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Abstract 

The cystic fibrosis transmembrane conductance regulator (CFI'R)  gene encodes an apical membrane CI- channel 
regulated by protein phosphorylation. To identify CAMP-dependent protein kinase (PKA)-phosphorylated residues in 
full-length CFTR, immobilized metal-ion affinity chromatography (IMAC) was used to selectively purify phosphopep- 
tides. The greater specificity of iron-loaded (Fe") nitrilotriacetic (NTA) Sepharose compared to iminodiacetic acid 
(IDA) metal-chelating matrices was demonstrated using a PKA-phosphorylated recombinant NBDl -R protein from 
CFTR. Fe3+-loaded NTA Sepharose preferentially bound phosphopeptides, whereas acidic and poly-His-containing 
peptides were co-purified using the conventional IDA matrices. IMAC using NTA Sepharose enabled the selective 
recovery of phosphopeptides and identification of phosphorylated residues from a complex proteolytic digest. Phos- 
phopeptides from PKA-phosphorylated full-length CFTR, generated in Hi5 insect cells using a baculovirus expression 
system, were purified using NTA Sepharose. Phosphopeptides were identified using matrix-assisted laser desorption 
mass spectrometry (MALDI/MS) with post-source decay (PSD) analysis and collision-induced dissociation (CID) 
experiments. Phosphorylated peptides were identified by mass and by the metastable loss of HP03 and HIPOl from the 
parent ions. Peptide sequence and phosphorylation at CFTR residues 66"Ser, 737Ser, and 79sSer were confirmed using 
MALDI/PSD analysis. Peptide sequences and phosphorylation at CFTR residues 7ooSer, '"Ser, 768Ser, and "'Ser were 
deduced from peptide mass, metastable fragment ion formation, and PKA consensus sequences. Peptide sequence and 
phosphorylation at residue 7s3Ser was confirmed using MALDI/CID analysis. This is the first report of phosphorylation 
of 7s3Ser in full-length CFTR. 
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The cystic fibrosis transmembrane conductance regulator gene  en- 
codes an apical membrane C1- channel (Riordan et al., 1989). Ex- 
pression of CFTR results in  increased C1- conductance following 
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Chemistry, Box 0446, University of California, 513 Parnassus Ave., San 
Francisco, California 94143-0446; e-mail: rrtown@itsa.ucsf.edu. 

Abbreviarions: CFTR, cystic fibrosis transmembrane conductance reg- 
ulator: CID, collision-induced dissociation; CZE, capillary zone electro- 
phoresis: CIS,  octadecyl silica;  ESI/MS, electrospray ionization mass 
spectrometry; IDA, iminodiacetic acid; IMAC, immobilized metal-ion af- 
f ini ty  chromatography;  LC-ESI/MS, liquid chromatography-ESI/MS; 
MALDI/MS, matrix-assisted laser desorption MS: [M+H] +, protonated 

cleotide binding domain (NBD) and the regulatory domain (R) of CFTR 
molecular mass; NBDl-R, recombinant protein consisting of the first nu- 

(residues 404-830) with a His,-tag;  Ni-NTA, nickel-nitrilotriacetic acid; NTA, 
nitrilotriacetic acid; PKA, CAMP-dependent protein kinase A; PSD, post- 
source decay; PTH, phenylthiohydantoin; RP/HPLC, reversed-phase HPLC. 

stimulation with CAMP agonists (Rich  et al., 1990; Anderson et  al., 
1991;Bearetal.,  1991;Drummetal.,  1991;TabcharanietaL 1991). 
Chloride channel activity is proposed to be regulated by phosphor- 
ylationoftheRdomain(Bergeretal., l991,1993;Chengetal., 1991; 
Tabcharani et al., 1991) and by the interaction of  ATP with the nu- 
cleotide binding folds (Anderson et al., 1991; Anderson & Welsh, 
1992). It has been shown that Ser residues 660,700,737,768,795, 
and 813  are phosphorylated  in  vivo  after  stimulation of CAMP- 
dependent PKA (Cheng et al., 1991; Picciotto et al., 1992;  Chang 
et al., 1993). However, mutagenesis of all 10 predicted dibasic PKA 
phosphorylation sites in CFTR (loser-Ala mutant CFTR) did not 
completely abolish stimulated CI- conductance (Chang et al., 1993). 
Phosphorylation of residue 753Ser was identified as a major con- 
tributor to the remaining CI- conductance in the loser-Ala mutant 
CFI'R molecule (Seibert et al., 1995). Whether 7s3Ser regulates the 
activity of wild-type (nonmutated) CFTR is not known. 
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This study was undertaken to determine the sites of CFTR phos- 
phorylation using matrix-assisted laser desorption mass spectrom- 
etry. Phosphopeptides are identified as masses with 80-Da increments 
greater than the predicted peptide molecular weights (Yip & Hutch- 
ens, 1992; Craig  et al., 1994; Liao  et al., 1994; Annan & Can; 
1996). The  analysis of phosphoserine-containing peptides by 
MALDI/MS in reflectron mode is facilitated by the formation of 
metastable fragments from the losses of HP03 and H3P04 (Annan 
& Cam, 1996). However, MALDI/MS requires that individual 
fractions from either HPLC or CZE be collected, dried, and crys- 
tallized with matrix and analyzed individually. Also, separating the 
large numbers of peptides into distinct fractions by RP/HPLC  for 
a large protein (M, - 180 kDa) such as CFTR is impractical. Thus, 
phosphopeptides must be isolated before MALDI/MS. 

The use of immobilized metal-ion affinity chromatography to 
purify phosphopeptides (Michel & Bennet, 1987; Flotow et al., 
1990; Scanff et  al., 1991; Muszynska et al., 1992; Watts et al., 
1994) has been proposed to increase the usefulness of both MALDI/ 
MS and liquid chromatography-electrospray ionization  mass 
spectrometry for structural studies of protein phosphorylation. How- 
ever, disadvantages of the presently used affinant, Fe3+-iminodia- 
cetic acid, are that binding to acidic peptides can occur (Muszynska 
et al., 1992) and incomplete iron loading can result in the co-purifi- 
cation of His- and Lys-containing peptides (Scanff et al., 1991). 

In this report, we show that an Fe”-loaded quadradentate metal- 
chelator, nitrilorriacetic acid (Hochuli et al., 1987), binds with high 
specificity to phosphopeptides from  a tryptic digest of the recom- 
binant NBDI-R domains of CFTR. In contrast, when either Fe3+- 
loaded IDA Sepharose or IDA POROSTM resin  was used, a 
significantly greater number of acidic and poly-His peptides co- 
purified with phosphopeptides. This novel IMAC-MALDI/MS ap- 
proach was then applied to the study of PKA-phosphorylated 
full-length CFTR. Phosphorylation of Ser residues 660, 700, 712, 
737, 768,  795, and 813 was demonstrated using peptide mass, 
metastable fragment ion formation, and post-source decay analy- 
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Fig. 1. Phosphorylation consensus  sites of the NBD1-R domain of CFTR. 
The His6-tagged NBDI-R domain protein construct is shown (CFTR res- 
idues 404-830). Protein kinase A consensus sequences are underlined and 
sites of phosphorylation identified previously by ESI/MS (Townsend et al., 
1996) are marked by an asterisk. 

sis. Phosphorylation at  Ser residue 753 was also found using pep- 
tide mass,  metastable  fragment ion formation,  and  collision- 
induced dissociation analysis. 

