F508del NBD1 to enhance the yield of
folded protein to levels required for the biophysical measure-
ments and SUMO modification studies performed here. The 1S
mutation raises the melting temperature of NBD1 and its ther-
mally induced unfolding by only 1–2 °C, while preserving the
difference between WT and F508del NBD1 thermal destabili-
zation (�9 °C) (25). For the SUMO conjugation assay, purified
WT and F508del 1S-NBDs were incubated with purified
SUMOylation components: the SUMO E1 heterodimer (SAE1/
SAE2), the SUMO E2 (Ubc9), plus Mg-ATP. As modifier, dif-
ferent experiments employed the paralogs SUMO-1, -2, or -3.
The conjugation reaction was allowed to proceed at 27 °C, usu-
ally for 1 h, before being terminated by addition of sample
buffer (see “Experimental Procedures” for details). After SDS-
PAGE and transfer, NBD1 and SUMO-modified NBD1 were
detected by NBD1 or SUMO immunoblot.

The time course of SUMOylation and its dependence on
NBD1 protein concentration were monotonic relations, lead-
ing to standard assay parameters that produced readily
detected signals: 15 ng of NBD1 protein/assay in a reaction
volume of 6 �l, with 1 h of incubation at 27 °C. Any deviations
from these conditions are noted in the text and figure legends.
The data used to establish the standard assay conditions are
provided in Figs. 5 and 6, because these findings apply in later
studies of the relation of NBD1 SUMOylation to its conforma-
tion. Identification of the SUMOylated NBD1 was verified
using secondary antibodies labeled with different infrared fluo-
rophores for simultaneous detection of NBD1 and SUMO (Fig.
2A). From the orange band observed at �47 kDa, it is evident
that a single SUMO conjugation site is identified most promi-
nently, although additional, weaker signals are visible when the
level of modification is high (see below).

The requirements for in vitro SUMOylation of WT and
F508del NBD1 are illustrated in Fig. 2B, where SUMO conju-
gation was detected from the gel shift in the signal detected by
an NBD1 antibody. Omission of the enzymatic components
(SUMO E1 and E2) SUMO-1 and ATP did not lead to genera-
tion of a modified NBD1 signal, a necessary negative control.
Other experiments (not shown) indicated that each of these
components is required to generate SUMO-conjugated NBD1,
and this is illustrated in the second and sixth lanes, where
SUMO was omitted. As noted previously for FL CFTR in vivo
(1), in vitro SUMO modification of F508del NBD1, was greater
than that of the WT NBD (also detected in Fig. 2A), which likely
reflects a change in conformational state that is more readily
modified. Earlier studies (25) indicate that the conformational
defect in F508del NBD1, reflected in its thermodynamic insta-
bility, augments its in vitro ubiquitylation, and the SUMOylation
of NBD1 has a similar basis, as shown below. Finally, including
the SUMO protease, SENP-1, in the reaction mix eliminated
the SUMO-NBD1 signal for the WT and mutant proteins, as
expected for cleavage of the isopeptide bond linking SUMO to
substrate.

Next, we asked whether the SUMO paralog dependence of
Hsp27-induced NBD1 modification was preserved in the in
vitro assay. These data are illustrated in Fig. 2C. As controls,

omission of the components for conjugation or the inclusion of
SENP-1 in the reaction mix abrogated NBD1 modification.
F508del NBD1 was more highly modified by all paralogs than
WT NBD, as observed above in vivo and previously (1). Again,
the SUMO signals were normalized to their respective control
intensities (bar graph). In the presence of Hsp27, the modifica-
tion of F508del NBD1 by SUMO-2 was greater than that by the
other paralogs. In addition, the sHsp had no significant effect
on modification of the WT NBD1. Its impact was largely con-
fined to F508del NBD1 conjugation by SUMO-2. Thus, even in
this simplified system, SUMO paralog selectivity mimics that
observed for Hsp27-induced SUMOylation in vivo.

Together, these observations recapitulate the in vivo
SUMOylation assays, in which FL WT and F508del CFTRs were
expressed with or without Hsp27, showing preferential
SUMO-2 modification and degradation of F508del CFTR by
Hsp27, without significantly facilitating the SUMOylation or
degradation of WT CFTR (1). The findings are consistent with
the concept that conformational differences between WT and
mutant CFTR lead to a selective interaction of F508del with
Hsp27/Ubc9 and its modification by SUMO-2 and that these
processes are preserved in the in vitro assays.

