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Abstract 
Destrin, also called actin-depolymerizing factor (ADF), exists in resting parotid tissue as phos-
phorylated (inactive) and dephosphorylated (active) forms, and β-adrenergic stimulation of this 
tissue induces dephosphorylation of destrin. It is suggested that destrin dephosphorylation is in-
volved in cortical F-actin disruption observed in parallel with β-agonist-induced amylase secre-
tion. At present, the phosphorylation/dephosphorylation mechanism of destrin in parotid tissue is 
not known. We previously detected, in a crude rat parotid extract, a constitutively active protein 
kinase catalyzing phosphorylation of destrin; however, its identification has been hampered by 
difficulty in its enrichment. The purpose of this study was to explore a simple purification me-
thod(s) for this enzyme. To this end, we first developed a high-throughput dot-blot assay for the 
kinase with an anti-phosphodestrin antibody and then studied its purification by column chro-
matography on several media. We found that the kinase could be partially purified by sequential 
chromatography on DEAE-cellulose, phenyl-Sepharose, and hydroxyapatite columns. In each chro- 
matography, however, the kinase could be eluted, at the cost of resolution, only by sharp increases 
in the elution power of the eluent; gradual increases in the elution power resulted in unacceptably 
poor recovery. We confirmed that enzymatic properties of the kinase were not basically altered 
during the purification. Further purification of the kinase was achieved by native polyacrylamide 
gel electrophoresis (PAGE), which resolved the kinase activity into two bands and separated the 
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activity from most proteins (the kinase activity after PAGE was detected with destrin-coated poly-
vinylidene difluoride membranes and the anti-phosphodestrin antibody). The two bands seem to 
constitute the major destrin-phosphorylating activity in the resting rat parotid gland. We here 
report its partial purification and characterization together with the detection methods. 
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1. Introduction 
β-Adrenergic stimulation of the rat parotid gland induces potent α-amylase secretion through cAMP-dependent 
protein kinase activation [1] [2]. During the search for endogenous substrates of the kinase, we unexpectedly 
observed that two endogenous proteins are dephosphorylated in response to β-adrenergic stimulation of this tis-
sue and identified them as destrin and cofilin [3] [4]. In the rat parotid gland, destrin is present more abundantly 
than cofilin [3]. The two proteins are structurally related actin-binding proteins [5], and their dephosphorylated 
forms are active in binding to F- and G-actin and in depolymerizing and severing F-actin [5]. Destrin is also 
called actin-depolymerizing factor (ADF) [5]. In the resting parotid tissue, both destrin and cofilin are partly 
phosphorylated at Ser-2 of their matured forms (Ser-3 in each cDNA-derived sequence) [3] [4]. There exists a 
cortical actin layer below the plasma membrane of the parotid acinar cell, and it is thought that the layer serves 
as a barrier preventing contact of secretory granules with the luminal plasma membrane [6]. Because the cortical 
actin layer disappears upon β-adrenergic stimulation [6], it seems possible that β-adrenergic stimulation-induced 
dephosphorylation of destrin and/or cofilin is involved in depolymerization of cortical F-actin and thereby in 
α-amylase secretion [3]. 

In an attempt to better understand the phosphorylation/dephosphorylation mechanism on destrin and cofilin in 
the parotid gland, we previously searched for a constitutively active protein kinase catalyzing phosphorylation of 
destrin in this gland and detected an activity of such a protein kinase in the soluble fraction with an assay system 
utilizing native destrin as a substrate and employing western blotting with an antibody specifically recognizing 
destrin phosphorylated at Ser-2 [7]. We referred to the protein kinase as “destrin Ser-2 kinase” (DS2K), partially 
characterized the enzyme in a crude extract, and obtained results suggesting that DS2K is different from kinases 
(e.g. LIM-kinases 1 and 2 and testicular protein kinases 1 and 2) reported to phosphorylate destrin in other sti-
mulated cells or tissues [7]. Toward the identification, we then started on its purification by chromatography on 
several media. However, the purification proved to be unexpectedly difficult mainly because of its poor recovery 
and irregular elution during chromatography. We then developed a high-throughput, high-sensitivity assay me-
thod employing dot-blotting procedure and continued our effort to purify the enzyme. After various attempts, we 
recently found that the enzyme activity could be recovered from chromatographic columns, at the cost of resolu-
tion, by drastic changes in elution conditions; although the purification efficiencies were limited, the enzyme ac-
tivity was reproducibly recovered and could be further purified by native PAGE. Expecting these results to be 
useful for further study of the kinase, we here report partial purification and characterization of the kinase activ-
ity together with its detection methods. 