Results 

The NBD1-R domain of CFTR has 13 Ser-containing consensus 
sequences for PKA phosphorylation, with at least one Arg residue 
(Fig. l),  that are expected to have a “high phosphorylation” prob- 
ability (Kemp et al., 1977). There are eight dibasic and five mono- 
basic sites. It was shown previously that all the dibasic sites in the 
NBD1-R domain were phosphorylated by PKA (Townsend et al., 
1996). 

To isolate phosphopeptides specifically from full-length CFTR, 
three different IMAC matrices (IDA Sepharose, IDA POROSTM 
resin, and NTA Sepharose) were evaluated using the phosphory- 
lated NBDI-R protein. Peptide desalting prior to IMAC was nec- 
essary because the efficiency of phosphopeptide binding appeared 
to decrease when nondesalted peptide mixtures were analyzed (data 
not shown). This may  be due to the presence of  ATP, urea. and 
other salts. ATP is known to bind to Fe”-loaded matrices (Muszyn- 
ska et al., 1992) and, when present in large excess over phospho- 
peptide, may compete with and/or block phosphopeptide binding. 
The peptides that bound to the IMAC columns and were eluted at 
high pH were subjected to C i s  RP/HPLC. Figure 2 shows the 
chromatograms obtained from the peptides bound by  NTA Sepha- 
rose (Fig.  2A) and IDA Sepharose (Fig. 2B). IDA  POROS“ resin 
and IDA Sepharose results were similar (data not shown). Addi- 
tional NBDI-R peptides bound to the IDA Sepharose; there were 
1 1  peaks eluting with I, < 30 min with the IDA Sepharose (com- 
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Fig. 2. RPIHPLC of NBD1-R tryptic peptides purified by IMAC. NBD1-R 
tryptic peptides from either NTA Sepharose (A) or IDA Sepharose (B) were 
injected onto the Cis RP/HPLC column and eluted isocratically with 2% 
solvent B for 10 min followed by a linear gradient of 2-50% solvent B over 
50 min. The eluant was monitored by on-line UV absorbance detection at 
210 nm. The collected peaks are numbered. 
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pared to 4  for the NTA matrix) and an increase in the areas of 
peaks 20-29 and 31-32. The remaining peaks were seen in both 
Figure 2A and B. 

To determine whether the NTA Sepharose bound all of the ex- 
pected phosphopeptides in the tryptic digest of phosphorylated 
NBDI-R (Townsend et al., 1996), the RP/HPLC peak fractions 
were analyzed by MALDI/MS.  The spectra obtained were ana- 
lyzed for phosphopeptides by searching for phosphate moiety in- 
crements (80 Da) to the theoretical masses of the nonphosphorylated 
tryptic peptides. A representative analysis for  one phosphopeptide- 
containing fraction (Fig. 2, peak 19) is described below. 

The MALDI/MS spectrum obtained in reflectron mode  for 
peak 19 (Fig. 2A) is shown in Figure 3. The ion at m/z 1,961.2 
corresponded to the [M+H]+ of the  phosphorylated  735Arg- 
Arg7” peptide. Ions at m/z 1,203.1, 1,825.4, 1,848.3, 1,865.6, 
1,883.1, and 2,162.3 were also observed. Only masses correspond- 
ing to the ions at m/z 1,961.2 and 2,162.3 were seen when this 
fraction was analyzed in linear mode (data not shown). This result 
demonstrated that these were parent ion masses and the remaining 
ions were likely generated from metastable fragmentation. The 
assignment of the ion m/z 1,961.2 as the parent ion for the signals 
at m/z 1,203.1, 1,825.4, 1,848.3, 1,865.6, and 1,883.1 was dem- 
onstrated by the use of a Bradbury-Nielson ion-gate in the first 
field-free region of the mass spectrometer (post-source and pre- 
reflector), which allowed analysis of ions in a selected mass win- 
dow. When the ion at m/z 1,961.2 was selected, ions at m/z 1,203. I ,  
1,825.4, 1,848.3, 1,865.6, and 1,883.1 were still observed. This 
experiment also showed that these five ions were not metastable 
fragments from the ion at m/z 2,162.3. The ions at m/z 1,883.1 and 
1,865.6 corresponded to the loss of HP07 and the p-elimination of 
phosphoric acid (H3P04), respectively. These fragments were formed 
post source, because they were not detected at precisely 80- and 
98-Da increments, respectively, from the parent phosphopeptide 
ion.  This mass inaccuracy due to metastable fragment ion forma- 
tion was reported to occur for Asp-Pro and Asp-Xxx peptide bonds 
that also undergo cleavages in MALDI/MS (Yu et al., 1993). The 
product formed from the loss of H3P04 was the most abundant ion 
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Fig. 3. MALDI/MS of a CI8  RP/HPLC purified peak fraction from NBDI-R 
tryptic peptides purified by IMAC. The spectrum shown was obtained from 
peak 19 (Fig. 2A). Tryptic digests from phosphorylated NBDI-R that 
bound to either NTA Sepharose or IDA Sepharose were subjected to CI8 
reverse-phase chromatography as described in the Materials and methods. 
The collected peaks were analyzed by MALDI/MS in reflectron mode as 
positive ion data. The matrix was a-cyano-4-hydroxycinnamic acid. 

detected for this and all other phosphopeptides examined in this 
study. The amount of metastable fragmentation appeared to be 
dependent on phosphopeptide sequence because the relative abun- 
dance of parent, parent-HP03, and parent-H3P04 ions were not 
consistent for all phosphopeptides examined. The formation of 
breakdown products from the p-elimination of phosphoric acid 
and from the loss of HP03 is characteristic of phosphoserine- 
containing peptides, in agreement with published observations (An- 
nan & Can; 1996) for both phosphoserine and phosphothreonine 
residues. 

Phosphopeptides were analyzed using MALDI/MS in both re- 
flectron and linear mode. When phosphoserine-containing peptides 
were examined in linear mode, metastable fragments were not 
observed because both parent and daughter ions were detected at 
the same time. In one instance, the parent ion of the 75211e-Arg764 
phosphopeptide from NBDl-R was only observed in linear mode 
when analyzed using a TofSpec SE mass spectrometer because the 
parent ion underwent total metastable decay in the mass spectrom- 
eter. This phosphopeptide would not have been observed if only 
reflectron mode analysis had been used. However, this same phos- 
phopeptide, when purified from full-length CFTR, did not undergo 
complete metastable fragmentation when analyzed using an Au- 
toSpec 5000 mass spectrometer. Because a different matrix solu- 
tion was used, it is possible that the MALDI matrix may affect the 
observed metastable fragmentation. Therefore, reflectron and lin- 
ear modes are complementary in the MALDI/MS analysis of phos- 
phopeptides. 