Mutation at Lys447 Abrogates Hsp27-mediated NBD1
Degradation—Several prediction algorithms identify the lysine
at amino acid position 447 of NBD1 as a strong consensus
SUMOylation site (�KXD/E), where � is a hydrophobic resi-
due, X is any amino acid, and the conjugated lysine is followed
by an acidic residue. Given the Lys447 site prediction, we deter-
mined the ability of Hsp27 to promote the degradation of
F508del NBD1 in HEK293 cells by expressing CD4T-F508del-
NBD1 containing the conservative mutation, K447R. The
results are shown in Fig. 3A. Similar to the data presented in Fig.
1A, Hsp27 co-expression reduced the steady-state level of
F508del NBD1; however, the impact of Hsp27 was lost in the
K447R mutant of CD4T-F508del-NBD1. In addition, mutation
of the Lys447 site led to a consistent �30% increase in the
expression level of F508del NBD1, reflecting basal activity of
this endogenous degradation pathway.

Next, we determined the ability of Hsp27 to induce SUMO-
ylation of the membrane-tethered F508del NBD1 bearing the
K447R mutation in HEK293 cells expressing CD4T-F508del-
NBD1 with and without the K447R mutation. Fig. 3B illustrates
the results obtained from IP/IB experiments in which we pulled
down the CD4T fusion proteins, followed by IB for SUMO-2/3.
The degree of SUMO-2/3 modification of F508del-NBD1 was
increased with co-expression of Hsp27, but the sHsp did not
further modify the K447R variant. Thus, the data of Fig. 3 (A
and B) indicate that Lys447 is the predominant SUMOylation
site that mediates Hsp27-induced degradation of F508del
NBD1 via its conjugation with SUMO-2/3. Next, we asked
whether the introduction of the K447R mutation into the full-
length protein would reduce the impact of Hsp27 on the
expression of F508del CFTR. As shown in Fig. 3C, this variant
remained susceptible to Hsp27-induced degradation, which
most likely indicates that additional SUMOylation sites are
present that can mediate this action of Hsp27. Alternatively,
other sites may be recruited when Lys447 is lost, as observed for
other target proteins (33).
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Finally, we evaluated the accessibility of position Lys447 for
modification by Hsp27-Ubc9 based on modeling of CFTR (34)
and the crystal structure of NBD1 (35). In the NBD1 depiction
shown in Fig. 4A, the Lys447 residue is shown as a red sphere,
and it is exposed at the surface of the solved NBD1 structure.
This is true also in the full-length homology model of CFTR
(34) (image not shown), suggesting that Lys447 is accessible for
modification. SUMOylation sites are often followed by a larger
acidic region, and although the consensus sequence in NBD1,
FKIE, is not followed by a larger downstream region of electro-
negativity in the linear sequence, there is an adjacent acidic area
in the crystal structure of the NBD (Fig. 4B) that may serve this

purpose. We have not yet determined whether this region is
important for NBD1 modification.

ATP Dependence of NBD1 SUMOylation—Next, we returned
to in vitro SUMOylation assays to ask what physical properties
of F508del NBD1 promote its SUMO modification. The inter-
action of ATP with NBD1 is known to stabilize its folded con-
formation, and this plays a role in the development of FL CFTR
structure (26, 27, 36, 37). This behavior is similar to other pro-
teins in which ligand binding induces stability and escape from
ERAD (38, 39). We examined the ATP dependence of NBD1
SUMOylation in vitro over the range 0.1–10 mM ATP; these
results are illustrated in Fig. 5. NBD1 conformation has been

