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ABSTRACT: To study interactions between the contiguous NBD1 and R domains of CFTR, wild-type and
AF508 NBD1-R (amino acids 464830, in fusion with Hig tag) were expressed as single proteins in
Escherichia coli NBD1-R (10-25 mg/L culture) was purified from inclusion bodies 8 M urea by
Ni-affinity chromatography, and renatured by rapid dilution at pH 5. In vitro phosphorylation by protein
kinase A increased the apparent size of NBD1-R fref®2 to~56 kDa by SDS-PAGE. The fluorescent

ATP analogue TNP-ATP bound to renatured NBD1-R wi}i” of 0.81+ 0.1 uM (wild-type), 0.93+

0.1 uM (wild-type, phosphorylated), 0.7% 0.1 uM (AF508 NBD1-R), and 0.72 0.1 uM (AF508
NBD1-R, phosphorylated) with a stoichiometry ofl TNP-ATP site per NBD1-R molecule; TNP-ATP
binding was reversed by ATP, AMP-PCP, and AMP-PNP Withof ~3.2, 4.2, and 4.6 mM, respectively.
Secondary structure analysis by circular dichroism gave t9B&lix, 43% -sheet and turn, and 38%
“other” structure. To determine if nucleotide binding to NBD1 influenced R domain phosphorylation,
NBD1-R was in vitro phosphorylated with protein kinase A apePfP]ATP in the presence of AMP-
PCP, AMP-PNP, or TNP-ATP. Whereas the nucleotide analogues did not &lfertcorporation in
control proteins (Kemptide, GST-R domain), phosphorylation of NBD1-R was redu@ééo by AMP-

PNP or AMP-PCP (0.25 mM) anag50% by TNP-ATP (0.25M). Analysis of phosphorylation sites
indicated that inhibition involved multiple sites in NBD1-R, including serines 660, 712, 737, 795, and
813. These results establish the conditions for NBD1-R expression, purification, and renaturation. The
inhibition of R domain phosphorylation by nucleotide binding to the NBD1 domain indicates significant
domain-domain interactions and suggests a novel mechanism for regulation of CFTR phosphorylation.

The cystic fibrosis transmembrane conductance regulatorBinding and hydrolysis of ATP by the NBDs is involved in
(CFTR}) is a 1480 amino acid protein that functions as a chloride channel opening and inactivatids).( NBD1 and
plasma membrane chloride channg) 2). CFTR is pre- NBD2 may have distinct functions in controlling channel
dicted to contain two transmembrane domains and three polaractivity (7); ATP hydrolysis at NBD1 appears to be involved
cytoplasmic domains: two nucleotide-binding domains in channel opening whereas ATP binding and hydrolysis by
(NBD1 and NBD2) and a highly charged regulatory (R) NBD2 results in chloride channel inactivatio)( A recent
domain @). Phosphorylation of one or more of the 10 study reported that the membrane-spanning domains are
protein kinase A (PKA) consensus sequences within the Rneeded for physical interaction between the two halves of
domain activates the CFTR chloride conductandes). the protein but that the cytoplasmic domains were not
required for association under the solubilization and immu-
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R613) and NIH Grant HLA2368. noprecipitation conditions use®)( There is little experi
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! Abbreviations: AMP-PNP, adenylyl-imidodiphosphate; AMP-PCP, CFTR function.
adenylyl-3-, y-methylene)-diphosphonatg;ME, -mercaptoethanol; Several studies have reported the expression and purifica-

BSA, bovine serum albumin; CFTR, cystic fibrosis transmembrane .. s .
conductance regulator; DTT, dithiothreitol; ER, endoplasmic reticulum; tion of individual soluble domains of CFTR. An NBD1

GST, glutathioneS-transferase; IPTG, isopropylthjp-b-galactoside; fragment has been chemically synthesiz&@) @nd NBD1
MBP, maltose binding protein; NBD1-R, recombinant protein consisting has been expressed in bacteria in various fusion constructs

of the first nucleotide binding domain (NBD) and the regulatory domain _ ; ; _
(R) of CFTR (residues 404830); NTA, nitrilotriacetic acid; MALDI/ (11~14). Recombinant NBD1 binds the fluorescent nucle

MS, matrix-assisted laser desorption mass spectrometry; PKA, catalyticOtide analogue TNP-ATP1@—17) and was shown for one

subunit of cAMP-dependent protein kinase A; PMSF, phenylmethane- construct to have ATPase activityt§. Comparisons of
sulfonyl fluoride; RP-HPLC, reverse phase HPLC; SERAGE, — j|d-type andAF508 NBD1 suggest that theF508 deletion
sodium dodecyl sulfatepolyacrylamide gel electrophoresis; TCA, ffects the d . f tein foldi ther than the final
trichloroacetic acid; TFA, trifluoroacetic acid; TNP-ATP-@r 3)- arrects the aynamics of protein folding rather than the tina

O-(trinitrophenyl)-adenosine triphosphate. NBD1 conformation {5 16). The R domain has
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also been expressed in bacterd®(22) for determination
of in vitro sites of phosphorylation by PKA, and in Sf9 cells
(23, 24) for studies of interactions with a coexpressed NBD1

Neville et al.

Purification of NBD1-R. Recombinant protein was gener-
ally purified from 1.5 L cultures oE. colitransformed with
PRSETA-NBD1-R or pPRSETAAF508-NBD1-R. A 150 mL

construct. Recently, bacterial expression of NBD1-R as a culture grown overnight was used to inoculate 1350 mL of

single Hig-tagged protein (amino acids 34827, 438-827)
was attempted2b); however, the expression level was too
low (<1.5 mg/L bacterial culture) to permit assay of
nucleotide binding or secondary structure.