The peptide at m/z 1,961.2 that corresponded to the [M+H] + of 
the phosphorylated 73sArg-Arg7s’ peptide was subjected to MALDII 
PSD analysis (Fig. 4). Ions corresponding to the [M+H] +-SO (m/z 
1,881.7) and [M+H]  +-98 (m/z 1,863.5) were observed from the 
loss of HP03 and the p-elimination of phosphoric acid, respec- 
tively. Due to preferential charge retention on Arg residues, both b 
(N-terminal) and y (C-terminal) ions were observed. Ions corre- 
sponding to y1 (m/z 175.0), y2 (m/z 272.3), ys (m/z 569.7), ys (m/z 
884.1), ylo (m/z 1,100.8), ylz (m/z 1,312.9), and yl4 (m/z 1,524.9) 
were seen. The absence of yn-80 or yn-98 (n equals 1-14), dem- 
onstrated the absence of phosphate modifications on these amino 
acids. In particular, the presence of major ylo (m/z  1,100.8), ylz 
(m/z 1,3 12.9). and y14 (m/z 1,524.9) ions and minor yl0- 18 (m/z 
1 ,OS 1.6), y12-l 8 (m/z 1,295.4) ions argue strongly that these ylo-18 
and yI2-18 ions are formed by the loss of water and not the 
&elimination of phosphoric acid from 74’Ser. Due to the facile 
p-elimination of phosphoric acid, prominent yl0-98 and yl2-98 
species would be observed if 74ZSer was the phosphorylated resi- 
due.  The presence of  y15-98 (m/z 1,593.0), y16-SO (m/z 1,724.6), 
and yI6-98 (m/z 1,706.9) confirmed that the 737Ser residue was 
modified with phosphate. The presence of ions corresponding to 
b3-98 (m/z 339.6) and b7-80 (m/z 782.1) and  b7-98 (m/z  764.2) 
also indicated that 7’7Ser was the modified residue. 

Table 1 shows the peptides assigned to the RP/HPLC fractions 
following reflectron and linear mode MALDI/MS, and MALDI/MS 
with PSD analysis of the recombinant NBDI-R domain of  CFTR. 
Masses corresponding to phosphopeptides containing the follow- 
ing CFTR PKA consensus sequence sites were bound to the NTA 
Sepharose and identified in the indicated  RP/HPLC  fractions 
(Table I ) :  422, fraction 30; 660, fraction 12; 700, fractions 16 and 
17; 712, fraction 8; 737, fractions 19 and 20; 768, fractions 10 and 
17; 795, fraction 22; and 813, fraction 20. In addition, a mass 
consistent with a 7s3Ser-containing tryptic phosphopeptide was 
observed in fraction 11. The phosphorylation of  422Ser, “‘Ser, 
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4. PSD spectrum of the phosphorylated 73sArg-Arg7S' peptide from NBD1-R. The phosphopeptide of mass 
Fig. 2A) was subjected to MALDI-PSD analysis. The N- (b ions) and C- (y ions) terminal sequence ions 

'"Ser, 737Ser, 768Ser, 79sSer, and 'I3Ser was confirmed by PSD 
analysis. The phosphorylation of 712Ser and initially 7s3Ser (see 
below) was inferred from the observed mass, metastable fragment 
ion formation, and PKA consensus phosphorylation sequence. Thir- 
teen phosphopeptides bound to the IDA Sepharose and 12 to the 
NTA Sepharose. The difference in the number of phosphopeptides 
was from an incomplete or missed C-terminal tryptic cleavage of 
the 768Ser-containing tryptic phosphopeptide, which, in this exper- 
iment, bound to the IDA Sepharose and not the NTA Sepharose. 
Masses inconsistent with tryptic peptides from NBDI-R were ob- 
served in fractions 7 and 29 and were not analyzed further. 

The nonphosphorylated NBDl-R peptides that bound to the IDA 
Sepharose (Table 1) were categorized into the following groups: 
fractions 1, 11-16,  18-20, 23, and 24 contained 10 peptides from 
NBDl-R that have residues that result in nonspecific binding to 
IDA Sepharose (Glu, Asp, Lys, Tyr, Phe, Ala) (Muszynska et al., 
1992); fractions 2-9 were comprised of poly-His-containing tryp- 
tic peptides from the His6-tag sequence (Fig. I ) ;  and fractions 2-4 
and 24-28 were comprised of poly-Asp-containing tryptic pep- 
tides from the His6-tag sequence (Fig. 1). The three nonphosphor- 
ylated peptides that bound to NTA Sepharose were seen in fractions 
11, 13, 15, 16, and 19, whereas fractions 2 and 24-28 were com- 
prised of poly-Asp-containing tryptic peptides from the His,-tag 
sequence (Fig. 1). Thus, the NTA Sepharose is remarkably more 
specific for phosphopeptides than the IDA Sepharose. 

Phosphopeptides from full-length CFTR, following in vitro phos- 
phorylation and in-gel digestion, were purified by IMAC using the 
procedure described and NTA Sepharose. Using MALDI/MS anal- 
ysis of the RP/HPLC-separated peptides, the same phosphopep- 
tides were found as described for NBDI-R (Table 2) residues 
except  for the "'Ser-containing phosphopeptide. The phosphory- 
lation of CFTR serines 660Ser, 737Ser, and 79sSer was also con- 
firmed by PSD analysis (data not shown). The peptide sequences 
and sites of phosphorylation of the 700Ser-, 712Ser-, 768Ser-, and 
'"Ser-containing peptides from CFTR were inferred from peptide 
mass, metastable fragment ion formation, CIS  RP/HPLC elution 
position- and PKA consensus sequences. 

1,961.2 from peak 
are indicated. 

19 

Because the phosphorylation of  7"Ser has not been described 
for full-length CFTR, MALDI/CID was performed on the '*C 
parent [M+H] + ion at m/z 1,422.6. The MALDI/CID spectrum 
provided more structural detail than the PSD spectrum, as shown 
in Figure 5. The immonium ions at m/z 60.1 (Ser), m/z 70.1 (Arg/ 
Pro), m/z 86.1 (Ile/Leu), and m/z 101.1 (Lys/Gln) revealed partial 
amino acid composition of the phosphopeptide. The primary se- 
quence ion series (y and b ions) were again used to determine site 
of phosphorylation and sequence identity, as with the PSD analy- 
sis. Gas-phase p-elimination of the phosphoric acid moiety again 
was the preferred metastable fragmentation (as was observed in the 
PSD spectra of the other phosphopeptides). The observed y ions 
[ y ~  (m/z 175.3), yz (m/z 246.1), y4 (m/z 487.4), y7 (m/z 742.4), ys 
(m/z 843.4), y9 (m/z 930.6), ylo (m/z 1,043.4), and yI1 (m/z 1,143.1)] 
were used to confirm both the peptide sequence and assignment of 
nonphosphorylated residues. These results demonstrated that nei- 
ther 756Ser, 7s7Thr, nor 760Thr, the other sites that could potentially 
be phosphorylated, were modified. The presence of the bl (m/z 
114.5), b2-80 (m/z 201 .O), and a prominent b3-98 (m/z 282.3) ion 
series provided additional evidence that the 7"Ser residue was the 
only phosphorylated residue. This is the first demonstration of phos- 
phorylation at 7s3Ser in a nonmutated full-length CFTR molecule. 