FIGURE 2. In vitro SUMOylation and dependence on Hsp27. A, identification of SUMO-1 modified WT and F508del NBD1. Immunoblots were per-
formed using monoclonal anti-NBD1 (antibody 660) and polyclonal anti-SUMO-1 antibodies, detected with IRDye 680RD donkey anti-mouse or IRDye
800CW donkey anti-rabbit secondary antibodies using a Li-Cor Odyssey. B, selective SUMO-1 modification of F508del-NBD1 requires the SUMO E1 and
E2-conjugating enzymes and ATP and is reversed by the SUMO protease, SENP-1. Purified 1S-NBD1, WT or F508del, was incubated with SUMOylation
components for 60 min at 27 °C. The reaction mixture was resolved by SDS-PAGE, and NBD1 was detected by antibody (antibody 660). C, preferential
modification of F508del-NBD1 by SUMO-2 in vitro is augmented by Hsp27. SUMOylation reactions were run with purified paralogs, and NBD1 was
detected as in B. SUMOylated F508del-NBD1 densities were quantified and normalized to their respective control values from three independent
experiments. *, p � 0.023; **, p � 0.008.
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shown to be sensitive to ATP binding, and it is stabilized by
saturating [ATP]; thus, ATP can be used to regulate structural
transitions between native and non-native conformers (26) and
assess which are most amenable to SUMO conjugation.

Our standard in vitro assay conditions include 2 mM ATP,
a nucleotide concentration where SUMO modification of

F508del NBD1 is favored over WT NBD1 (Figs. 1 and 2 and Ref.
1). As shown in Fig. 5A, this difference in modification persists
over the entire range of [ATP] examined: SUMO conjugation of
F508del NBD1 increased progressively as ATP was reduced,
whereas modification of WT NBD1 was minimal and did not
increase until ATP was below 0.5 mM.

FIGURE 3. Hsp27-mediated degradation and SUMOylation of F508del-NBD1 in vivo requires Lys447. A, the SUMO consensus site, Lys447, was mutated to
generate CD4T-F508del-NBD1-K447R; this mutant and its control were expressed in HEK293 cells with Hsp27 or vector control, as above. After 48 h, F508del-
NBD1 expression was assessed by IB using the indicated antibodies. Protein levels were quantified and normalized to the vector control from three indepen-
dent experiments. **, p � 0.001; *, p � 0.05. B, HEK293 cells were transfected with the plasmids used in A. NBD1 SUMOylation was detected by NBD1 IP followed
by IB with antibodies against NBD1 or endogenous SUMO-2/3. HC, antibody heavy chain. The SUMO signal was normalized to the amount of NBD1 pulled down
and then normalized to control; data from three independent experiments. *, p � 0.007. C, K447R does not abrogate the impact of Hsp27 on FL F508del
degradation. F508del CFTR or F508del CFTR-K447R and Hsp27 or control plasmids were transfected into HEK293 cells as above. Protein expression was
detected by IB using the indicated antibodies. F508del CFTR levels in Hsp27 co-expressing cells were normalized to their respective controls from four
independent experiments. **, p � 0.008.
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Because charging of the SUMO E1 enzyme is an ATP-depen-
dent process, we asked whether the low ATP concentrations
employed may influence the SUMO conjugation reactions
themselves. To evaluate this possibility, we determined
SUMOylation of the model substrate, RanGAP1 (Ran GTPase-
activating protein 1), the first known SUMOylation target pro-
tein (40). SUMO modification of RanGAP1 was not affected
over this range of [ATP], as illustrated in Fig. 5B. In addition to
the RanGAP1 data, the rise in SUMO modification of NBD1 at
reduced ATP was opposite to that expected if the energy requir-
ing step in SUMO transfer were compromised. Rather, these
findings indicate that NBD1 modification increases as ligand
binding is reduced, consistent with the idea that NBD1 desta-
bilization at low [ATP] promotes its SUMO conjugation. These
findings suggested that a non-native conformation of NBD1
may be the target of SUMO modification, given the stability

difference between WT and F508del NBD1 and the ATP depen-
dence of their SUMOylation.

Next, SUMOylation of the NBD1 proteins was assessed
kinetically under conditions mirroring those that will evaluate
NBD1 conformation. In the presence of 0.1 or 2 mM ATP, both
the WT and F508del protein demonstrated time-dependent
modification by SUMO in which the F508del protein again
showed increased SUMOylation as compared with WT NBD1
(Fig. 6A). Changes in the apparent sensitivity of NBD1 SUMO-
ylation to ATP, especially of the F508del variant, suggested that
stabilization of the native state might protect the NBD from
modification. This conclusion is supported also by the influ-
ence of an elevated preincubation temperature on the SUMO-