2. Materials and Methods 
2.1. Dot-Blot Assay for DS2K Activity 
Destrin used as the substrate was prepared from rat stomachs as described previously [7]. Storage conditions of 
destrin were modified: the concentrated destrin preparation was mixed with an equal volume of ethylene glycol 
(final destrin concentration, 700 μg/ml), and stored at −30˚C. Destrin thus stored could be used for at least 10 
months. The standard kinase assay mixture (total volume, 5 μl) contained 50 mM bis[2-hydroxyethyl]iminotris 
[hydroxymethyl]methane (Bis-Tris), pH 6.8, 5 mM magnesium acetate, 70 μg/ml destrin, 5% ethylene glycol 
(derived from the destrin preparation), 2 mM ATP, 3 mM 2-mercaptoethanol, and an enzyme preparation [7]. In 
preliminary experiments, we studied the effect of 5% ethylene glycol on DS2K activity and observed that it re-
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duced the activity by about 10%. We, however, ignored this effect of ethylene glycol because it protected the 
destrin stock solution from freezing at −30˚C and allowed long storage of destrin. The reaction was initiated by 
the addition of ATP, carried out for 30 min at 30˚C, and terminated by the addition of 1.5 μl of a stop solution 
containing 20 mM Tris-HCl, pH 7.5, 80 mM EDTA, and 200 mM NaF. It was confirmed that when the stop so-
lution was added to the reaction mixture containing an active enzyme preparation, destrin was not phosphory-
lated at all during 30 min of incubation at 30˚C. The mixtures lacking destrin served as the blank. Each sample 
then received 18.5 or 43.5 μl of a diluted stop solution (1.5 volumes of the stop solution was diluted with 5 vo-
lumes of water), and the resultant samples (usually 15 μl each) were dot-blotted onto a PVDF membrane (Im-
mobilon-PSQ, Millipore) with the device previously reported [8]. Before blotting, the PVDF membrane was 
treated with methanol, rinsed in H2O, and equilibrated with the diluted stop solution. After all the samples were 
dot-blotted, the PVDF membrane was placed in a boiling water bath for 3 min and then immunostained with the 
anti-phosphodestrin antibody DS-Np, which was prepared by us and specifically recognizes matured destrin 
phosphorylated at Ser-2 [7]; antibody-antigen complexes were visualized with alkaline phosphatase-conjugated 
goat anti-rabbit IgG (Promega) and Western BlueTM Stabilized Substrate for Alkaline Phosphatase (Promega) as 
described previously [7] except that the second antibody was diluted with Immuno Shot (Cosmo Bio). The 
staining was followed by visual inspection and terminated when the spots of interest reached desired intensities 
within a linear range for densitometry. The stained membranes were scanned with a model GT-7600S flat-bed 
scanner (Epson); spots of phosphorylated destrin were quantitated with the public domain software NIH Image 
1.62, which was written by Wayne Rasband (National Institutes of Health, Bethesda, MD, USA), as described 
previously [7]. 

2.2. Partial Purification of DS2K 
The “100,000 × g supernatant fraction” was prepared from male Wistar rat parotid glands as described pre-
viously. The experimental procedures and care of animals were in accordance with “Regulation on Animal Ex-
perimentation at Aichi-Gakuin University School of Dentistry” and were approved by “the Experimental Animal 
Ethical Committee of Aichi-Gakuin University School of Dentistry” (Approval Numbers: AGUD 153 and 251). 
Briefly, male Wistar rats (about 200 g, fed ad libitum) were anesthetized with diethyl ether and killed by deca-
pitation. Parotid glands, situated inferior and anterior to ears and embedded in subcutaneous adipose tissue, were 
collected, trimmed free of adhering tissue, and stored at −80˚C. The frozen tissue was thawed, minced, and ho-
mogenized in a glass-Teflon homogenizer containing 10 volumes of 20 mM Tris-HCl, pH 7.5, containing 0.28 
M sucrose, 2 mM EDTA, 1 mM EGTA, 1 mM benzamidine, 0.2 mM phenylmethylsulphonyl fluoride, 10 μg/ml 
leupeptin, 12 μg/ml chymostatin, 2 μg/ml pepstatin A, and 0.1% 2-mercaptoethanol. The resultant homogenate 
was filtered through a single layer of gauze and centrifuged at 100,000 × g for 90 min; the 100,000 × g superna-
tant fraction was stored at −30˚C. The following procedure was carried out at 0˚C - 4˚C. The 100,000 × g su-
pernatant fraction containing 12 mg of protein was applied to a DEAE-cellulose (DE53, Whatman) column (0.9 
× 0.8 cm; bed volume, 0.5 ml) equilibrated with Solution A (20 mM Tris-HCl, pH 7.5, 1 mM benzamidine, 10 
μg/ml chymostatin, 4 μg/ml leupeptin, and 0.1% 2-mercaptoethanol), and the effluent was discarded. The col-
umn was sequentially washed with 1.25 ml of Solution A, 15 ml of Solution A containing 40 mM NaCl, and 1.5 
ml of Solution A containing 200 mM NaCl. The effluent of the third washing step with Solution A containing 
200 mM NaCl was saved and mixed with 250 μl of 3.5 M (NH4)2SO4 [final (NH4)2SO4 concentration, 0.5 M]. 
The resultant sample was applied to a phenyl-Sepharose (Phenyl Sepharose High Performance, GE Healthcare) 
column (0.46 × 1.5 cm; bed volume, 0.25 ml) equilibrated with Solution B (20 mM Tris-HCl, pH 7.5, 0.5 mM 
benzamidine, and 0.1% 2-mercaptoethanol) containing 0.5 M (NH4)2SO4. The column was sequentially washed 
with 2 ml of Solution B containing 0.5 M (NH4)2SO4, 3 ml of Solution B containing 0.4 M (NH4)2SO4, and then 
0.98 ml of Solution B containing 50% ethylene glycol. The effluent of the third washing step with Solution B 
containing 50% ethylene glycol was saved, mixed with 20 μl of 0.5 M sodium phosphate, pH 6.8 (final sodium 
phosphate concentration, 10 mM), and applied to a hydroxyapatite (Macro-Prep Ceramic Hydroxyapatite Type I 
20 μm, Bio-Rad) column (0.46 × 0.6 cm; bed volume, 0.10 ml) equilibrated with Solution C (10 mM sodium 
phosphate, pH 6.8, 0.5 mM benzamidine, and 0.1% 2-mercaptoethanol). The column was washed with 0.4 ml of 
Solution C and then with 0.4 ml of Solution C containing additional 90 mM sodium phosphate, pH 6.8 (total so-
dium phosphate concentration in the eluent, 100 mM). The effluent of the second washing step was saved and 
dialyzed against 200 ml of 10 mM Tris-HCl, pH 7.5, containing 0.5 mM benzamidine and 0.1% 2-mercaptoe- 
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thanol for at least 2 h with a device for dialysis [9]. As described under “Results”, the preparation thus obtained 
contained DS2K activity; it was stored at −4˚C and used as the “partially purified DS2K fraction” in later expe-
riments. In some experiments, the partially purified DS2K fraction was concentrated to about 25 μl with Vivas-
pin 500 (5000 MWCO) (Sartorius). When larger quantities of the partially purified DS2K fraction were required, 
the volumes of the supernatant, the columns, and the eluents were proportionately increased. 