The objective of this study was to express, purify, and
renature wild-type andF508 NBD1-R domain proteins for

analysis of nucleotide binding, phosphorylation, and second-

medium (LB or NZCYM) containing ampicillin. The
bacteria were grown to an optical density of 8%G8 OD
units at 600 nm 1.5 h) and then induced for-B h by
addition of 1 mM IPTG. Cells were recovered by centrifu-
gation at 7006 and stored frozen at20°C. The cell pellets
were lysed by lysozyme (0.5 mg/mL) in 150 mL Tris buffer
(20 mM Tris-HCI, pH 8, 1 mM EDTA) at £C for 30 min.

ary structure. Expression of the NBD1 and R domains as aAfter addition of MgSQ (10 mM) and DNAse | (10 units)

single fusion protein also permitted the direct examination
of putative domair-domain interactions, including effects
of R domain phosphorylation on nucleotide binding and
effects of nucleotide binding to NBD1 on R domain
phosphorylation. A secondary motivation for expression of
the NBD1 and R domains together was for crystallization
trials in which preservation of native domaidomain
interactions may be important. The NBD1-R protein was
expressed irE. coli, purified from inclusion bodies under
denaturing conditions, and renatured by a rapid dilution
procedure. The wild-type amdiF508 NBD1-R proteins were

and incubation for an additional 30 min, the solution was
sonicated and centrifuged at 7@d@r 20 min at 4°C. The
pellet, which contained recombinant proteins in inclusion
bodies, was resuspended in 50 mL of 10 mM Tris buffer
containing 1% Triton X-100, incubated for 10 min on ice,
and centrifuged at 100@0for 20 min at 4°C.

Metal-ion affinity chromatography was used to isolate the
Hiss-tagged proteins. Inclusion bodies were solubilized in
0.1 M NaHPQO, (pH 8), 8 M urea (buffer A) containing 10
mM B-ME and briefly centrifuged to remove insoluble
material. The supernatant was appliedat 2 mL gravity-

characterized in terms of nucleotide binding, secondary flow column containing Ni*-nitrilotriacetic acid (Ni-NTA)

structure and phosphorylation, and significant domain
domain interactions were found.

MATERIALS AND METHODS

Chemicals. Chemicals were obtained from Sigma (St.
Louis, MO) unless otherwise specified. ATP, AMP-PCP,
AMP-PNP, BSA, and DNAse | were purchased from
Boehringer Mannheim (Indianapolis, IN};£2P]-ATP (6000
Ci/mmol) from Amersham Life Science (Arlington Heights,
IL), cAMP-dependent protein kinase (catalytic subunit) and
sequencing grade trypsin from Promega (Madison, WI),
TNP-ATP from Molecular Probes (Eugene, OR), IPTG from
Gibco BRL (Gaithersburg, MD), and Ni-NTA agarose from
Qiagen (Chatsworth, CA).

Expression of NBD1-RAF508 NBD1-R and GST-R
Proteins. Expression of NBD1-R was performed essentially
as described26). For AF508 NBD1-R, full-length human
AF508 CFTR cDNA was used as a template for amplification
of bp 1342-2619 corresponding to amino acids 48R9
(exons 9-13) of AF508 NBD1-R. TransformeHscherichia
coli was used to inoculate either LB or NZCYM medium
(containing 5Q«g/mL or 100ug/mL ampicillin, respectively),
which was grown fo 1 h at 37°C and induced with 1 mM
IPTG for 2 h. Bacteria were recovered by centrifugation at

agarose equilibrated in buffer A. The column was washed
with 5 column volumes of buffer A containing 10 mpAME

and then with buffer A containing 10 mi3-ME at pH 6.3
until eluant absorbance at 280 nm was near zefdcolumn
volumes). The bound protein was eluted in 1 mL fractions
with 5 column volumes of buffer A at pH 4.5. NBD1-R
protein yield was 1625 mg/L of bacterial culture.

Several procedures were used to remove minor contami-
nants in some experiments (see Results). Inclusion bodies
were suspended in 10 mM Tris (pH 8) and 10 nfiMME
and purified by centrifugation through a 50% sucrose cushion
for 30 min at 15000. In some studies, inclusion bodies
were incubated in 1% octylglucoside, 10 mM Tris-HCI, and
1 mM EDTA (pH 8) at 37°C for 16 h prior to solubilization.
Low molecular weight contaminants were removed using size
exclusion chromatography (TSK-3000, TosoHaas, Mont-
gomeryville, PA), eluting in 0.1 M Tris (pH 7.48 M urea,
and 10 mM DTT. Alternatively, £2 mg of the Ni-NTA-
purified recombinant protein was injected onto analytical
scale G, Cg, and Ggreverse phase columns equilibrated in
2% acetonitrile, and 0.1% aqueous TFA. Columns were
eluted with a linear gradient of-270% acetonitrile at 1 mL/
min, followed by a wash with 98% acetonitrile, 0.08% TFA.