FIGURE 4. Structural analysis of the location of Lys447 using experimental
x-ray structures of NBD1. A and B, the experimentally determined structure
of NBD1 is shown as a ribbon (A) or the calculated electrostatic surface (B). The
Lys447 residue is shown as a red sphere in the ribbon, and its contribution to
the surface on NBD1 is circled in the surface model. The location of the Phe508

residue is shown as magenta spheres for reference in A. The images were
rendered using Protein Data Bank code 2BBO for NBD1 (35). As noted in the
text, surface exposure of Lys447 is also predicted in the full-length homology
model of Serohijos et al. (34). FIGURE 5. Dependence of WT- and F508del-NBD1 SUMOylation on ATP

concentration in vitro. A, ATP concentration was varied as indicated under
otherwise standard in vitro assay conditions. The graph plots the percentages
of total NBD1 signal detected at higher molecular mass, as indicated; the data
are from three independent experiments. B, ATP concentration dependence
of in vitro SUMOylation of the model substrate, RanGAP1, run under the stan-
dard assay conditions and detected by SUMO-1 IB.
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ylation of NBD1, as shown in Fig. 6B. Here, the WT and F508del
NBDs were subjected to preheating at 30 °C for 30 min prior to
running the standard SUMOylation assay. At all NBD1 concen-
trations, SUMO modification of the WT and mutant NBDs was
increased by thermal destabilization of the native state, partic-
ularly for F508del NBD1.

SUMOylation Targets a Non-native Conformation of NBD1—
Intrinsic fluorescence and differential calorimetry, as well as
other biophysical methods, have been used to monitor the
unfolding of NBD1 as it transitions from the native conforma-
tion to the denatured state (26, 27). As the WT or F508del
NBDs are exposed to increasingly denaturing conditions, they
undergo an increase in intrinsic fluorescence characteristic of a
partial unfolding step, producing an intermediate conforma-
tion, i.e. a transitional phase, in which NBD1 loses its native
secondary structure characteristics. This state is followed by
formation of the fully denatured random coil at high denatur-
ant (26, 27). The significance of the initial transition in NBD1

unfolding is reflected by the influence of the F508del mutation,
which transits to the non-native state at lower denaturant, as
well as the influence of ATP and revertant mutations, which
stabilize the NBD and suppress the initial conformational tran-
sition (41, 42).

To further assess the thermodynamic stability of purified
WT and F508del NBD1 proteins, thermal melts were per-
formed (Fig. 7A). SYPRO orange binding and fluorescence was
followed as a function of increasing temperature and protein
unfolding using a qPCR machine as previously described (43).
As the protein unfolds, the SYPRO orange dye binds exposed
hydrophobic regions of the protein, producing an increase in
fluorescence. The change in fluorescence as a function of tem-
perature then provides an indirect measure of the conforma-
tional properties of the protein and its stability.

The WT and F508del 1S-NBD proteins were purified and
diluted into buffers containing either 2 or 0.1 mM ATP. Under
both low and high ATP conditions, the WT protein showed a

FIGURE 6. SUMOylation kinetics and [ATP] dependence. These data were used to establish the standard assay conditions and for subsequent experiments
relating to NBD1 conformation. A, time courses of WT and F508del NBD1 modification by SUMO-1 at 0.1 or 2 mM ATP at 27 °C. Immunoblots were performed
using NBD1 (antibody 660) antibody. Quantitation of the data is provided to the right, where density values were normalized to values at 5 min; the mean data
are derived from three independent experiments. B, in vitro SUMOylation of WT or F508del NBD1 at three levels of purified protein, run for 1 h at 27 °C. The
indicated reactions included preheating to 30 °C for 30 min prior to adding the SUMOylation reagents for the standard assay. Controls were performed without
added E1, E2, or ATP (left and right lanes).
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single fluorescence transition, consistent with its unfolding. In
the presence of 0.1 mM ATP, the WT protein showed an appar-
ent T1⁄2 of 35 °C. This value increased to 39 °C in the presence of
2 mM ATP. The F508del NBD protein showed a similar single
unfolding transition in 2 mM ATP, with an apparent T1⁄2 of
28.5 °C. In 0.1 mM ATP, the F508del protein showed elevated
baseline fluorescence and no observable unfolding transition,
suggesting that the protein had begun to denature prior to the
fluorescence measurement at low ATP. These data are consis-
tent with previous reports of reduced F508del NBD1 thermal
stability (27). Further, the stabilization of both WT and F508del
proteins in the presence of saturating ATP is consistent with
ligand-induced conformational stabilization of the native state
of this domain, as suggested earlier.