Discussion 

This study was undertaken to enable the analysis of CFTR phos- 
phorylation using mass spectrometry because previous studies to 
identify the phosphorylation sites on CFTR have given differing 
results and have not defined the ensemble(s) of sites that regulate 
CFTR (Cheng et al., 1991; Picciotto et al., 1992; Chang et al., 
1993; Seibert et ai., 1995). To establish the method, phosphopep- 
tides were isolated from the NBDI-R domain protein of CFTR 
using a novel IMAC approach method. Fe"4oaded NTA Sepha- 
rose was much more specific for phosphopeptides than either Fe'+- 
loaded IDA Sepharose or IDA POROSm resin. The phosphorylated 
sites identified using each matrix were identical. However, the 
number of nonphosphorylated  peptides  from  the  His6-tagged 
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Table 1. Tryptic  peptides from NBDI-R identified by MALDUMS after IMAC 

~ 

NTA Sepharose Fraction number IDA Sepharose 

1 6x9QTGEFGEKRby7 
2 DLYDDDDKDR 

3 DLYDDDDKDR 
4 DLYDDDDKDR 

GSHHHHHHGMASMTCGQQMGR" 

GSHHHHHHGMASMTGGQQMGRa 

6 GSHHHHHHCMASMTGCQQMGRa 

GSHHHHHHGMASMTGGQQMGRa 

5 CSHHHHHHGMASMTGGQQMGRa 

8 7'"KFSpIVQK71b.h 

9 GSHHHHHHCMASMTGCQQMCR 
I O  7"RRQSpVLNMTHSVNQGQNIHR78s~a 

I I  717TPLQMNGIEEDSDEPLER7'4.a 
76sRRQSpVLNMTHSVNQGQNIHRK7x6~' 

7s'ISpVISTGPTLQAR76J 
6 " 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 6 1 1  

12 b 5 8 ~ ~ ~ p ~ ~ ~ ~ ~ ~ ~ ~ 6 6 8  
J 2 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ J " ?  

"81ERGQLLAVAGSTGAGK4M 

"Z'TSNGDDSLFFSNFSLLGTPVLK44' 
13 4"DINFKIER4S" 

4 J x ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 M  

14 7'7TPLQMNGIEEDSDEPLER7'" 
443DINFKIER4'" 

15 7'7TPLQMNGIEEDSDEPLER73J 
16 76hRQSpVLNLMTHSVNQGQNIHRK7x6 

s99TRILVTSKMEHLKK6'2.d 
6y7RKNSpILNPINSIR7" 
7'7TPLQMNGIEEDSDEPLER734 

766RQSpVLNLMTHSVNQGQNIHR785 
6'8KNSpILNPINSIR7"' 
697RKNSpILNPINSIR7W 

17 76hRQSpVLNLMTHSVNQGQNIHRK7x6 

18 5 7 7 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' 5 '  

19 S 3 3 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 5 5 '  

7'5RLSpLVPDSEQGEAILPR751 

"3FAEKDNIVLGEGGITLSGGQRss3 

715RLSpLVPDSEQGEAILPR751 

20  s99TRILVTSKMEHLKKb'2 

8 1 1 ~ ~ ~ p ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ x 3 n  

21 8 1 1 ~ ~ ~ p ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ x 7 0  
22 7Y3KVSpLAPQANLTELDIYSRx1" 

8"RLSpQETGLEISEEINEEDLK83" 
23 79'KVSpLAPQANLTELDIYSRx10 

24 DLYDDDDKDRWGSGFGELFEK' 
s 0 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s 1 6  

s04ENIIFQVSYDEYR5'6 
25 DLYDDDDKDRWGSGFGELFEK' 
26  WGSGFGELFEK 
27 DLYDDDDKDRWGSGFGELFEK 
28 DLYDDDDKDRWGSGFGELFEK 
30 42nKTSpNGDDSLFFSNFSLLGTPVLK442 
31 42nKTSpNGDDSLFFSNFSLLGTPVLK442 

aPeptides that contained 1-3 oxidized methionines. 

DLYDDDDKDR 

DLYDDDDKDRWGSGFGELFEK' 
s w ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ S 1 6  

DLYDDDDKDRWGSGFGELFEK' 
DLYDDDDKDRWGSGFGELFEK' 
DLYDDDDKDRWGSGFGELFEK 
DLYDDDDKDRWGSGFGELFEK 
420KTSpNGDDSLFFSNFSLLGTPVLK442 

- 
~ 

bSp, phosphorylated serine  residue. 
'These  peptides  contained an unknown modification causing  a 14-Da or 21-Da increment. 

NBDl-R protein that bound to NTA Sepharose ( 5 )  was signifi- bound to the NTA Sepharose all contained a minimum of three Glu 
cantly less than the number bound to IDA Sepharose (15). The or Asp residues, but none contained Glu residues alone as the 
nonphosphorylated acidic peptides from the NBDl-R domain that acidic amino acid, as was observed for IDA Sepharose chroma- 
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Table 2. Tryptic peptides  from CFTR identified by MALDIMS experiments 
after in-gel digestion and IMAC  using NTA Sepharose 

Fraction number Mass observed Mass calculated Phosphopeptide 

929.4 
2,584.0 
1 ,422.0’ 
1,419.7 
1,448.7 
1,961.2 
2,099.8 
2,413.2 

929.5 
2,584.3 
1,422.7 
1,419.7 
1,448.8 
1,960.0 
2,098.1 
2,412.1 

”Peptide contained oxidized methionine. 
’Linear mass. 

tography. Thus, there are apparently differences between Fe3+- 
loaded NTA and IDA Sepharoses in their affinity for the different 
acidic residues, with Glu residues being more tightly bound to the 
IDA Sepharose. Of significance for analyzing recombinant pro- 
teins with His-tags, the IDA, but not the NTA, Sepharose bound to 
the basic poly-His-containing tryptic peptide from the His6 se- 
quence. This interaction is due to the proposed binding of His 
residues with free IDA groups (Scanff et al., 1991). where Fe3+ 
ions have been removed from or did not bind to IDA molecules on 
the resin. This  also  concurs with the finding that NTA-modified 
resins have better stability than IDA-modified matrices when tested 
for ion binding strength (Hochuli et ai., 1987). 

It is noted that AI’+-loaded IDA Sepharose has been reported to 
be more selective than Fe’+-loaded IDA Sepharose for phospho- 
peptide binding (Olcott et  al., 1994) and that acidic peptides were 
not co-purified with phosphopeptide(s). However, Al’+-loaded NTA 

1 2  3 
Ile-Ser(P~)-Val-Ile-Ser-Thr-Gly-Pro-Thr-Leu-Gln-Ala-Arg 

1 1 1 0 9  8 7 6 5 4 3 2 1 

Illf. N (0 

500 600 r 

700  800 900 1000 1100 1200 1300 
m/z 

Fig. 5. CID spectrum of the phosphorylated 75211e-Arg7” peptide from 
CFTR.  The phosphopeptide of mono-isotopic mass 1,422.6 was subjected 
to MALDI-CID analysis. The N- (b ions) and C- (y ions) terminal sequence 
ions are indicated. The matrix was 2.5-dihydroxybenzoic acid. 

Sepharose was less specific than either Fe”4oaded IDA Sepha- 
rose or  Fe”4oaded NTA Sepharose for NBDl-R domain phos- 
phopeptide binding when tested (data not shown). It also should be 
noted that peptide desalting prior to IMAC was necessary because 
the efficiency of phosphopeptide binding appeared to decrease 
when nondesalted peptide mixtures were analyzed (data not shown). 
This may be due  to the presence of adenosine triphosphate, urea, 
and other salts. ATP is known to bind to Fe”-loaded matrices 
(Muszynska  et al., 1992) and, when present in large excess  over 
phosphopeptide, may compete with and/or block phosphopeptide 
binding. 