2.3. Electrophoretic Procedures 
Sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) was carried out as described pre-
viously [3] according to the method of Fling and Gregerson [10] with following modifications: separating gels 
(1 mm thick) contained 12% acrylamide; and gels were fixed in 45% methanol containing 9% acetic acid for 2 h, 
washed in water for 30 min, and stained for protein with ImperialTM Protein Stain (Thermo Fischer Scientific) 
according to manufacturer’s instruction. Some samples were concentrated by lyophilization. Native PAGE was 
carried out in 1-mm-thick, 5% acrylamide slab gels (N,N’-methylenebisacrylamide, 0.24%) with the same buffer 
system used for SDS-PAGE without addition of SDS. Samples for native PAGE contained 0.5% 2-mercaptoe- 
thanol. After native PAGE, gels were stained with ImperialTM Protein Stain or subjected to detection of DS2K 
activity. 

2.4. Detection of DS2K Activity on Gels after Native PAGE 
After native PAGE, the lane to which a DS2K-containing sample was applied was cut out and equilibrated twice 
for 5 min in 3 volumes of Solution D (50 mM Bis-Tris, pH 6.8, containing 5 mM magnesium acetate, 2 mM 
ATP, and 3 mM 2-mercaptoethanol). Before the treatment of the gel, a rectangle (typically, 5 mm × length of the 
separating gel) was drawn on a PVDF membrane (Immobilon-PSQ) with a pencil and cut out with at least 5-mm 
margins; the membrane was wetted with methanol, rinsed with water and then with 50 mM Tris-HCl, pH 7.5, 
and placed on three layers of filter paper wetted with 50 mM Tris-HCl, pH 7.5. After the excess buffer solution 
was absorbed with dry paper, 35 μg/ml destrin in 50 mM Tris-HCl, pH 7.5, was evenly applied to the rectangle 
on the PVDF membrane to make a final surface density of 84 μg/cm2. The PVDF membrane was blocked for 90 
min with Tris-buffered saline (TBS) containing 1% bovine serum albumin (BSA) and 1% Tween-20, rinsed 
three times with 3 ml of 50 mM Bis-Tris, pH 6.8 (10 min/wash), and equilibrated with Solution D. The PVDF 
membrane with a destrin-coated rectangle was placed on 3 layers of filter paper wetted with Solution D; and on 
the rectangle, the equilibrated gel prepared above was placed. The whole sandwich was covered with Saran 
Wrap and incubated at 30˚C for 4 h (the gel was slightly pressed to the PVDF membrane with a weight), and 
then the membrane was treated for 3 min in a boiling water bath and subjected to immunostaining with the anti- 
phosphodestrin antibody DS-Np as described above. The phosphodestrin immunostained on the membrane re- 
presented the DS2K activity in the gel. 

2.5. Protein Assay 
Protein concentrations were determined as in [11] (the total volume of the assay mixture was reduced), with 
BSA as a standard. 

2.6. Statistical Analysis 
Unless otherwise stated, data were presented as means ± SD of three independent experiments performed in 
triplicate. Statistical significance in difference between the mean of a sample and the hypothetical mean was 
analyzed by a two-tailed one-sample t-test with the program Prism 4 (GraphPad Software). Two-group compar-
ison was performed by Student’s t-test with the same program. A P-value of 0.05 or less was considered statis-
tically significant. 

3. Results 
3.1. Verification of the Dot-Blot Assay for DS2K Activity 
We previously introduced a specific assay method for DS2K activity [7]. To detect destrin phosphorylated dur-
ing incubation, we employed western blotting, which was time-consuming and occasionally provided poor 
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results derived from uneven transfer of proteins. We therefore replaced the western blotting by dot blotting. 
Figure 1(a) and Figure 1(b) show linear dependencies of destrin phosphorylation, detected by dot blotting, on 
the reaction time and on the enzyme quantity, respectively. The revised method thus worked well, allowed easy 
and rapid handling of more than 50 samples at a time, and also increased the assay sensitivity by at least 5-fold 
(data not shown). In the dot-blotting procedure, however, proteins in the sample are not separated as in western 
blotting; therefore, care was taken not to add too large amounts of enzyme preparations to the assay mixture. 