These relationships can be assessed also by examining the
influence of solubilizing and revertant mutations that increase
F508del NBD1 solubility and stability. Mutations that make
NBD1 more soluble were introduced during crystallization tri-
als to provide for its structural resolution (36). Revertant muta-

tions enhance NBD1 stability and can partially correct pro-
cessing of FL F508del CFTR (41, 42, 44). Their influence on the
in vitro SUMOylation of F508del NBD1 is illustrated in Fig. 7B.
The reference signal was provided by 1S-NBD1, used in other
modification assays. As shown here, introduction of the 3S
(F508del mutations F494N, Q637R, and F429S) and 7S
(F508del mutations F494N, Q637R, F429S, G550E, R553Q, and
R555K) stabilizing mutations leads to a marked reduction in
NBD1 SUMOylation. Comparison of the data of Fig. 7B with
previously determined thermal melt T1⁄2 values for these rever-
tants (25) shows an inverse correlation between thermal stabil-
ity and SUMO modification (Fig. 7C).

In a related approach, the structural transitions of the puri-
fied NBD1 proteins were followed kinetically by intrinsic fluo-
rescence and then correlated with pseudo-kinetic studies of
SUMOylation at specific reaction time points. SUMOylation of
the WT and F508del NBD1 proteins was determined as a func-
tion of incubation time in the presence of 100 �M ATP (data
from Fig. 6A).

FIGURE 7. SUMOylation is inversely proportional to NBD1 thermal stability. A, temperature-dependent unfolding of NBD1. Purified WT and F508del
1S-NBDs were diluted into buffers, and the fluorescence of SYPRO orange, which interacts with exposed hydrophobic regions, was monitored. The apparent
T1⁄2 values for the unfolding transitions of WT NBD1 at 2 mM ATP (closed circles) and 0.1 mM ATP (open circles) and for F508del NBD1 at 2 mM ATP (triangles) are
provided in the text and in C and are in agreement with previously determined values (25). B, solubilizing and revertant mutations (25) reduce the extent of
F508del NBD1 SUMOylation in vitro. C, relation between relative in vitro SUMOylation (Fig. 7B) and thermal stability data for 1S, 3S, and 7S F508del NBD1s (25)
(***, p � 0.0003, 3S; p � 0.0002, 7S). D, SUMOylation follows the kinetics of NBD1 transition to a non-native conformation. WT and F508del NBD1 SUMO
modification (upper panels) were determined at 0.1 mM ATP and 27 °C at the times indicated (data from Fig. 6A). Immunoblots were performed using NBD1
(660) antibody. Intrinsic fluorescence values at 325 nm were normalized to the values at 5 min for WT and F508del 1S-NBD1.
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For the fluorescence measurements, NBD proteins were
diluted into the SUMO reaction buffer and incubated at 27 °C
(Fig. 7D). The initial fluorescence of both the WT and F508del
NBDs was similar under these conditions, suggesting that both
proteins started in similar structural states. The fluorescence of
the F508del NBD1 increased rapidly at 27 °C and low [ATP],
consistent with a change in protein structure and loss of the
native state. This rapid rise in fluorescence slowed after 10 –15
min, perhaps influenced by NBD1 aggregation (26, 27). Under
these conditions, the fluorescence of the WT protein remained
relatively stable over this time course, suggesting that this
domain showed minimal structural change. For F508del NBD1,
the transition to a non-native conformation, reported by its
intrinsic fluorescence, was followed by increases in NBD1
SUMOylation. These data provide further evidence that SUMO
modification is associated with the formation of a non-native
NBD1 protein conformation.

Discussion

NBD1 Mimics Full-length CFTR Interactions with the SUMO
Pathway—For nearly two decades, it has been appreciated that
the yield of folded NBD1 is impaired by the F508del mutation
(45). In the full-length protein, this mutation produces unstable
intermediates, conformations that can be stabilized by chemi-
cal chaperones (46) or by the introduction of revertant muta-
tions (41, 47). The loop structure surrounding the F508 locus
was perturbed in crystal structures of the mutant NBD1 (30,
32), but this structural change on its own was relatively minor.
Later, the conformational instability of mutant NBD1 was rec-
ognized to propagate to other CFTR domains and domain
interfaces, thus affecting the conformations of MSD1, MSD2,
and NBD2 (24, 25, 28, 48 –51).