Renaturation of NBD1-R.Several methods were inves-
tigated to reduce denaturant concentration. Method 1:

7000y, resuspended in Laemmli sample buffer, and analyzed column renaturation Ni-NTA-purified NBD1-R (10 mg)

by 12% SDS-PAGE. Cultures expressing recombinant

was reapplied to an Ni-NTA column equilibrated in 6 M

NBD1-R protein at high levels were chosen for large scale yrea, 0.5 M NaCl, 20% glycerol, and 20 mM Tris (pH 8) at

purification.

a flow rate of 1 mL/min. The concentration of urea was

Control experiments were done using the recombinant R reduced by washing the column with a linear gradient of

domain peptide (exon 13, amino acids 5&880) in fusion
with glutathioneStransferase (GST-R, 54 kDa). DNA

6:1 M urea in 0.5 M NaCl, 20% glycerol, and 20 mM Tris
(pH 8) over 90 min at 1 mL/min. Soluble protein was eluted

encoding the R domain was subcloned into plasmid pGEX with 250 mM imidazole. Method 2slow dialysis NBD1-R
(Pharmacia) which contained an in-frame upstream GST was diluted to 5Q:g/mL with buffer A containing PMSF (1

cDNA. E. coliJM109 expressing GST-R protein were lysed

mM), leupeptin (L0@:M), and pepstatin (1 mM) and dialyzed

as described below, the cell pellet was washed with Triton at 4 °C for 12 h against 200 volfa? M urea, 50 mM Tris

X-100, and inclusion bodies were solubilized in 0.1 M
NaH,PCOy, 8 M urea (pH 8).

(pH 8.5), 150 mM NaCl, and 2 mM DTT. The protein was
then dialyzed again® M urea, 50 mM Tris (pH 8.5), 150
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mM NaCl, and 2 mM DTT. Final buffer concentrations were
reduced to 50 mM Tris (pH 8.5), 125 mM urea, and 10 mM
NaCl by serial 2-fold dilutions of the dialysis buffer with
50 mM Tris, pH 8.5 at 12 h intervals. Method 3apid
dilution. The NBD1-R protein concentration was adjusted
to ~0.5-1 mg/mL at pH 5 (using acetic acid) and diluted
10—20-fold into 5 mM sodium acetate (pH 5) at 4 or Z3.
Similarly, the protein solution was adjusted to pH 8 (using
NaOH) and diluted 10-fold into 5 mM Tris-HCI (pH 8) with
or without the following additives: 0.1% Triton X-100, 10%
glycerol, 10 mM DTT, 150 mM NacCl, 0.5 M NaCl, 10 mM
MgATP, or 0.1 M r-arginine. Diluted samples were
incubated at 4, 23, or 37C for 12 h. Samples were
centrifuged at £C for 1 h at10000@ to remove insoluble
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stopped by addition of 5% acetonitrile/0.5% trifluoroacetic
acid in water. The reaction mixtures were desalted by RP-
HPLC using a 1x 150 mm Gg column at a flow rate of 50
uL/min equilibrated with 2% acetonitrile/0.1% trifluoroacetic
acid in water. The column eluate was monitored by
absorbance at 210 nm. Peptides were collected following
stepwise elution to 60% acetonitrile/0.1% trifluoroacetic acid
in water. Phosphopeptides were purified by immobilized
metal-ion affinity chromatography using iron-loaded NTA
agarose and g RP-HPLC as describe@7). Phosphopep-
tides were identified by comparison with known elution
positions of NBD1-R phosphopeptides followingsQRP-
HPLC (26, 27).

Fluorescent Nucleotide BindingNucleotide binding was

material. The supernatants were assayed for protein con-measured from the fluorescence enhancement of the fluo-
centration using the Bio-Rad protein assay system (Bio-Rad, rescent ATP analogue TNP-ATP. Fluorescence was meas-

Hercules, CA) and nucleotide binding (see below).

In vitro Phosphorylation of NBD1-R Purified NBD1-R
(wild-type or AF508) (5-50u9) in 8 M urea, 0.1 M Nakt
PO, was diluted 4-fold into 50 mM Tris-HCI (pH 7.4) and
incubated fo 2 h at 37°C in 2 mM MgSQ, 1 mM ATP,

ured on a model 8000c fluorimeter (SLM Instruments,
Urbana, IL) at excitation and emission wavelengths of 410
and 540 nm (1 nm slit widths), respectively. Renatured
protein (0.02-0.1 mg/mL in 5 mM sodium acetate, pH 5,
with 0.4—0.8 M urea, 510 mM NaHPQ, and 2 mM

and 1000 units/mL PKA. Control reactions were performed MgSQ,) was incubated with TNP-ATP (04.3 uM) by
in the absence of ATP or PKA. Reactions were quenched addition of 2-8 uL aliquots of stock 10uM TNP-ATP

by addition of 10% TCA (v/v) to precipitate the proteins or
5x Laemmli buffer for analysis by 12% SBSAGE. In
some experiments, NBD1-R (2%0 ug/mL) was phos-
phorylated at pH 5 and 2 after rapid dilution (see above).

solutions (in 5 mM sodium acetate, pH 5, with 6@.8 M

urea and 510 mM NaHPQ,) to a cuvette with continuous
stirring. The apparent TNP-ATP dissociation constant
(KZ”® was determined by nonlinear least squares regression

To generate partially phosphorylated protein, reactions weretg the equatiorF; = Fo + Fi{ [TNP-ATP]/([TNP-ATP] +

performed using 0.1 mM ATP for 30 min at 2%.
32p-Labeling of NBD1-R and GST-Rlo quantify incor-

KG™}, whereF, is fluorescence at @M TNP-ATP, F; is
related to TNP-ATP fluorescence when bound, Epi the

porated phosphate, duplicate samples of the renaturedneasured fluorescence corrected for dilution and inner filter

NBD1-R protein (25-40 ug/mL) were phosphorylated using
[y-*2P]JATP (~0.5 xCi/0.5 mL reaction volume), 0.1 mM
ATP, 2 mM MgSQ, and 500 units/mL PKA. In some

experiments, the protein was preincubated for 15 min prior

to addition of the ATPA-32P]ATP with one of the follow-
ing: 0.125 or 0.25 mM AMP-PNP, 0.125 or 0.25 mM AMP-
PCP, or 0.2%M TNP-ATP. GST-R samples (diluted from

8 M urea stock into 5 mM sodium acetate at pH 5 just prior

to use) were treated identically. Controls for NBD1-R and

GST-R consisted of all reaction components except for PKA.