3.2. Partial Purification of DS2K by Column Chromatography 
The DS2K activity is essentially present in the 100,000 × g supernatant fraction of parotid tissue [7]. Figure 2(a) 
and Figure 2(d) show the elution profile of proteins and DS2K activity, respectively, on DEAE-cellulose chro-
matography. Under the conditions used, DS2K activity was retained by the column and eluted with the eluent 
containing 0.2 M NaCl after washing the column with a solution containing 40 mM NaCl. In preliminary expe-
riments where DEAE-cellulose columns loaded with the supernatant fraction were washed under different con-
ditions with increasing NaCl concentrations in eluents, we observed that elution of DS2K was not reproducible, 
and that the recovery was often poor (data not shown). After several attempts, we found that the reproducibility 
in DS2K elution is improved by sufficient washing of the columns, before elution of DS2K, with eluent con-
taining low concentrations (e.g. 40 mM) of NaCl. The preliminary washing slowly eluted a large amount of 
amylase retained by the column; it is likely that elution of amylase as a concentrated band disturbs chromato-
graphy, partly elutes DS2K activity, and results in poor reproducibility in DS2K elution. We also noticed that 
the DS2K activity could efficiently be eluted, at the cost of resolution, by stepwise elution with a sharp increase 
in the concentration of NaCl (e.g. from 40 mM to 200 mM); slow gradual increases in NaCl concentrations in 
eluents resulted in poor recovery. It is likely that the activity of DS2K depends on some cellular component(s) 
weakly associated with the enzyme, and that simultaneous elution of such a component(s) with DS2K is re-
quired for efficient recovery of the enzyme activity. The experimental conditions for DEAE-cellulose chroma-
tography, described above, were determined on the basis of these observations. Neither dephosphorylated nor 
phosphorylated destrin is retained by DEAE-cellulose columns under the conditions used [3] [7]; endogenous 
phosphodestrin, which was present in the supernatant fraction and mainly contributed to the blank value in the 
assay used here (see the inset of Figure 1(a)), was eliminated by the DEAE-cellulose chromatography; the blank 
value of the fraction containing DS2K was thus essentially zero (data not shown). 

We then searched for chromatomedia that could be used for further purification and reached a tentative conclu-
sion that phenyl-Sepharose and hydroxyapatite could be candidates. In hydrophobic interaction chromatography 
 

 
Figure 1. Detection of DS2K activity by dot blotting. (a) Time course. The rat parotid 100,000 × g supernatant (1 μg of 
protein) was incubated for the indicated times at 30˚C in the kinase assay mixture. The resultant reaction mixtures were 
processed for dot blotting as described under “Methods”. The inset shows a series of immunostained dots. The dot of 
the 0-min sample essentially represents the endogenous phosphodestrin present in the supernatant; the optical density 
of this dot was subtracted from the values of other dots, and the resultant values were used as the protein kinase activi-
ties; (b) Enzyme course. The rat parotid 100,000 × g supernatant, containing indicated amounts of protein, was incu-
bated at 30˚C for 30 min in the kinase assay mixture. In each panel, values are means ± SD obtained in triplicate de-
terminations; results are representative of three independent experiments. 
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Figure 2. Purification of DS2K by sequential chromatography on DEAE-cellulose, phenyl-Sepharose, and hydroxyapatite 
columns. (a), (d) The rat parotid 100,000 × g supernatant (12 mg of protein; 1.8 ml) was applied to a DEAE-cellulose col-
umn (0.9 × 0.8 cm). The flowthrough was collected as fraction 1 (lane 1). The column was sequentially washed with 1.25 ml 
of Solution A (lane 2), 3 × 5 ml of Solution A containing 40 mM NaCl (lanes 3 - 5), and 2 × 1.5 ml of Solution A containing 
200 mM NaCl (lanes 6 and 7); the individual effluents were collected as fractions 2 - 7. Five percent of each fraction was di-
alyzed with a device for dialysis [9]; resultant samples, together with the supernatant (Sup), were subjected to SDS-PAGE (a) 
and to DS2K activity assay (d). (b), (e) The volume of the remaining portion of fraction 6 from the DEAE-cellulose column 
was made up to 1.5 ml with Solution A containing 200 mM NaCl; to this solution, 250 μl of 3.5 M (NH4)2SO4 was added. 
The resultant sample was applied to a phenyl-Sepharose column (0.46 × 1.5 cm); the flowthrough was collected as fraction 1 
(lane 1). The column was sequentially washed with 2 ml of Solution B containing 0.5 M (NH4)2SO4 (lane 2), 3 ml of Solu-
tion B containing 0.4 M (NH4)2SO4 (lane 3), and then 2 × 0.98 ml of Solution B containing 50% ethylene glycol (lanes 4 and 
5); the individual effluents were collected as fractions 2 - 5. Five percent of each fraction was dialyzed before SDS-PAGE (b) 
and DS2K activity assay (e). (c), (f) The volume of the remaining portion of fraction 4 from the phenyl-Sepharose column 
was made up to 0.98 ml with Solution B containing 50% ethylene glycol; to this solution, 20 μl of 0.5 M sodium phosphate, 
pH 6.8, was added. The resultant sample was applied to a hydroxyapatite column (0.46 × 0.6 cm); the flowthrough was col-
lected as fraction 1 (lane 1). The column was washed with 0.4 ml of Solution C (lane 2) and then with 2 × 0.4 ml of Solution 
C containing additional 90 mM sodium phosphate, pH 6.8 (lanes 3 and 4); the individual effluents were collected as fractions 
2 - 4. Each fraction was dialyzed before SDS-PAGE (c) and DS2K activity assay (f). Panels (a)-(c) show areas from a single 
SDS-PAGE gel stained with ImperialTM Protein Stain; for each panel, portions collected from the dialyzed samples at a con-
stant volume ratio were subjected to SDS-PAGE. Panels (d)-(f) show elution patterns of DS2K activity from the columns. 
Data represent means ± range obtained in duplicate determinations. In (a)-(c), the positions of standard proteins with the 
molecular masses indicated in kDa are shown on the right. Results are representative of three independent experiments. The 
arrow in (a) indicates the position of α-amylase. 
 