These findings were consistent with the concept that the
F508del mutation produces kinetically and energetically
trapped intermediate conformation(s) during CFTR folding
that cannot progress to the native state. Whereas CFTR domain
folding takes place co-translationally (52), domain assembly is a
protracted process that may take 30 min or more (51). Based
on these results, our current concept of therapeutic F508del
correction implies that small molecules should suppress
both the energetic defects in NBD1 folding and the confor-
mational mismatches at domain interfaces to provide suffi-
cient stability and function for F508del CFTR to yield a
mature protein that conducts anions across epithelial cell
apical membranes (25, 50, 53, 54).

Another important consideration in therapeutic correction
of the basic defect in F508del CFTR is whether perturbation of
the extrinsic chaperone complexes that monitor and facilitate
CFTR folding can be manipulated to augment the folding yield
of the mutant. The selective physical interaction of the sHsp,
Hsp27, with F508del CFTR and its collaboration with the
SUMO E2, Ubc9, has highlighted a novel quality control path-
way that distinguishes between the conformations of the WT
and F508del proteins, processing the mutant for proteasome-
mediated disposal via SUMO modification. The present studies
show that this discrimination capability extends to the isolated
NBD1 domain, in which the common cystic fibrosis mutation
lies. Indeed, the selectivity of Hsp27-Ubc9 for F508del NBD1

SUMOylation that leads to its degradation is evident both in
vivo and in vitro.

Cytosolic domains of CFTR tethered to membrane anchors
ensure their surveillance by ER quality control (24). CD4T-
tethered F508del NBD1 showed selective Hsp27 binding,
SUMOylation, and degradation when compared with CD4T-
WT-NBD1. In addition, Hsp27 preferentially augmented the
modification of CD4T-F508del-NBD1 by SUMO-2/3, the
SUMO paralogs that are capable of forming poly-SUMO
chains. These properties mirror those of the full-length mutant
protein (1), and they lead to the recognition of F508del by the
Ring domain ubiquitin E3 ligase, RNF4 (55). Its ability to rec-
ognize the SUMO poly-chains formed by SUMO-2 or -3 is con-
ferred by the presence of tandem SUMO interacting motifs at
the RNF4 N terminus. In extending these studies, the use of
CD4T-tethered domains and of membrane-spanning domains
linked to the cytosolic domains of CFTR should yield a more
complete assessment of the ability of the Hsp27-Ubc9 pathway
and the SUMO-2/3 modification it evokes to sense the confor-
mations of individual CFTR domains and domain combina-
tions. This could include domain combinations containing WT
or F508del NBD1 and those harboring less common disease
mutations that impact CFTR folding, permitting the diversity
of this quality control pathway to be assessed.

A predicted SUMOylation site at Lys447 was verified as a
critical locus of SUMO modification in F508del NBD1 using the
charge-preserving mutation, K447R. F508del NBD1 containing
this mutation was expressed at a higher level, and it obviated the
ability of Hsp27 to reduce the expression level of CD4T-
F508del-NBD1, as well as reducing its modification by endog-
enous SUMO-2/3. Preliminary studies (Fig. 3C) showed that
introduction of the K447R mutation into full-length F508del
CFTR did not alter the ability of this sHsp to reduce its expres-
sion. This finding suggests that the full-length protein can be
modified at other sites or that there may be a hierarchy of site
modification. This appears to be true for F508del NBD1, which
showed additional bands at high levels of modification (e.g. Figs.
2C, 5A, and 7B); however, mutation of the site at Lys447 was
sufficient to abrogate the effect of Hsp27 on expression of the
mutant NBD and its modification by SUMO-2/3 (Fig. 3, A and
B). Future studies will be directed at the goal of identifying the
full complement of SUMOylation sites in FL CFTR and evalu-
ating their significance.