After 30 min at 23°C, the reactions were quenched with
5x Laemmli buffer and analyzed by 12% SBBAGE. The

effect.

To estimate TNP-ATP site stoichiometry and absolute
binding affinity (Kq = [TNP-ATP][S)/[T-S], where [S] is
the concentration of unbound TNP-ATP binding sites on
NBD1-R and [T-S] the concentration of bound TNP-ATP
sites), K& (from fluorescence vs total [TNP-ATP] titra-
tions) was measured as a function of NBD1-R concentration.
The Kq relation can be rewritten d§q = (T — [T-S])(S —
[T-S])/[T-S], whereT; is the total added TNP-ATP concen-
tration andS total binding site concentration. When 50%
of sites are bound ([T-S¥ S/2), T; ~ K&, so thatki =

) o .
gels were stained with Coomassie Blue, destained, dried, and<d * /2. A linear plot ofK4™ vs NBD1 concentration

visualized by autoradiography. Band intensities were nor-
malized to protein/lane determined by Coomassie staining.

Phosphorylation of KemptideKemptide (250uM) was
phosphorylated with 0.1 mM ATP, 2 mM MgS00.8 M
urea, 5 mM sodium acetate, and 10 mM NBRB)y, pH 5.6
for 30 min by adjusting the amount of PKA (generali200

then givesKy and S from the intercept and slope, respec-
tively.

For measurement of TNP-ATP binding reversal, renatured
NBD1-R (1 mL, 33ug/mL) was incubated with TNP-ATP
(0—0.4 uM) by addition of 1uL aliquots of stock 10Q«M
TNP-ATP solutions (in 5 mM sodium acetate, pH 5, 0.4 M

units/mL). These phosphorylation conditions were chosen Uréa, and 5 mM NakPQ,) to a cuvette with continuous

to give partial phosphorylation (56%) in 30 min when
analyzed by HPLC on a f column (determined by area

stirring. Aliquots (34 ulL) of stock 0.5 M ATP, AMP-
PCP, or AMP-PNP solutions (in 5 mM sodium acetate, pH

percent at 210 nm absorbance). Phosphorylation of Kemp-2: 0-4 M urea, 5 mM NagPQ,) to 16 mM were added, and

tide was confirmed by MALDI/MS. Kemptide was then

phosphorylated in the presence of AMP-PCP, AMP-PNP,

fluorescence was measuret; for reversal of fluorescent
enhancement was calculated using the equafh= K;(1

or TNP-ATP under identical conditions as described above + [TNP-ATP)/KZ™), where K™ is the measured concen-
for NBD1-R and GST-R, and the amount of phosphorylated tration of nucleotide that reduced the measured fluorescence

Kemptide was determined by HPLC.
HPLC Analysis of Phosphopeptide&fter phosphoryl-

enhancement at 04M TNP-ATP by 50%.
For measurement of TNP-ATP binding after in vitro

ation of NBD1-R and GST-R as described above, sequencingphosphorylation, renatured NBD1-R (38/mL) andAF508
grade trypsin (1:20 w/w) was added for 2 h. Reactions were NBD1-R (45ug/mL) were phosphorylated in the presence
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[TNP-ATP] (uM)  [ATP] (mM) [urea] (M) kDa — il :
Ficure 1: Binding of the fluorescent nucleotide TNP-ATP to the 97 —
NBD1-R andAF508 NBD1-R domain proteins. (A) Refolded wild- _
type NBD1-R (33ug/mL) was titrated with TNP-ATP and the 69 s B8E
fluorescence enhancement was measuikgd=t 410 nm,Aem = Lot oedewwww -
540 nm). Measured fluorescence was corrected for background. 46— — o
The fitted curve is shown. See text for fitt&g values. (B) Titration
curves forAF508 NBD1-R (45ug/mL). (C) Refolded wild-type AMP-PNP_AMP-PCP TNP-ATP
NBD1-R was titrated with TNP-ATP to approximately half-maximal ' @" ‘?'
fluorescence enhancement. Addition of ATP, @), reversed the é@ & éé‘ £ D
fluorescence enhancement. See text for fittéd values. (D) GSTR § & O o & N
Refolded NBD1-R (251g/mL) samples were incubated in the g & S
indicated urea concentrationg @ h at 23°C prior to measurement 82
of maximum TNP-ATP fluorescence enhancement. P :
spweeeengwee
of 2 mM MgSQ, 5004M ATP, and 250 units/mL PKA at kDa o1
23 °C, pH 5.0, for 66-120 min. The presence of 500M 97—
ATP did not interfere with TNP-ATP binding. 69—
Circular Dichroism. CD spectra were measured using a — senBiad LA EEeS
Jasco J-500 spectropolarimeter (Jasco, Tokyo). Sample 46— ‘ : =

consisted of NBD1-R~1 mg/mL in buffer A after Ni-NTA
purification) diluted 20-fold into 5 mM sodium acetate at 4
°C, centrifuged at 1000@Jor 1 h at 4°C, and concentrated
5—10-fold using Microcon 10 tubes (Amicon, Beverly, MA).