The specificity of NTA versus IDA matrices may be due to the 
following factors. NTA (a quadradentate metal-chelator) Sepha- 
rose and IDA (a tridentate metal-chelator) Sepharose bind Ni2+ 
ions (with a coordination number of six), while leaving free two 
and three coordination sites, respectively (Hochuli et al., 1987). 
NTA-modified resins have higher aftinity for metal ions with co- 
ordination numbers of six and four, and greater stability than IDA- 
modified matrices (Hochuli et al., 1987). Because Fe3+ ions also 
have a coordination number of six, Fe’+-loaded NTA Sepharose 
should be more stable than IDA Sepharose. Also, IDA Sepharose 
may lose the bound Fe’+ ions on sample loading because metal 
ions with a coordination number of six have less affinity for IDA. 
Furthermore, the fact that a third coordination site remains free in 
IDA Sepharose may contribute to the greater nonspecific inter- 
actions not seen with NTA Sepharose. However, Fe”4oaded NTA- 
modified resins, in contrast with Fe”4oaded IDA-modified resins 
(Anderson & Porath, 1986; Muszynska et al., 1986, 1992; Michel 
& Bennet, 1987; Flotow et al., 1990; Scanff et al., 1991; De Ancos 
& Avila, 1993), have not been reported as ligands for phospho- 
peptide or phosphoprotein analysis. 

MALDI/MS analysis of NBD1-R phosphorylation following 
M A C  and RP-HPLC demonstrated that  422Ser,  660Ser,  700Ser, 7’2Ser, 
737Ser, 75’Ser, 768Ser, 795Ser, and ‘13Ser were phosphorylated by 
PKA. An earlier study of NBDI-R phosphorylation using LC- 
ESI/MS demonstrated that the same sites were phosphorylated by 
PKA, except for the 7“Ser site (Townsend et  al., 1996). The 
phosphorylation of 753Ser was inferred from PKA consensus se- 
quence matching after a mass consistent with a phosphorylated 
7s211e-Arg764 peptide was observed. This phosphorylation site had 
been found previously only in vivo with a mutated (loser-Ala) 
CFI’R protein (Seibert et al., 1995). The identification of the 7s211e- 
Arg764 sequence also shows that trypsin can cleave proteins at the 
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-2 position from  a phosphorylated residue, in the sequence Arg/ 
Lys-Xxx-Ser(P04), not reported to occur previously (Boyle  et al., 
1991). Trypsin cleaved all other phosphopeptides at the expected 
-3 position in the sequence Arg/Lys-Arg/Lys-Xxx-Ser(P04). This 
demonstrated that IMAC purification allows for the identification 
of phosphorylation sites not observed previously by mass spec- 
trometry on non-IMAC purified samples. 

The  identification of phosphoserine-containing peptides by 
MALDI/MS in reflectron mode was facilitated by the formation of 
metastable fragments  from the loss of HP03 and H3P04 from the 
parent ion, with the metastable fragments from the loss of H3P04 
always being the more abundant ion formed. This fragmentation 
pattern is characteristic of phosphoserine and phosphothreonine 
residues, but not phosphotyrosine (Annan & Cam, 1996) or phos- 
phohistidine residues (Medzihradszky et al., 1997) because the 
loss of H3P04 is not observed. This is probably due to the fact that 
p-elimination of H3P04 cannot occur and thus a loss of 98 Da will 
not be observed. The amount of metastable fragmentation ap- 
peared to be dependent on phosphopeptide sequence because the 
relative abundance of parent, parent-HPO’, and  parent-H3P04 ions 
was not consistent. These  fragments were formed post source, 
because they were not detected at precisely 80- and 98-Da incre- 
ments, respectively, from the parent phosphopeptide ions. When 
the same phosphoserine-containing peptides were examined in lin- 
ear mode, these fragments were not observed because both parent 
and daughter  ions were detected at the same time. Therefore, re- 
flectron and linear modes are complementary in the MALDI/MS 
analysis of phosphopeptides. 

IMAC following in-gel digestion of large membrane proteins 
has been reported (De Jongh et al., 1993), but large amounts (>500 
pmol) of purified protein were labeled with [‘*PI prior to in-gel 
digestion. However, the sites of phosphorylation and the presence 
of phosphoserine was inferred from the relative amounts of PTH- 
serine to PTH-dehydroalanine when NH2-terminal sequencing the 
C18 RP/HPLC-separated peptides. PTH-dehydroalanine is formed 
from phosphoserine during the PTH derivatization reaction. No 
data were presented for nonphosphorylated proteins co-purified 
using the IDA matrix. 

IMAC-MALDI/MS of full-length CFTR, following in-gel di- 
gestion, identified eight phosphopeptides. By this novel approach, 
the CFTR sites that are phosphorylated by PKA in vitro were 
unambiguously identified. No phosphopeptides were detected in 
the control (non PKA-phosphorylated) CFTR sample and thus it 
was concluded that phosphorylated residues were absent, or below 
detectable levels, prior to PKA treatment. The phosphorylation of 
Ser residues 660, 700,  712,  737,  753,  768, 795, and 813 was 
demonstrated. Phosphorylation of 422Ser,  as observed in the PKA- 
phosphorylated NBD1-R domain, was not detected in full-length 
CFTR. The 422Ser site may not be accessible to PKA due to dif- 
ferences in protein structure between CFTR and the expressed 
NBD1-R domain. This may be due  to the presence of the His-tag 
sequence in the recombinant NBDl-R domain protein, which may 
influence protein folding and thus accessibility to PKA. It was 
shown conclusively that 7”Ser is phosphorylated by PKA in the 
full-length protein, supporting the hypothesis that modification at 
this site results in up to 25% of the channel activity (Seibert et al., 
1995). The advantage of IMAC, employing Fe’+-loaded NTA Se- 
pharose, combined with MALDI/MS over site-specific mutagen- 
esis  and  phosphopeptide mapping is clearly shown. The  data 
presented here for CFTR gave identification of peptide sequence 
and site of phosphorylation following MALDI mass analysis and 

MALDI/PSD or MALDI/CID sequence analysis. IMAC using 
NTA Sepharose followed by MALDI/MS should have numerous 
applications for analysis of both in vitro and in vivo phosphory- 
lation because subpicomole amounts of phosphopeptide can be 
sequenced by MALDI/PSD (Annan & Cam, 1996). 

Materials  and  methods 

Materials 

Ni-NTA Sepharose CL-6B was purchased from Qiagen (Chat- 
sworth, California) (supplied as Ni-NTA Agarose), metal-chelating 
IDA Sepharose was from Pharmacia Biotech (Piscataway, New 
Jersey), IDA POROSTM was from PerSeptive Biosystems (Cam- 
bridge, Massachusetts), and sequencing grade trifluoroacetic acid 
was from Pierce (Rockford, Illinois). CAMP-dependent protein 
kinase A (catalytic subunit) and sequencing grade trypsin were 
from Promega (Madison, Wisconsin). All other reagents were from 
Fisher or Sigma (St. Louis, Missouri). 

Purification of the NBDI-R domain of CFTR 

His6-tagged NBDI-R domain (amino  acids 404-830 of human 
CFTR) was expressed and purified from Escherichia  coli  as  de- 
scribed previously (Townsend et al., 1996). The protein (1.5 mg/ 
mL) was stored at -20 “C in 8 M urea, 100 mM sodium phosphate, 
10 mM Tris-HCI, pH 5.0. 