on phenyl-Sepharose, samples containing high concentrations of NaCl can be directly applied to the columns. 
We therefore employed this chromatography in the second step. Figure 2(b) and Figure 2(e) show the elution 
profile of proteins and DS2K activity, respectively, on the phenyl-Sepharose chromatography. In the presence of 
0.5 M (NH4)2SO4, DS2K was retained by the column and eluted by stepwise elution with a sharp increase in the 



E. Osumi et al. 
 

 
106 

elution power of the eluent (we used an eluent containing 50% ethylene glycol, which weakens the protein-li- 
gand interactions). A slow gradual increase in the elution power of the eluent led to a poor recovery of the en-
zyme activity (data not shown). The active fraction was applied to a hydroxyapatite column, which was ex-
pected to retain DS2K in the presence of 50% ethylene glycol. Figures 2(c) and Figure 2(f) show the elution 
profile of proteins and DS2K activity, respectively, on the hydroxyapatite chromatography. DS2K was retained 
by the column, separated from ethylene glycol, and eluted by stepwise elution with an eluent containing 0.1 M 
sodium phosphate. A gradual increase in the concentration of sodium phosphate resulted in a low recovery (data 
not shown). A summary on representative purification of DS2K is shown in Table 1. In the repeated purification 
(n = 4) of DS2K by the procedure described above, we observed a total recovery of 3.6% ± 0.4% and a 2.3 ± 
0.6-fold increase in the specific activity. Although the procedure separated DS2K from major abundant proteins, 
it resulted in a substantial loss of DS2K activity as well. 

We also tried to use affinity chromatography on Aminophenyl-ATP-Sepharose (JENA Bioscience); when the 
active fraction from the DEAE-cellulose column was applied to the affinity column, DS2K activity was not re-
tained by the column and eluted in the flowthrough fraction with essentially all other proteins (data not shown). 
This result might be due to the high Km (281 ± 22 μM) of DS2K for ATP [7]. We also attempted to use gel 
permeation chromatography on Sephacryl S-300 (GE Healthcare). Because the resolving power of this type of 
chromatography is limited, we have not obtained successful results. 

3.3. Enzymatic Properties of DS2K Partially Purified by Column Chromatography 
As described above, the enzyme activity was substantially lost during sequential chromatography on the three 
columns. We anticipated that the procedure led to a loss of some component(s) required for DS2K activity and 
to an alteration in the enzymatic properties. We therefore studied several key properties of DS2K in the partially 
purified fraction and compared them with previously reported properties of DS2K in the 100,000 × g superna-
tant fraction [7]. For DS2K partially purified in this work, the optimum pH was in the range 6.7 - 7.2 (Figure 
3(a)); the Mg2+ concentrations required for maximum activity were 3 - 5 mM (Figure 3(b)); at 0.06, 0.1, 0.2, 
and 0.3 M, NaCl inhibited the activity by 56%, 70%, 84%, and 90%, respectively (Figure 3(c)). These proper-
ties of the partially purified DS2K were very similar to those of DS2K in the crude extract [7]. We then deter-
mined Km values of the partially purified DS2K for destrin and for ATP from Hanes-Woolf plots, where [S]/v 
was plotted against [S] ([S], substrate concentration; v, initial rate of reaction). The apparent Km values, each 
given by the negative of the [S]-axis intersection, for destrin and for ATP were determined to be 120 ± 20 μg/ml 
(n = 4) (Figure 3(d)) and 230 ± 40 μM (n = 4) (Figure 3(e)), respectively. When these values were compared 
with those previously obtained for DS2K in the crude extract [7], they were not significantly altered (two-tailed 
unpaired t-test; P = 0.07 for Km toward destrin; P = 0.06 for Km toward ATP). From these results, we con-
cluded that the enzymatic properties of DS2K were not essentially altered by its partial purification. As noticed 
previously [7], the Km of DS2K for ATP was higher than the values (1 - 150 μM) reported for most other pro-
tein kinases [12]. 

To characterize the DS2K activity in the crude extract, we previously studied the effect of several protein ki-
nase inhibitors. We found that ML-7 (myosin light chain kinase inhibitor), W-7 (calmodulin inhibitor), Y-27632 
(Rho-associated protein kinase inhibitor), and KN-93 (Ca2+/calmodulin-dependent protein kinase II inhibitor) 
were effective (e.g. ML-7 and W-7 inhibited the DS2K activity by more than 70% at 1 mM) [7]. In the present stu- 
dy, we again studied the effect of a series of protein kinase inhibitors on the partially purified DS2K activity to 
characterize this enzyme. The four inhibitors also suppressed the partially purified DS2K activity (Figure 3(f)).  
 
Table 1. Purification of DS2K from rat parotid gland. 