Ficure 2: Measurement of NBD1-R and GST-R phosphorylation
by 32P incorporation (A) Duplicate samples of wild-type NBD1-R
(40 ug/mL) were phosphorylated with PKA as described in the

CD spectra were measured in 1 mm path length quartz CD Materials and Methods. Controls reactions were performed in the
cuvettes. Ten scans, at a rate of 50 nm/min, were recorded@bsence of PKA. 12% SDSPAGE with Coomassie Blue staining

per measurement. Absorbance was measured on each sampt%

shown. (B) Duplicate samples of refolded wild-type NBD1-R
0 ug/mL) were phosphorylated in the presence of{P]-ATP

between 190 and 300 nm to rule out aggregation. Temper-in the absence and presence of AMP-PNP, AMP-PCP or TNP-

ature melt studies were performed by monitoring molar
ellipticity at 222 nm over the temperature range-38 °C

at a rate of 1°C/min. Protein secondary structure was
determined from CD spectra by numerical decomposition
using the basis spectra set of Chang et28).(

RESULTS

The NBD1-R andAF508 NBD1-R fusion proteins were
expressed and purified frof. coli. The majority of the
fusion protein was present in the insoluble inclusion body
fraction as shown previoush26). Expression levels were
found empirically to be increased using NZCYM medium
in place of LB medium and by incubation at reduced
temperatures (3035 °C) after addition of IPTG.

Wild-type andAF508 NBD1-R were purified by Ni-NTA
affinity chromatography as described in Materials and
Methods. The purified wild-type (see Figure 2A, lanes 1
and 2) andAF508 NBD1-R (data not shown) proteins were
observed as a single band with predictéd ~ 52 kDa

ATP at the indicated concentrations. Autoradiogram (top) and 12%
SDS-PAGE with Coomassie Blue staining (bottom) are shown.

(C) GST-R was phosphorylated under identical conditions to
NBD1-R and analyzed by 12% SB®AGE.

following SDS-PAGE. The yield of purified protein was
generally 16-25 mg/L of culture. In some preparations, up
to 50% of the bound protein did not elute from the Ni-NTA
column at pH 4.5 fraction due to aggregation. This bound
protein could be recovered by elution wié M guanidine-

0.1 M acetic acid, desalting, and reapplication to the column.
This material was not used for the experiments performed
in this study. In some preparations, lower yields of NBD1-R
were found and correlated with the presence of small protein
fragments that bound to the Ni-NTA agarose. Although
inclusion of protease inhibitors (leupeptin, pepstatin, and
PMSF) during cell lysis did not reduce the amount of these
contaminants, proteolysis could be reduced by use of a
bacterial strain BL21 that is deficient in proteases lon and
ompT (Novagen). Two other approaches that were tried for
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Table 1: Evaluation of NBD1-R Renaturation by Rapid Dilufion of Smeicrommar concentrat_ion_s_ of TNP-ATP to the re-
0t C adit lubility TNP-ATP bindi natured proteins produced a significant enhancement in TNP-
pH_temp (C) additive solubility TNP-ATPbinding  ATp fiyorescence at 540 nm (NBD1-R, Figure 1AE508

5 4 none Tt yes NBD1-R, Figure 1B). Subsequent addition of millimolar
5 23 none +++ yes . .

5 23 0.1% Triton X-100  +++ ves concentrations of ATP (Figure 1C), AMP-PCP, and AMP-
8 4 none ++ no PNP (not shown) to NBD1-R reversed the fluorescence
8 23 none + no enhancement. Fitted&" for TNP-ATP binding to wild-

8 23 0.1%Trniton X-100  +++ yes type NBD1-R was 0.8 0.1 xM and to AF508 NBD1-R

8 23 10% glycerol - ND L

8 23 10 MM DTT Tt no was 0.75+ 0.1 uM. These results indicate that tté=508

8 23 150 mM NaCl +++ no deletion has little effect on ATP binding. Tlig values for

8 23 500 mM NacCl +++ no reversal of the fluorescence enhancement by ATP, AMP-
g gg igomrl\]"M'\L"%TP N NB PCP, and AMP-PNP were3.2, 4.2, and 4.6 mM, respec-

8 37 none 9 T+ no tively. The molar stoichiometry of TNP-ATP binding to

aNi-NTA-purified NBD1-R was adjusted to either pH 8.0 (NaOH) NBD1-R was determmed from the de-pendencngﬁ-p on
or pH 5.0 (acetic acid) at 0-51 mg/mL protein concentrationin 8 M~ NBD1-R concentration as explained in the Materials and
urea. Samples were diluted 10:1 into either 5 mM Tris-HCI (pH 8.0) Methods. At NBD1-R concentrations of 20, 40, and.gf)
or 5 mM sodium acetate (pH 5.0) with indicated additives, incubated mL (equivalent to 0.38, 0.77, and 1.18V), K3* values
for 12 h at the_ |_nd|cated temperature and centrifuged at 1Gf)GDTC _were 0.41, 0.63, and 0.83M. The computed molar
for 1 h. Solubility was determined by assay of the supernatant protein ichi b d TNP-ATP NBD1-R 1.89
concentration. TNP-ATP binding was determined by fluorescence Stoichiometry (boun -ATP to NBD1-R) was 1.
titrations. ND, not determined. 0.1, suggesting-1 TNP-ATP binding site per molecule of
renatured NBD1-R. NBD1-R protein folding was sensitive