Phosphorylation and trypsin digestion of NBDI-R 

Phosphorylation of NBDl-R (1 nmol)  was performed in a solution 
containing 10 mM magnesium sulfate, 10 mM  ATP (magnesium 
salt), and 0.1 M N-ethyl morpholine in a final volume of 140 pL. 
PKA (63 U/pL) was added (2.5 pL) and the mixture was incu- 
bated at 37 “C for  90 min. Freshly prepared trypsin ( 1  pg/pL) was 
added (2.5 p L  in 0.1 M N-ethyl morpholine) and the reaction 
mixture was further incubated at 37°C for 90 min. The reaction 
was terminated by the addition of 3 p L  of trifluoroacetic acid. 

Peptide  desalting by RP/HPLC 

Chromatography was performed with a  1.0 X 150 mm Reliasil C l x  
column (5 pm, 300-A packing) using a microbore HPLC system 
(both from Michrom BioResources, Inc., Auburn, California). The 
flow rate was 50 pL/min and peptides were detected by post- 
column UV absorbance (210 nm). Solvent A was 2% acetonitrile, 
0.1% trifluoroacetic acid in water and solvent B was 98% aceto- 
nitrile, 0.08% trifluoroacetic acid in water. The column was equil- 
ibrated in 2% solvent B. Samples were loaded and the column was 
eluted isocratically with 2% solvent B to remove unbound mate- 
rial. When the absorbance returned to baseline, the eluant was 
stepped to 80% solvent B  over 2 min and the eluted peak(s) col- 
lected in a  0.65-mL microcentrifuge tube. The samples were dried 
to approximately 20 p L  using a Speed Vac, and 80 p L  of 1 M 
acetic acid was added to the peptide mixture. 

CFTR baculovirus construct  generation 

Site-directed mutagenesis (Kunkel,  1985) was used to introduce 
unique Not I restriction endonuclease sites flanking the CFTR 
cDNA coding sequence at positions 89 and 4594. An octapeptide 
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epitope “flag” (Asp-5r-Lys-Asp-Asp-Asp-Asp-Lys) was inserted 
into the carboxy-terminus of CFTR replacing amino acids 1472- 
1479 of the wild-type protein. The construct was excised from 
pBluescript using Not I and subcloned into the baculovirus transfer 
vector pVL1392  (Invitrogen, Carlsbad, California). Plaque-pure 
recombinant baculovirus was generated according to established 
procedures (Webb & Summers, 1990). 

Production  and  purification of recombinant  CFTR 

Hi5 insect cells in TI50 tissue culture flasks were infected with the 
baculovirus construct at a multiplicity of infection of  1-5. Three 
days post infection, the cells were dislodged, pelleted at 1,500 X 
g for 5 min, and resuspended in lysis buffer (50 mM Tris/HCI, 
pH 7.4, 150 mM NaCI, 10 mM  MgC12, 0.5 mM EDTA, 1% Triton 
X-100, 0.8% CHAPS, 1 mM Pefabloc, 1 pg/mL leupeptin, and 
5 pg/mL aprotinin) containing 0.5 mM sodium orthovanadate, 
10 mM sodium fluoride, and 10 mg/mL para-nitrophenyl phos- 
phate. Three milliliters of lysis buffer were used per T-150 flask. 
The insoluble material was pelleted at 40,000 X g for 30 min and 
the supernatant was incubated for 1 h at 4 “C with 100 p L  (packed 
bed volume) of anti-flag M2-agarose beads (Eastman Kodak Co., 
Scientific Imaging Systems, Rochester, New York) per 3 mL ly- 
sate.  The beads were then washed with four changes of lysis buffer 
(250 volumes). Bound proteins were eluted from the beads using 
0.1 M glycine, 0.1% Triton X-100, pH 3.0, and adjusted to pH 7.4 
with Tris base. The protein was stored at -80°C. This immuno- 
affinity-purified epitope-tagged CFTR is termed full-length CFTR. 

Phosphorylation  and  SDS-PAGE of CFTR 

Aliquots (300 pL) of 100 mM magnesium sulfate and 100 mM 
ATP were added to separate solutions (3 mL) of purified CFTR. 
The solutions were vortexed and an aliquot (15 pL) of PKA (63 
U/pL) was added to one.  The second solution was the nonphos- 
phorylated control. The reactions were placed at 37°C for 3 h. 
Protein was precipitated using chloroform/methanol (Wessel & 
Flugge, 1984). Pellets were dissolved in SDS-PAGE solubilization 
buffer [6 M urea, 2% SDS, 50 mM Tris-HCI, pH 6.8, 100 mM 
dithiothreitol, and 0.02% (w/v) bromophenol blue]. Samples were 
allowed to stand in solubilization buffer for at least 30 min at room 
temperature before electrophoresis. 

Samples were electrophoresed through an 8% gel at constant 
current (10 mA) using a Mini-Protean I1 gel electrophoresis appa- 
ratus (BioRad, Hercules, California) and a discontinuous buffer 
system (Laemmli, 1970). Gels were stained in 0.1% Coomassie 
blue (3-250 in 50% methanol and 1% acetic acid in water for 
30 min. 

In-gel digestion of CFTR 

The Coomassie blue-stained CFTR band(s) were excised from the 
gel and diced into small pieces (-2 X 2 mm) and placed into 
0.65-mL siliconized microcentrifuge tubes. The proteins were de- 
stained and digested using modifications to published procedures 
(Rosenfeld et al., 1992; Hellman et al., 1995;  Jeno  et al., 1995). 
Coomassie  blue  was removed by three washes (20 min each) using 
25  mM ammonium bicarbonate and 50% acetonitrile in water. A 
volume sufficient to cover  the  gel  pieces (-275 pL) plus an ad- 
ditional 100 p L  was used for each wash. The  gel was dried in a 
Speed Vac and  freshly  prepared  sequencing grade trypsin 

(0.025 pg/pL in 25 mM NH4HC03) was added until the gel  was 
fully rehydrated. The reaction mixture was placed at 37°C for 
16-20 h. The reaction mixture was centrifuged at 14,000 rpm for 
30 s and the  digest solution was transferred into a clean 0.65-mL 
siliconized microcentrifuge tube. The remaining tryptic peptides 
were extracted from the gel by two washes (20 min each) using 
80% acetonitrile and 2% trifluoroacetic acid in water.  All of the 
washes were pooled and dried in a Speed Vac to a total volume of 
approximately 50 pL and an equal volume of 1 M acetic acid was 
added prior to subsequent processing. 

Purification of phosphopeptides  using IMAC 

The procedure was a modification of the method of Nuwaysir and 
Stults (1993). Columns were prepared by pouring each resin (final 
packed bed volume was 0.5 mL) into separate IO-mL Polyprep 
columns (BioRad, Hercules, California). The resins were packed 
using gravity flow. The  columns were washed with 2 mL of water 
followed by 2 mL of 0.1 M EDTA to remove any bound divalent 
metal ions. The  columns were then washed sequentially with water 
(2 mL), 0.1 M acetic acid (2 mL), and 0.1 M ferric chloride in 
0.1 M acetic acid (2 mL) to load the columns with Fe3+ ions. Two 
milliliters of 0.1 M acetic acid were then used to elute any unbound 
Fe’+ ions. 