In Vitro SUMOylation: Requirements and Relation to NBD1
Stability—The results of experiments to modify WT or F508del
NBD1 proteins with SUMO in vitro using purified components
complemented the in vivo studies that utilized CD4T-NBD1 or
full-length CFTR (1). In addition, this approach provided a
means of ruling out off target effects that may influence CFTR
because of the effect of SUMOylation on other proteins or path-
ways. The in vitro modification assay can be used also to eval-
uate the involvement of additional components of the modifi-
cation pathway, such as SUMO proteases, Ubc9, or E3 enzymes
and their post-translational modifications. Prior results from
co-expression of SENP-1 suggested that an interplay between
SUMO proteases and SUMO-conjugating enzymes could mod-
ulate the impact of Hsp27-mediated F508del degradation, sim-
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ilar to the interplay between ubitquitin E3s and deubiquitylat-
ing enzymes (56, 57).

Notably, the SUMO paralog dependence of NBD1 modifica-
tion paralleled that of FL F508del CFTR, previously examined
in vivo (1). SUMO-2 modification was augmented by the inclu-
sion of Hsp27 protein in the reaction mixture, similar to the
action of Hsp27 from in vivo overexpression studies. Quantita-
tively, Hsp27-induced modification of F508del NBD1 in vitro
was not as great as that observed for F508del full-length or
CD4T-NBD1, a finding that may reflect differences in accessi-
bility of enzymes to the modification site or the need for other
factors present within cells.

SUMOylation Targets a Non-native Conformation of NBD1—
F508del NBD1 was more strongly SUMOylated than the WT
protein under a variety of conditions. Increased SUMO modi-
fication, particularly of F508del NBD1, as [ATP] was reduced is
consistent with destabilization of the native NBD1 conforma-
tion, because ATP serves as a ligand that shifts the equilibrium
between native and non-native conformations by stabilizing
the native state. This finding suggested that a transitional con-
formation of the destabilized NBD might serve as the substrate
for SUMO conjugation, and several findings supported this
interpretation for the differences in WT and F508del modifica-
tion: (a) SUMOylation of F508del NBD1 was greater than that
of WT NBD1, paralleling its stability defect; (b) SUMO conju-
gation of both the WT and mutant NBD1 was enhanced by
preincubation at 30 °C, which initiates unfolding of the domain;
(c) SUMO modification was augmented at low [ATP], remov-
ing a ligand that is known to stabilize the domain conformation
(38, 39); (d) time-dependent increases in intrinsic fluorescence,
which monitors formation of the non-native conformation (26,
27), were followed by F508del NBD1 SUMOylation in vitro; and
(e) the extent of F508del NBD1 SUMO modification decreased
with the introduction of solubilizing or revertant mutations.
These variants enhance the stability of the mutant NBD, gen-
erating a conformation that has more native-like properties and
is less subject to SUMO modification.

Efforts to identify folding intermediates of proteins have
revealed transitional conformations that form as a variety of
globular proteins denature, and these intermediates share some
similarities (58). Non-native intermediates that form as pro-
teins unfold were found to have native-like secondary structure,
but they lacked the specific conformations characteristic of
native, tertiary structures. However, their relation to the inter-
mediates forming during the reverse process, that of protein
folding, is not clear. Ohgushi and Wada (59) first characterized
these intermediates as molten globules, and for �-lactalbumen,
this molten globule state was found to be identical to the inter-
mediate that forms transiently during folding of the protein
(60).

Transitional conformations can be generated using mild
denaturing conditions, such as raised temperature, moderate
concentrations of denaturants, or for inherently unstable pro-
teins, by lack of ligand binding, e.g. our ATP data. As implied
above, the relation between the structure of NBD1 that is tar-
geted by SUMOylation and that of an intermediate that forms
along the folding pathway remains to be determined. Whether
there are transitions during CFTR biogenesis that make the

protein available for SUMO modification is not yet known. As
noted above, CFTR domains fold co-translationally, but the
interfaces between domains are resolved slowly (37, 51, 52). To
the extent that these are reversible processes, our data suggest
that the formation of a transitional NBD1 structure could lead
to its SUMO modification as an early step in CFTR biogenesis,
perhaps co-translationally, as has been observed for ubiquityla-
tion (61). On the other hand, the protracted domain association
process also suggests the possibility that transitional interme-
diates could be targeted for SUMO conjugation and degrada-
tion as domain assembly proceeds. Thus, interfering with this
post-translational modification could make more immature
CFTR available to improve the efficacy of existing or developing
correctors of the folding process.
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