P ) . to the urea concentration, losing half of its capacity to bind
purification of NBD1-R after Ni-NTA chromatography were TNP-ATP & 2 M urea (Figure 1D). These results indicate

unsuccessful. Size exclusion chromatography under denatur- . L ; . :
ing conditions removed contaminating proteins, but the that nucleotide binding to NBD1-R is specific, reversible, and

- ; - requires folded protein. The 1:1 stoichiometry and single
purified I\ijBDl-fR protew; could noLbe refoloéed efficiently. bir?ding affinity supggesta homogeneous populati{)n of NBgl-
Attempted purification of NBD1-R by HPLC (CCg, or Cig . ! N
analytical columns) did not yield pure protein: the majority R; however, heterogeneous subpopulations with similar TNP-

of NBD1-R eluted in the 95% acetonitrile column wash, ATP binding properties cannot be discounted.

suggesting protein aggregation during adsorption and/or The next set of experiments was designed to determine
elution. whether nucleotide binding to NBD1-R affects PKA-medi-

ated phosphorylation. Following SBAGE and Coo-
massie Blue staining, in vitro phosphorylation by PKA
produced a band of higher apparent molecular size (Figure
2A). The reaction was nearly complete inr2 h at 1 mM

Rapid dilution, column renaturation, and dialysis were
evaluated to refold the NBD1-R protein. Table 1 summarizes
a series of conditions tested for reduction of denaturant

concentration using rapid dilution. Refolding efficiency was N L
assessed by protein solubility and fluorescent nucleotide TP @nd 23°C. Similar band appearances were found for

binding (see below). Efficient renaturation was found by Phosphorylation of the refolded NBD1-R (in 0.8 M urea at
rapid dilution of the purified NBD1-R at pH 5 and %C. pH 5) vs a 4-fold dilution of the Ni-purified NBD1-R in 2
Other conditions known to facilitate protein renaturation were M uréaatpH 7.4 (dgta not shown). The upper band suggests
examined 29-33), but were unsuccessful. Addition of PhOSPhorylation at*’Ser @4); other sites (nine serines in
Triton X-100 facilitated refolding of NBD1-R at pH 5 or 8, dibasic consensus sites for PKA-medlated phosphorylat!on)
but caused nonspecific TNP-ATP binding and was difficult M@y also be phosphorylated in the upper band. The minor
to remove. For subsequent studies, NBD1-R {@5mg/ band that comigrates with the non_pho;phorylated protein
mL) in 8 M urea was diluted to give a final buffer suggests lack 0?37Ser. phosphorylation in a subset of the
composition of 5 mM sodium acetate; 50 mM NaHPO,, phosphorylated protein.

and 0.4-0.8 M urea. Generally; 80% of the soluble protein To quantify NBD1-R phosphorylation, PKA-mediated
was recovered after ultracentrifugation (100§0Dh, 4°C). incorporation of32P (from [y %2P]JATP) was measured by
The diluted protein could be stored at@ for more than 6 densitometry of autoradiograms. Phosphorylation reactions
months without loss of solubility or nucleotide binding Wwere carried out under conditions that gave partial phos-
affinity. Attempts to further dialyze the protein ® Murea  phorylation so that increases and decreases could be ob-
or to concentrate the protein 8100 ug/mL resulted in served. The majority of?P incorporation was found in the
>50% loss of soluble protein. Reduction of denaturant upper band (Figure 2B, upper panel), consistent with the
concentration by step dialysis or column chromatography did conclusion that®’Ser is one of the first sites on the R domain
not give usable amounts of renatured NBD1-R. In the to be phosphorylated by PKA34). Under the conditions
dialysis method, urea was gradually removed over severalof the assay, the phosphorylation of NBD1-R did not go to
days. Under the conditions tested, NBD1-R (initia#y25 completion in either the presence or absence of ATP
ug/mL) precipitated at urea concentrations between 2 and 1analogues (Figure 2B, lower panel). Inclusion of the ATP
M. Reduction of denaturant concentration in situ on the Ni- analogues AMP-PNP, AMP-PCP, or TNP-ATP at the time
NTA column, using various step sizes, generally ga@8% of phosphorylation significantly reduced the incorporation
recovery of soluble NBD1-R protein. of 3P (Figure 2B, upper panel).

The fluorescent nucleotide TNP-ATP bound to refolded  The inhibition of NBD1-R phosphorylation by nucleotides
NBD1-R andAF508 NBD1-R with high affinity. Addition could be due to competition of nucleotides with ATP, direct
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Ficure 4: Phosphopeptide map of in vitro phosphorylated NBD1-R
and GST-R proteins. (A) g RP-HPLC chromatogram of IMAC
purified NBD1-R phosphopeptides. The column eluant was moni-
tored by absorbance at 210 nm. Phosphopeptides were identified
from known elution positions as describezb). Peaks marked a
and b arise from acidic NBD1-R peptides copurified using IMAC.