For the resin specificity experiments, 300-pmol aliquots of the 
same phosphorylated, trypsinized, and desalted NBDI-R sample 
were loaded (- 30 pL) in acetic acid (pH < 3.5) onto the col- 
umns. For analysis of CFTR phosphopeptides, the in-gel digested 
samples (-100 pL) were loaded onto NTA Sepharose columns 
following peptide recovery. The  columns were washed with four 
column volumes of 0.1 M acetic acid followed by sequential washes 
with two column volumes of water and 0.1% ammonium acetate 
(adjusted to pH 8.0 with ammonium hydroxide). Bound peptides 
were eluted with four column volumes of  0.1 % ammonium acetate 
adjusted to pH  9.5 with ammonium hydroxide. The eluted fraction 
was dried in a Speed Vac and dissolved in 50 pL of 5% acetonitrile 
in water, containing 1 %  trifluoroacetic acid. All columns were 
pre-cycled with all eluants before sample loading. Alternatively, 
the columns can be regenerated by washing with water (2 mL) 
followed by 0.1 M EDTA (2 mL) (to remove any bound metal 
ions) and reloaded with Fe” ions using the procedure outlined 
above. 

Peptide  separation  by  RP/HPLC 

Peptides eluted at  pH 9.5 from the iron-chelation columns were 
separated and detected using the C I B  column and microbore system 
described. The column flow rate was 50 pL/min. The sample was 
injected onto a column that had been equilibrated in 2% solvent B. 
The column was eluted isocratically with 2% solvent B for 10 min 
followed by a linear gradient to 50% solvent B over 50 min. The 
detected peptides were collected into 0.65-mL microcentrifuge tubes, 
dried to - 1 pL, and 5 p L  of 50% acetonitrile in water, containing 
5% trifluoroacetic acid, were added. 

MALLWMS analysis of the  RP/HPLC-fractionated 
IMAC-bound  peptides 

Molecular masses of the tryptic peptides were determined using a 
TofSpec SE mass spectrometer from Micromass (Manchester, UK) 
equipped with a reflectron and a nitrogen laser (337 nm). A I-ELL 
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aliquot of each fraction was mixed with 1 pL of a-cyano-4- 
hydroxycinnamic acid (Hewlett-Packard, Wilmington, Delaware) 
and 1 pL was spotted onto a stainless steel target and allowed to 
air dry. AI1 data were collected as positive-ion spectra. MALDI 
spectra were calibrated externally by use of a standard peptide 
mixture. In PSD analysis, performed using the described mass 
spectrometer, the fragments generated by metastable decay of the 
molecular species of interest were focused by stepping the voltage 
of the reflectron. The  spectra recorded at each step were combined 
after calibration to generate a composite PSD spectrum. 

MALDI-CID analysis was performed, in positive-ion mode, using 
an AutoSpec 5000 orthogonal acceleration (0A)-time-of-flight mass 
spectrometer from Micromass. MS-I is a AutoSpec 5000 double- 
focusing magnetic sector mass spectrometer equipped with a MALDI 
source and a nitrogen laser (337 nm). MS-I was tuned manually to 
transmit the "C monoisotopic [M+H] + precursor mass and CID 
fragmentation was performed as described (Medzihradszky et al., 
1996). The sample ( 1  pL) was mixed with 2,5 dihydroxybenzoic 
acid ( 1  pL of a saturated solution in acetone with 2% water and 5% 
trifluoroacetic acid) and spotted onto a stainless steel target and 
allowed to air dry. 

Acknowledgments 

D.C.A.N.  and  C.R.R.  are  Fellows  supported  by  the  Cystic  Fibrosis  Foun- 
dation.  This  work  was  supported by the  National  Cystic  Fibrosis  Founda- 
tion (CFRDP  R6  19)  and  the  National  Institute  of  Health (HL42368). E.M.P. 
and  D.B.G.  were  supported by the  Cystic  Fibrosis  Foundation  (PRICE96PO) 
and  the  University  of Missouri Research  Board.  MALDI/MS  was  per- 
formed  in  the  UCSF  Mass-Spectrometry  Facility (A.L. Burlingame,  Di- 
rector)  sponsored  by  the  Biomedical  Research  Technology  Program of the 
National  Center for Research  Resources  (NIH  NCRR  BRTP  01614).  We 
thank  Dr. K .  Medzihradszky  for  assistance  with  the  MALDI/CID  analysis. 

References 

Anderson MP, Rich DP, Gregory RJ, Smith AE, Welsh MJ. 1991. Generation of 

682. 
CAMP-activated chloride  currents by expression of CFTR. Science 25/:679- 

Anderson MP, Welsh MJ. 1992. Regulation by  ATP and ADP of CFTR  chloride 
channels that contain mutant nucleotide-binding domains. Science 257 1701- 
1704. 

Andersson L, Porath J. 1986. Isolation of phosphoproteins by irnmob~li~ed 
metal (Fe?+)  affinity chromatography. Anal Eiochem 154:250-254. 

Annan RS, Carr  SA. 1996. Phosphopeptide analysis by matrix-assisted laser 
desorption time-of-llight mass spectrometry, Anal Chrm 68:3413-342 I .  

Bear CE, Duguay F, Naismith AL, Kartner N, Hanrahan JW, Riordan JR. 1991. 
CI- channel activity in Xenopu.~ oocytes  expressing the cystic lihrosis  gene. 
J Biol Chenz 266: I9 142- I9 145. 

Berger HA, Anderson MP, Gregory RJ, Thompson S, Howard PW, Maurer RA, 
Mulligan R, Smith AE, Welsh MJ. 1991. Identification and regulation of the 
cystic fibrosis transmemhrane conductance regulator-generated chloride chan- 
nel. J Clin Invest 881422-1431. 

Berger HA, Travis  SM, Welsh MJ. 1993. Regulation of the cystic fibrosis 
transmembrane  conductance  regulator  CI- channel by specific protein ki- 
nases and protein phosphatases. J Biol Chem 268:2037-2047. 

Boyle WJ. van der Geer P. Hunter T. 1991. Phosphopeptide mapping and phos- 
phoamino acid analysis by two-dimensional separation on thin-layer  cellu- 

Chang XB, Tabcharani JA, Hou YX,  Jensen TJ, Kartner N, Alon N ,  Hanrahan 
lose plates. Methods Enzymol 201: 110-149. 

JW, Riordan JR. 1993. Protein kinase A  (PKA) still activates CFTR chloride 
channel  after  mutagenesis of all 10 PKA consensus phosphorylation sites. J 
BiolChem268:11304-11311. 

Cheng  SH, Rich DP, Marshall J, Welsh MJ, Smith AE. 1991. Phosphorylation 
of  the R domain by CAMP-dependent protein kinase  regulates the CFTR 
chloride  channel. Cell 66:1027-1036. 

Craig AG, Hoeger  CA,  Miller  CL,  Goedken T, Rivier  JE, Fischer WH. 1994. 
Monitoring protein kinase and phosphatase  reactions with matrix-assisted 
laser  desorption/ionization mass spectrometry and capillary Lone electro- 

phoresis: Comparison of the detection efficmcy of peptide-phosphopeptide 
mixtures. Biol Mass Spectrom 23319-528. 

De Ancos  JG, Avila J. 1993. Differential distribution in white and grey matter 

2 9 6 3 - 3 5 4 .  
of tau phosphoisoforms containing four tubulin-binding motifs. Biochem J 

De Jongh KS, Rotman El, Murphy BJ. 1993. The identification of phosphory- 
lation sites in large membrane  proteins following their isolation by SDS- 
PAGE. In: Angeletti RH,  ed. Techniques in protein  chemistry IV. San Diego: 
Academic Press. pp 179- 186. 