Fraction Total proteina 
(mg) 

Total activitya 
(arbitrary units) 

Specific activity 
(units/mg) 

Yielda 
(%) 

Purification 
(-fold) 

100,000 × g supernatant 12 820 68 100 1.0 

DEAE-cellulose 3.7 250 68 30 1.0 

Phenyl-sepharose 0.91 72 79 8.8 1.2 

Hydroxyapatite 0.18 33 180 4.0 2.6 
aValues were calculated for the case where samples were not collected for analysis from the column effluents. 



E. Osumi et al. 
 

 
107 

 
Figure 3. Enzymatic properties of DS2K in the partially purified DS2K fraction. (a) Effect of pH on DS2K activity. The pH 
of the kinase assay mixture was modified with 50 mM Bis-Tris (closed circles) and 50 mM MOPS (open circles) buffers. 
The activities were normalized by taking the activity at pH 7.55 as 1.0; (b) Effect of Mg2+ concentrations on DS2K activity. 
The activities were normalized by taking the activity at 7.5 mM Mg2+ as 1.0; (c) Effect of NaCl concentrations on DS2K ac-
tivity. The activities were normalized by taking the activity at 0 mM NaCl as 1.0; (d) Km of DS2K for destrin. DS2K activity 
was determined in triplicate at indicated concentrations of destrin. The Hanes-Woolf plot of the results is shown. The Km for 
destrin, obtained from four experiments, was 120 ± 20 μg/ml (mean ± SD); (e) Km of DS2K for ATP. DS2K activity was 
determined in triplicate at indicated concentrations of ATP. The Hanes-Woolf plot of the results is shown. The Km for ATP, 
obtained from four experiments, was 230 ± 40 μM (mean ± SD); (f) Effects of protein kinase inhibitors on DS2K activity. 
DS2K activity was determined in the presence of each protein kinase inhibitor indicated on the left. All inhibitors were dis-
solved in H2O. The kinase activities thus obtained were normalized by taking the control value, which was obtained in the 
absence of inhibitors, as 100%. *P < 0.05; **P < 0.01; ***P < 0.001 (two-tailed one-sample t-test compared with 100). In (a)- 
(c) and (f), values are means ± SD of three experiments carried out in triplicate. 
 
At 1 mM, ML-7 and KN-93 completely inhibited the activity; W-7 and Y-27632 suppressed the activity by 96% ± 
6% (n = 3) and 43% ± 10% (n = 3), respectively. At 0.1 mM, the three inhibitors ML-7, KN-93 and W-7 did not 
significantly inhibit the activity (P = 0.14, P = 0.09, and P = 0.05, respectively). H-7 (a protein kinase C inhibi-
tor), H-8 (cyclic nucleotide-dependent protein kinase inhibitor), and HA-1077 (a Rho-associated protein kinase 
inhibitor) did not effectively inhibit the partially purified DS2K activity (Figure 3(f)), as previously observed 
for the activity in the crude extract [7]. Thus, the relative potencies of protein kinase inhibitors also supported 
the notion that the properties of DS2K were not essentially altered. In the present study, we additionally found 
that novobiocin, an antagonist for heat shock protein 90 (Hsp90) and for bacterial gyrase B [13], was also an ef-
fective inhibitor for DS2K activity; at 1 mM, it inhibited the DS2K activity by 85% ± 2% (n = 3) (Figure 3(f)). 
In our previous study, heparin (30 μg/ml), an inhibitor of protein kinase CK2 [14], caused a statistically nonsig-
nificant stimulation of DS2K activity in the crude extract [7]. In this study, heparin (30 μg/ml) significantly in-
creased the partially purified DS2K activity by 47% ± 6% (P < 0.01, n = 3) (Figure 3(f)). We previously ob-
served that staurosporine, a nonspecific protein kinase inhibitor, inhibited DS2K in the crude extract by 49% at 2 
μM [7]; however, it did not significantly inhibit the partially purified DS2K activity at 2 μM (P = 0.10, n = 3) 
(data not shown). Effects of protein kinase inhibitors would be further discussed below. 
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3.4. Purification of DS2K by Native PAGE 
Further purification of DS2K by chromatography seemed difficult. We then attempted to purify DS2K by native 
PAGE because it might provide efficient resolution of DS2K and allow detection of the activity after electro-
phoresis. Since our previous study showed that unlike many other protein kinases, DS2K requires native destrin 
as the substrate and recognizes neither denatured destrin nor the peptide containing the phosphorylation site [7], 
we introduced an on-gel detection method of DS2K activity after PAGE, utilizing destrin-coated PVDF mem-
branes (see Figure 4). After native PAGE, a reference gel strip was cut out from a wide lane loaded with the 
partially purified DS2K fraction, equilibrated with a reaction mixture containing ATP, and placed on a de-
strin-coated PVDF membrane in a close contact with each other. After the stack was incubated at 30˚C for 4 h to 
allow DS2K to phosphorylate destrin on the membrane, the resultant PVDF membrane was subjected to immu-
nostaining for phosphorylated destrin. A typical result is shown in Figure 4(a). DS2K activity was resolved into 
two bands each migrating slowly toward the anode during the native PAGE. It is likely that the two bands con-
stitute the major activity phosphorylating destrin in the resting rat parotid gland. It remains to be clarified 
whether the two DS2K-derived bands represent isoforms of DS2K or two different enzymes. A gel strip was al-
so cut from the gel adjacent to the reference gel strip, stained for protein with ImperialTM Protein Stain (Figure 
4(b)), and aligned with the scanned image of the immunostained PVDF membrane; it was noticed that the 
DS2K-derived two bands were separated from most protein bands. 