Relative 32p/
Coomassie blue

o 2, 9 9, 9 9 (B) Relative peak areas of the five principal phosphopeptides in
% %’b W, ‘35‘,,> %, "\4% NBD1-R and GST-R. The peak areas for the five phosphopeptides
C n, (4 from PKA phosphorylated NBD1-R and GST-R were measured
® following Cis RP-HPLC and normalized to unity for thé’Ser-
je AMP-PNP IAMP'PCP containing phosphopeptide.
Q
ﬁ that the inhibition of NBD1-R phosphorylation by nucleo-
g tides involves a nucleotideNBD1 domain interaction that
2 then influences the efficiency of R domain phosphoryl-
2 ation.
X 4 0'(3 o%\ Q’e %, %, To determine whether the pa_ltterr_1 of phosphorylatgd sites
% 0,% , 0‘,% %, 4 was grossly changed upon in vitro phosphorylation of

NBD1-R vs GST-R, and without vs with nucleotides,
FiIGURE 3: Quantitative analysis of the phosphorylation of NBD1- phosphorylated sites were resolved by trypsin digestion, RP-
R, GST-R, and Kemptide. (A) NBD1-R. The relative amount of p| ¢ and immobilized metal-ion affinity chromatography

PKA-mediated3?P incorporation normalized to Coomassie Blue . .
stained protein was calculated after densitometry of the autoradio- (see Materials and Methods). Figure 4A shows an RP-HPLC

gram/stained gel in Figure 2B. (B) GST-R. Analysis was performed Peptide map for PKA phosphorylated NBD1-R. The RP-
as described for panel A using the autoradiogram/stained gel in HPLC peptide map for PKA-phosphorylated GST-R and
Figure 2C. (C) Kemptide. Kemptide was phosphorylated in the NBD1-R, and GST-R phosphorylated in the presence of
absence and presence of AMP-PNP, AMP-PCP, or TNP-ATP. The 1y,¢|aotides were similar (data not shown). In all cases, five

reaction products were separated by RP-HPLC. The column . . L . -
eluant was monitored by measurement of absorbance at 210 nmfM&jor phosphoserine-containing peptides (serines 660, 712,

and the peak areas of the phosphorylated and nonphosphorylated 37, 795, and 813) were observed by this procedure based
Kemptide calculated. on previous identifications by mass spectromef2@)( In

addition, at least two peaks from acid phosphopeptides
interaction of nucleotides with PKA or the R domain, and/ (copurified by metal-ion affinity chromatography) were
or binding of nucleotides to the NBD1 domain that then alters observed. Figure 4B shows relative peak areas of the five
the phosphorylation efficiency of the R domain. To distin- principal phosphopeptides from PKA phosphorylated NBD1-R
guish among these possibilities, phosphorylation reactionsand GST-R. There were quantitative differences in the
under identical conditions were done using as substrates (inphosphorylation pattern fét*Ser and®°Ser, probably arising
place of NBD1-R) a GST-R domain fusion protein, or from influences of the NBD1 domain on R domain confor-
Kemptide (an artificial 7 amino acid peptide with a single mation. These results indicate that multiple sites in the R
PKA consensus site). When AMP-PCP, AMP-PNP, or TNP- domain are phosphorylated under the experimental conditions
ATP were present under conditions in whicfP in- here and that the pattern of phosphorylation is not grossly
corporation into NBD1-R was remarkably decreased (Figure affected by nucleotides.
2B and Figure 3A), no significant differences in the Given the effect of nucleotide binding to NBD1 on R
phosphorylation of GST-R (Figure 2C and Figure 3B) or domain phosphorylation, the hypothesis was tested that R
Kemptide (Figure 3C) were observed. These results suggesdomain phosphorylation affects nucleotide binding. Wild-
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stability of NBD1-R (Figure 6, inset). Denaturation at 50%
of NBD1-R occurred at-60 °C.

DISCUSSION

The NBD1-R domain of human CFTR was expressed in
bacteria as a single protein, purified by metal affinity
of . 3 chromgtog_rap_hy under denaturing conditions, and renatured

[TNP-ATP] (uM) by rapid dilution at pH 5. It was necessary to evaluate
multiple strategies for expression and renaturation in order
to generate substantial quantities of protein that remained
soluble, that bound nucleotides with high affinity, and, as
demonstrated in a recent studg), that was phosphorylated
by PKA at essentially the same sites as those phosphorylated
in vivo in full-length CFTR. Although renaturation proce-
dures involving in situ reduction of denaturant concentration
on the column and dialysis have been used for various soluble