Drurnm ML, Wilkinson DJ. Smit LS, Worrell RT, Strong TV, Frizzell RA. 
Dawson DC, Collins FS. 1991. Chloride conductance expressed by delta 
F508 and other mutant CFTRs in Xenopus oocytes. Science 254: 1797- 
1799. 

Flotow H,  Graves  PR, Wang A, Fiol CJ, Roeske RW, Roach PJ. 1990. Phosphate 
groups  as  determinants  for casein kinase I action. J Biol Chem 265: 14262- 
I4269 

Hellman U, Wernstedt C,  Gonez  J, Heldin CH. 1995. Improvement of an "in- 
gel" digestion procedure for the micropreparation of internal protein lrag- 
ments lbr amino acid sequencing. Anal Biochem 224:451-455. 

Hochuli E, Dobeli H, Schacher A. 1987. New metal chelate adsorbent selectivc 
lor proteins and peptides containing neighhouring histidine residues. J Chro- 
matogr 411:177-184. 

proteins digested in polyacrylamide gels. Anal Biochem 224:75-82. 
Kemp BE, Graves DJ, Benjamin E, Krebs EG. 1977. Role of multiple hasic 

protein kinase. J B i d  Chem 252:4888-4894. 
residues in  determining  the  substrate specificity o f  cyclic AMP-dependent 

Kunkel TA. 1985. Rap~d and efficient site-specilic mutagenesis without pheno- 
typic selectton. Proc Nntl Acad Sci USA 82:488-492. 

Laemmli UK. 1970. Cleavage of structural proteins during the assembly ol rhc 
head of bacteriophage T4. Nature 227680-685. 

Liao PC. Leykam J,  Andrews PC, Gagc DA, Allison J. 1994. An approach to 
locate phosphorylation sites in a phosphoprotein: Mass mapping by com- 
bining specil-ic enryme degradation with matrix-assisted laser desorption/ 

Medzihradsky KF, Adarns GW, Burlingame AL. Baternan RH, Green MR. 
~oniration mass spectrometry. Anal Biochrm 219:9-20. 

1996. Peptide sequence  determination by matrix-assisted laser desorption 
ionkation  employing  a tandem double focusing magnetic-orthogonal ac- 
celeration time-of-tlight mass spectrometer. J Am Soc Muss Spectrom 7: 
1-10. 

Medzihrads~ky KF, Ph~llips NJ, Senderow~cz L, Wang P, Turck CW. 1997. 
Synthesis and characterisation of histidine-phosphorylated peptides. Protein 
Sci 6:1405-141 I .  

Michel HP, Bennet J. 1987. Identification of the phosphorylation site of an 8.3 
kDa protein from photosystem I I  of spinach. FEBS Lett 2/2:103-108. 

Muszynska G. Andcrsson L, Porath J. 1986. Selectwe adsorption of phospho- 

Muslynska G, Dobrowolska G, Medin A, Ekman P, Porath JO. 1992. Model 
proteins on gel-immobllir.ed ferric chelate. Biochemisrry 25:6850-6853. 

studies on iron(1Il) ion aflinity chromatugraphy. I I .  Interaction of immobi- 
lized iron(II1) ions with phosphorylated amino acids. peptides and proteins. 
J Chromnrogr 604: 19-28. 

Nuwaysir LM.  Stults JT. 1993. Electrospray ionization mass spectrometry of 
phosphopeptides isolated by on-line immobilized metal-ion affinity chro- 
matography. J Am Soc Mass Spectrom 4:662-669. 

Olcotr MC, Bradley ML, Haley BE. 1994. Photoaffinity labeling o f  creatine 
kinase with 2-alido and X-alidoadenosine triphosphate: Identification ol 
two  peptides from the  ATP-blnding  domain. Biochemistry 33: 11935- 
11941. 

Picclotto MR. Cohn JA. Bertum G. Greengard P. Nairn AC. 1992. Phosphor- 
ylat~on of the cystic fibrosis  transmembrane  conductance regulator. J BIOI 
Chem 267 12742-12752. 

Rich DP, Anderson MP, Gregory RJ, Cheng SH, Paul S, Jefferson DM. McCann 
J ,  Klinger KW, Smith AE, Welsh MJ. 1990. Expression of cystic  fibrosis 

regulation in cystic  fibrosis airway epithelial cells. Nature 34738-363. 
transmembrane  conductance  regulator  corrects  defective  chloride channel 

Riordan JR,  Rommens JM, Bat-sheva K, Alon N, Rozmahel R, Grzelcazk A. 
Zielenski J ,  Lok S, Plavsic N, Chou  JL, Drumm ML, lannuzzi MC. Collins 
FS, Tsui LC. 1989. Identification of the cystic fibrosis gene: Cloning and 
characterization of complementary DNA. Science 245:1066-1073. 

Rosenfeld J, Capdevielle J. Guillemot  JC, Ferrara P. 1992. In-gel digestion of 
proteins for internal sequence  analysis after one- or two-dimensional gel 
electrophoresis. Anal Biochem 203: 173-1 79. 

Scanff P, Yvon  M. Pelissier JP. 1991. Immobilized Fe'+ affinity chromato- 
graphic isolation of phosphopeptides. J Chromatogr 539425-432. 

Seibert FS, Tabcharani JA, Chang XB, Dulhanty AM, Matthews C, Hanrahan 
JW, Riordan JR. 1995. CAMP-dependent protein kinase-mediated phosphor- 

Jeno P, Mini T. Moes S, Hintermann E. Horst M. 1995. Internal sequences  from 



Phosphopeptide analysis of CFTR 2445 

ylation of cystic  fibrosis  transmembrane  conductance regulator residue Ser- 
753 and its role in channel activation. J Biol Chem 270:2158-2162. 

Tabcharani JA, Chang XB, Riordan  JR, Hanrahan JW. 1991. Phosphorylation- 
regulated C1- channel in CHO  cells stably expressing the cystic  fibrosis 
gene. Nature 352:628-631. 

Townsend RR, Lipniunas PH, Tulk BM, Verkman AS. 1996. Identification of 
protein kinase A phosphorylation sites  on  NBDlR and R  domains of CFTR 
using electrospray mass spectrometry with selective ion monitoring. Profein 
Sci 5:1865-1873. 

Watts JD. Affolter M, Krebs DL, Wange RL,  Samelson  LE, Aebersold R. 1994. 
Identification by electrospray ionization mass spectrometry of the sites of 
tyrosine phosphorylation induced in activated Jurkat T  cells on the protein 
tyrosine  kinase  ZAP-70. J Biol Chem 26929520-29529. 

Webb NR,  Summers MD. 1990. Expression of proteins using recombinant bac- 
uloviruses. Technique-J Methods  Cell Mol Biol 2:173-188. 

Wessel D, Fliigge UI. 1984. A method for the quantitative recovery of protein in 
dilute solution in the presence of detergents and lipids. Anal Biochem 138: 141- 
143. 

Yip TT, Hutchens TW. 1992. Mapping and sequence-specific identification of 
phosphopeptides in unfractionated  protein  digest  mixtures by matrix- 
assisted laser  desorptionlionization time-of-flight mass spectrometry. FEES 
Letts 308:149-153. 

Yu  W, Vath JE, Huberty M, Martin SA. 1993. Identification of the facile gas- 
phase cleavage of the Asp-Pro and Asp-Xxx peptide  bonds in matrix- 
assisted  laser  desorption  time-of-flight  mass  spectrometry. Anal Chem 
653015-3023. 