Because the DS2K-derived bands were well focused after native PAGE, it seemed possible that if the native 
PAGE gel was subsequently subjected to SDS-PAGE, the DS2K-derived bands would provide well-focused 
protein spots on the second dimension gel. We, therefore, subjected the native PAGE gel containing the two 
bands to SDS-PAGE, stained the resultant gel for protein with silver, and observed several spots under the two 
activity bands (see Figure S1). These spots were identified in separate experiments by proteomic analysis (see 
Figure S1 Legend); however, we have not detected protein kinase spots yet. It is likely that further enrichment 
of DS2K and/or improvement in mass spectrometry is required for identification of DS2K activity. 

4. Discussion 
Identification of DS2K is expected to lead to better understanding on regulatory mechanism of destrin phospho-
rylation and of actin cytoskeleton in the parotid tissue. Proteomic approach for identification of DS2K could be 
facilitated by its preliminary enrichment; however, it has been hampered mainly by the poor recovery of DS2K 

 

 
Figure 4. Native PAGE of DS2K. The partially purified DS2K fraction was 
prepared from the rat parotid 100,000 × g supernatant fraction containing 16 
mg of protein, concentrated to about 50 μl with Vivaspin 500, and processed 
for native PAGE (the sample was applied onto a 50-mm-wide well of the 
stacking gel). Electrophoresis was carried out toward the anode. After PAGE, 
the separating gel under the wide well was cut out. At the center of the excised 
gel, a reference gel strip was cut longitudinally, leaving two gel strips with 
similar sizes. The central gel strip was processed for detection of DS2K activ-
ity with a destrin-coated PVDF membrane. The PVDF membrane immunos-
tained for phosphodestrin is shown in (a); arrowheads indicate the positions of 
DS2K-derived kinase activities. The remaining two gel strips were stained 
with ImperialTM Protein Stain, and one of them is shown in (b) and aligned 
with the immunostained PVDF membrane (the scanned image of the PVDF 
membrane is enlarged to the size of the stained gel). Results are representative 
of three independent experiments. The gels stained for protein were further 
subjected to SDS-PAGE (see Figure S1). 
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in chromatography. In this study, we explored efficient procedure for enrichment of DS2K and found that se-
quential chromatography on DEAE-cellulose, phenyl-Sepharose, and hydroxyapatite could be used for partial 
purification of this enzyme. In each chromatography, however, effective recovery of DS2K required stepwise 
elution with a sharp increase in the elution power at the cost of the resolution; gradual increase in elution power 
resulted in poor recovery. A possibility therefore exists that DS2K exists as a loose complex with some cellular 
component(s), and that efficient recovery of DS2K activity requires its co-elution with such a component(s). We 
anticipated alteration of the enzymatic properties of DS2K during purification; however, properties of the par-
tially purified DS2K were essentially similar to those of DS2K in the crude extract. It is likely that the recovered 
DS2K carries the required component(s). 

The selectivity of protein kinase inhibitors has been extensively studied, and these studies have revealed that a 
number of so-called “specific” inhibitors affect so many protein kinases [15]-[17]. Among the protein kinase in-
hibitors studied in this work, ML-7, KN-93, W-7, and novobiocin effectively inhibited DS2K activity. The ef-
fects of ML-7 and KN-93, to say the least, seem to represent their nonspecific actions because it is reported that 
destrin is not effectively phosphorylated in vitro by myosin light chain kinase or by Ca2+/calmodulin-dependent 
protein kinase II [18]. The effect of W-7 and novobiocin might suggest the involvement of calmodulin and 
HSP90, respectively, in DS2K activity [13] [19]; however, interpretation of these results requires caution. Some 
interaction of HSP90 with protein kinases has been reported [20]. The use of the four inhibitors as a set might 
help identification of DS2K. Requirement of high concentrations of each inhibitor is probably based on the facts 
that most protein kinase inhibitors are ATP-competitive [16], and that our assay mixture contained a high con-
centration (2 mM) of ATP. Heparin increased the DS2K activity and might help identification of DS2K; howev-
er, the mechanism remains to be clarified. 

In this work, we introduced a method for detection of DS2K activity on gels with destrin-coated PVDF mem-
branes. In this method, gels after native PAGE were equilibrated with a reaction mixture containing ATP. We, 
however, observed that, proteins, including DS2K, partly flowed out from the gel during the equilibration. Al-
though gels must be equilibrated before the subsequent kinase reaction, too long equilibration should be avoided. 
Upon on-gel assay of DS2K activity, we reproducibly detected two bands; however, band intensities were varied 
from one experiment to another. Further study is required to gain more reproducible results. It might be worth 
noting that the method introduced here allows detection of DS2K activity present only near the gel surface; in 
the case where DS2K is not sufficiently exposed to the gel surface after electrophoresis, its activity would be 
poorly detected. 

In the 2D-PAGE employing native PAGE in the first dimension and SDS-PAGE in the second dimension (see 
Figure S1), it was expected that proteins moving as a complex during the first dimension would be separated 
during the second dimension SDS-PAGE and arranged vertically on the second dimension gel. Although we 
failed to find spots of DS2K and of possibly associated proteins after the 2D-PAGE, several points may deserve 
to note. Among the protein spots shown in Figure S1 and identified by proteomic analysis (see Figure S1 Le-
gend), Sec13 and CSN4 are just below Sec31a and CSN2, respectively. It is reported that Sec13 and CSN4 are 
associated with Sec31 and CSN2, respectively [21] [22]; Sec13 and Sec31 are components of the coat protein II 
complex (COPII) [21] [23]; CSN2 and CSN4 are components of the COP9 signalosome (CSN) [22]. Thus, the 
2D-PAGE used in this study probably allows detection of components of protein complexes. In addition, it was 
also noticed that deoxyribonuclease (DNase) I, which forms a complex with actin [24], was also present below 
the actin spot (Figure S1). 