% 1 2 3 4 proteins 83), including the NBD1 and R domains of CFTR
[TNP-ATP] (uM) (13, 15, 17, 20), only rapid dilution into an acidic solution
Ficure 5: Nucleotide binding to phosphorylated NBD1-R and Was successful for the NBD1-R protein. The presence of
AF508 NBD1-R. Wild-type (A) (33:g/mL) andAF508 NBD1-R poly(ethylene glycol) on-arginine, maneuvers that have
(B) (45ug/mL) were phosphorylated using PK®(—). Control facilitated folding NBD1-like proteins 15, 17), did not
protein O, - --) was treated identically minus PKA. TNP-ATP ~ romote folding of NBD1-R. The folded NBD1-R protein
fluorescence enhancement was measured as in Figure 1. See te>8 . . .
for fitted Kq values. remained sqlubl_e and _st_able in solut|(_)n f(_)r months, bound
TNP-ATP with high affinity, and had significant secondary
temperature ('C) structure. An interesting unexpected finding (discussed
2000+ 285 45 55 65 75 85 further below) was that nucleotide binding to NBD1 inhibited
2 PKA-mediated phosphorylation of the contiguous R domain.
10001 9-4M Secondary structure analysis of NBD1-R by circular
-6 dichroism showed-19% a-helix and 43%5-sheet and turn,
with no significant differences after phosphorylation. Previ-
ous studies showed 2% a-helix and 6773% f3-sheet
and turn for NBD1 proteinX2) and NBDL1 isolated after
cleavage of an expressed GST-NBD1 fusion protéis).(
Values of 40%u-helix and 37%05-sheet and turn were found
for an NBD1-MBP fusion proteinl(4), and 28%x-helix and
44% S-sheet and turn were reported for a ¢isgged NBD1
protein (7). For comparison, CD analysis of a 67-mer
peptide corresponding to the region of the putative ATP
binding domain in NBD1 gave<10% a-helix and~80%
pB-sheet and turn. A single study on R domain protein
Ficure 6: Circular dichroism analysis of NBD1-R. Refolded wild-  reported an~10%a-helical content aneé-40% f3-sheet and
%g?a'r\"Zﬁé{i'ii;’;’as(ig;‘gt'g’gegﬁé’v&D zfs%?fggémé‘;t@mﬁiiﬁs turn (20). After phosphorylation, thew-helical content of
monitored at 222 nm while increasing the temperature B/ the R domain peptide was reduced &%, suggesting a
min. conformational change. The results here show a majority
of -sheet and turn, in general agreement with averaged
type NBD1-R andAF508 NBD1-R proteins were phos- Values reported above for NBD1 and R domains in isolation.
phorylated by PKA and ATP. TNP-ATP fluorescence  The NBD1-R protein bound TNP-ATP with high affinity
enhancement data were qualitatively similar for phos- similar to that found in measurements on the bacterially
phorylated and control NBD1-R (Figure 5A) ansF508 expressed NBD1 domain alond2j and various NBD1
NBD1-R (Figure 5B). Fitted™ for TNP-ATP bindingto  fusion proteins 13, 15, 17). The high-affinity binding of
PKA phosphorylated wild-type NBD1-R was 0.930.1uM TNP-ATP to its site on NBD1 arises from the ATP affinity
and to PKA-phosphorylatedF508 NBD1-R was 0.72 in synergy with hydrophobic interactions of the TNP moiety.
0.1uM. The control sample was generated under the sameHalf-maximal displacement of TNP-ATP from NBD1-R
conditions as the phosphorylated sample except that PKAoccurred at~3.2 mM ATP and at-4.2 and 4.6 mM for the
was not added. nonhydrolyzable ATP analogues AMP-PNP and AMP-PCP,

Circular dichroism was done to determine NBD1-R respectively. The millimolar concentration for ATP binding
secondary structure. In this experiment, urea was removedhas been proposed as evidence that cytosolic concentrations
from NBD1-R solutions by dialysis against 5 mM sodium of ATP are important for the activation of CFTR in vivo
acetate. Figure 6 shows a CD measurement with fitted (12, 35). The TNP-ATP molar site stoichiometry was
parameters 19%a-helix and 43%p-sheet and turn. A  determined to be approximately 1:1, suggesting that all
temperature melt was performed to determine the thermalNBD1-R molecules are present in a similarly folded state.

relative fluorescence
enhancement

(os]

relative fluorescence
enhancement

wavelength (nm)
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TNP-ATP binding to NBD1-R was not affected by phos- were phosphorylated under the experimental conditions, and
phorylation of the R domain, nor was there a difference in the nucleotides that inhibited R domain phosphorylation did
affinity for wild-type vs the AF508 forms of NBD1-R. not grossly affect the phosphorylation pattern.
These results suggest that phosphorylation of the R domain Although the effects of nucleotides on R domain phos-
does not produce a conformational change that would resultphorylation were quite substantial in measurements on the
in physical blockade or altered affinity of the nucleotide isolated NBD1-R domain protein, the potential implications
binding site on NBD1. The absence of an effect of the of these findings to CFTR function in vivo should be made
AF508 mutation is consistent with previous studies showing with caution. The influence of nucleotide binding on
similar thermodynamic stability and nucleotide binding phosphorylation, taken together with the lack of effect of
affinity for the wild-type vsAF508 isolated NBD1 domain  phosphorylation on nucleotide binding, raises the possibility
(15. The NBD1 domain contains the Walker A and B of a causal relationship that might apply in vivo. Previous
consensus sequences found in related nucleotide bindingstudies of Ct channel function in mutated CFTRs with
proteins B86) that are thought to be involved in interaction partial R domain deletion and NBD2 mutations are consistent
with the adenine and phosphate in ATP. From our data andwith an interaction between the NBD2 and R domaBg).(
the finding that the 67-mer peptide containing the Walker The nonhydrolyzable nucleotide analogues AMP-PNP and
motifs bound TNP-ATP with high affinity(0), it is proposed pyrophosphate have been shown to lock CFTR into an open
that only a small region in NBD1 is involved in nucleotide state, possibly by blocking ATP access to its site on NBD2
binding and that the integrity of this region may be relatively (37, 40). However, it is difficult to compare the present
insensitive to interactions not very near the binding site.  results with functional studies on full-length CFTR because
A principal finding here was that binding of ATP analogs of the multiple complex interactions possible in the whole
to the NBD1 domain reduced PKA-mediated phosphorylation protein. In particular, the functional studies cannot easily
of the R domain. At 0.25 mM concentration, the nonhy- examine the possibility that NBD1 is involved in interaction
drolyzable analogues AMP-PCP and AMP-PNP inhibfted with nucleotides before or after phosphorylation. The data
incorporation into NBD1-R by>75%; 0.25uM TNP-ATP on NBD1-R reported here suggest a role for NBD1 in
inhibited %?P incorporation by>50%. These findings are interaction with nucleotides prior to channel opening, pos-
consistent with the relative binding affinities of these sibly in regulating the access of PKA to phosphorylation sites
compounds with TNP-ATP showing 50% inhibition at on the R domain.
500-1000-fold lower concentration than that used for the
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