In this work, we have attempted to purify and characterize DS2K, which is probably involved in phosphoryla-
tion of destrin in resting parotid tissue. Although additional work is required to better understand DS2K activity, 
we expect results reported in this paper to provide a basis for further study of the kinase and regulatory mechan-
ism of actin cytoskeleton in the parotid gland. 
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Supplemental Methods 
1. Two-Dimensional PAGE (2D-PAGE) 
After the first-dimension native PAGE, gels were stained with ImperialTM Protein Stain, destained in H2O, 
trimmed, equilibrated for 15 min with 62.5 mM Tris-HCl, pH 6.8, containing 0.3% SDS, 5% 2-mercaptoethanol 
and 10% glycerol, and loaded onto the second-dimension SDS-PAGE gels (0.8% agarose gel in the equilibration 
solution was used to keep the first-dimension gels in places); after the second-dimension electrophoresis, gels 
were stained with ImperialTM Protein Stain or with silver [1]. 

2. Matrix-Assisted Laser Desorption/Ionization (MALDI) Time of Flight (TOF)-TOF Mass 
Spectrometry (MS) of Peptides 

Sample preparation for mass spectrometry (in-gel reduction, alkylation, and trypsinization) was carried out ac-
cording to the reported procedure [2] with the following modifications: proteins were reduced with 2 mM 
Tris(2-carboxyethyl)phosphine [3] [4] and alkylated with 140 mM acrylamide containing 140 mM 2-mercap- 
toethanol [3] [5] [6]. Briefly, protein spots were excised from gels stained with ImperialTM Protein Stain and cut 
into about 1 mm3 pieces; proteins were reduced, alkylated, and digested with 13 μg/ml trypsin (sequencing grade 
modified trypsin; Promega) overnight at 37˚C (usually, 10 μl of the trypsin solution was added to dried gel 
pieces); peptides generated were extracted from gels with 5% formic acid/acetonitrile (1:2, v/v), dried in a va-
cuum centrifuge, and dissolved in 0.1% trifluoroacetic acid. 

A portion (0.5 μl) of each peptide solution prepared above was spotted on a sample area of an Opti-TOF 
384-well plate. While the sample deposit was still wet, 0.5 μl of 10 mg/ml α-cyano-4-hydroxycinnamic acid 
(Sigma) in 50% acetonitrile/0.05% trifluoroacetic acid was added and allowed to dry. All mass spectra were ob-
tained on a 4800 MALDI TOF-TOF Analyzer (Applied Biosystems) in the positive reflector mode; peptide mass 
fingerprint (PMF) data were first generated (scanning mass range, 700 - 4000 Da), and PMF data-dependent 
tandem MS (MS/MS) analysis was then performed (five most abundant precursors were selected for colli-
sion-induced dissociation MS/MS analysis; air was used as the collision gas). The processing of the data was 
carried out with the GPS Explorer software version 3.5 (Applied Biosystems), which submitted the data for a 
protein database search using an in-house licensed Mascot search engine (Matrix Science) with cysteine propio-
namidation and methionine oxidation as variable modifications (“Max. Missed Cleavage” was set at 1). 

http://dx.doi.org/10.1073/pnas.71.12.4742
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Figure S1. The gel shown in Figure 4(b) was cut at the positions corresponding to the kinase activity bands (arrowheads); 
the anodic portion of the gel was discarded. The resultant three gel pieces and the remaining whole gel strip (see Figure 4 
and legend to it) were loaded on the second dimension gel for SDS-PAGE (some spaces were left between gels). A sil-
ver-stained gel after the second dimension SDS-PAGE is shown. Spots 1 - 7 were noticed because they were focused and 
present near or in contact with the empty lanes indicating the locations of the DS2K activity bands. The positions of standard 
proteins with the molecular masses indicated in kDa are shown on the right. Results are representative of three independent 
experiments. In separate experiments, we loaded twice the amount of the partially purified DS2K fraction onto 2D-PAGE, 
stained the gel after SDS-PAGE with ImperialTM Protein Stain, collected those corresponding to spots 1 - 7, and subjected 
them to reduction, alkylation, trypsin digestion, and MALDI-TOF-TOF MS followed by a database search. Spots 1 - 7 were 
identified as follows: spots 1 and 2, Sec31-like protein 1 (Sec31a; GI:55715648) (at least one of the two spots likely reflects 
post-translational modification of the protein [7]); spot 3, Sec13-like 1 (Sec13; GI:54261633); spot 4, Nucleoporin 93 
(GI:51859167); spot 5, Hsc70-ps1 (GI:56385); spot 6, COP9 constitutive photomorphogenic homolog subunit 2 (CSN2; 
GI:15215006); spot 7, COP9 signalosome subunit 4 (CSN4; GI:51259458). In addition, the two major spots with tailing 
were also identified: spot 8, β- and γ-actin (GI:55575 and GI:57573, respectively; we were unable to distinguish β-actin from 
γ-actin because they are different only in four residues located in their N-terminal regions); spot 9, DNase I (GI:15420826). 
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