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Abstract 

In earlier studies we observed that the active vitamin D metabolite 1,25-(OH)2D 3 increased the calmodulin content of 
purified duodenal brush-border membrane vesicles where it bound principally to the 110 kDa protein myosin I. In this study we 
further evaluated the regulation of calmodulin binding to ATP releasable myosin I. Whole brush borders (BB) or purified 
brush-border membrane vesicles (BBMV) were prepared from duodena of vitamin D-deficient rachitic chicks treated 12-18 h 
before killing with either 625 pmol 1,25-(OH)zD 3 or vehicle. The ATP extractable myosin I from BB resulted in an 1.6-fold 
increase of calmodulin binding to the 110 kDa band after treatment with 1,25-(OH)2D 3. In contrast to BB, ATP extraction of 
myosin I from purified BBMV required alamethicin for ATP entry. As for BB extracts, calmodulin binding to the 110 kDa band 
in BBMV extracts was also increased about 2.4-fold by 1,25-(OH)2D 3. It was concluded that both intact BB and purified BBMV 
showed the same type of increase in calmodulin binding to ATP releasable myosin I by 1,25-(OH)2D 3. To see whether 
1,25-(OH)2D 3 increased the intrinsic affinity of calmodulin binding to myosin I, the ATP extractable myosin I from BB was 
purified from rachitic chicks treated with 1,25-(OH)2D 3 or vehicle. In contrast to ATP extracts of BB or BBMV, calmodulin 
binding to the purified myosin I was not different between preparations from 1,25-(OH)2D 3- or vehicle-treated chicks. We 
conclude that 1,25-(OH)2D 3 does not change the affinity of calmodulin binding to myosin I but increases the amount of myosin I 
in the membrane or alters its ATP releasability. It was further investigated whether phosphorylation is involved in these 
1,25-(OH) 2 D 3 dependent posttranslational changes of myosin I. Phosphorylation of brush-border membrane proteins in vivo was 
performed by incubation of [32p]p i in the lumen of a ligated duodenal loop in situ for 15 min. Brush-border membrane proteins 
were phosphorylated in vitro by incubating BB or BBMV with [y-32p]ATP for 1 rain. Incubation experiments in vivo and in vitro 
in fact resulted in phosphorylation of several proteins including 110 kDa proteins. However, there was no specific effect of 
1,25-(OH)zD 3 on phosphorylation of 110 kDa proteins. We conclude that the effects of 1,25-(OH)2D 3 on protein phosphoryla- 
tion are minimal and not likely to explain 1,25-(OH)2D 3 stimulated calmodulin binding to ATP extractable brush-border 
membrane myosin I and 1,25-(OH)zD 3 stimulated changes of calcium uptake across the brush-border membrane. 
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I. Introduction 
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Abbreviations: BBMV, purified brush-border membrane vesicle(s); 
BB, whole brush borders; 1,25-(OH)zD3, 1,25-dihydroxyvitamin D3; 
25-OHD3, 25-hydroxyvitamin D3; AP, activity of alkaline phos- 
phatase; EGTA, ethyleneglyeol bis(/3-aminoethyl ether)-N,N'-tetra- 
acetic acid; DTT, dithiothreitol; PMSF, phenylmethylsulfonyl fluo- 
ride; EDTA, ethylenediaminetetraacetic acid; DFP, diisopropyl flu- 
orophosphate; SDS-PAGE, sodium dodecyl sulfate polyacrylamide 
gel eleetrophoresis; CPM, counts per min. 
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It  is well  known tha t  the  active d u o d e n a l  absorp t ion  
of  Ca 2+ occurs  u n d e r  the  cont ro l  of  1 ,25-(OH)zD3,  the  
active me tabo l i t e  of  v i tamin  D 3 [1-3].  The  mechan i sm 
by which 1 ,25- (OH)zD 3 increases  Ca 2+ absorp t ion  is 
still uncer ta in .  The  bes t  known effect  of  1 ,25- (OH)zD 3 
on  en te rocy tes  is induc t ion  of  ca lb ind in -D synthesis,  an 
in t race l lu la r  Ca 2+ b ind ing  p ro t e in  which may faci l i ta te  
ca lc ium m o v e m e n t  th rough  the  cy toplasm [4]. A second  
effect  is inc reased  Ca 2+ m o v e m e n t  across  the  brush-  
b o r d e r  m e m b r a n e  as m e a s u r e d  with pur i f ied  brush-  
b o r d e r  m e m b r a n e  vesicles [5-7].  This  a p p e a r s  to be 
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mediated by another calcium binding protein, calmod- 
ulin. The increased Ca 2+ uptake into brush-border 
membrane vesicles following 1,25-(OH) 2 D 3 administra- 
tion is accompanied by increased calmodulin binding to 
a 110 kDa calmodulin binding protein (myosin I) and 
can be inhibited with calmodulin antagonists like tri- 
fluoperazine [8,9]. Furthermore, when membrane vesi- 
cles were prepared from different cells along the 
villus-crypt axis, again Ca 2+ uptake, calmodulin con- 
tent and binding to myosin I were correlated [10]. 

Myosin I appears to link the membrane to the actin 
core of the microvillus [11]. It binds calmodulin even in 
the presence of EGTA (i.e., absence of Ca 2+) and 
binds to actin in the absence but not in the presence of 
ATP [12]. It has ATPase activity which can be stimu- 
lated by K + in the absence of divalent ions (K-EDTA- 
ATPase) or by Ca 2+ and K + and to a smaller amount 
by Mg 2+ and F-actin [13]. This pattern is typical for 
myosins, the family of proteins to which brush-border 
myosin I is now known to belong on the basis of its 
primary sequence [14]. Although myosin I has mecha- 
noenzyme activity, the function of this protein in vivo, 
and the physiological meaning of the calmodulin bind- 
ing is not known; we postulate that it may be involved 
in the mechanism by which 1,25-(OH)zD 3 increases 
Ca 2+ uptake across the brush-border membrane. 

We therefore investigated whether 1,25-(OH)zD 3 
stimulates the affinity of calmodulin binding to brush- 
border myosin I by purifying this protein from vitamin 
D-deficient and 1,25-(OH)2D 3 treated chicks and de- 
termining calmodulin binding to the purified protein. 

Unlike the induction of calbindin synthesis, the in- 
creased binding of calmodulin to the membrane bound 
myosin I occurs at the same time as increased calcium 
uptake across the brush-border membrane [5] and is 
not blocked by cycloheximide [15]. Thus the changes in 
myosin I and its binding to calmodulin presumably 
reflect posttranslational modifications. Phosphorylation 
of membrane proteins is one way to regulate mem- 
brane functions, as is the case in other calcium trans- 
port membranes [16,17] or membrane bound proteins 
[18]. Thus we evaluated the ability of 1,25-(OH)2D 3 to 
alter brush-border membrane protein phosphorylation 
in vivo by using the ligated duodenal loop preparation, 
and in vitro using purified whole brush borders or 
purified brush-border membrane vesicles. The effects 
of 1,25-(OH)2D 3 on brush-border membrane protein 
phosphorylation were compared to the effects of 1,25- 
(OH)2D 3 on calcium transfer, alkaline phosphatase 
activity in the brush-border membrane and calmodulin 
binding to myosin I. 

2. Materials and methods 

1-day-old cockerels were raised for 3-4 weeks on a 
vitamin D-deficient diet (Teklad, Madison Wi 53711, 

diet no. 75007 containing 0.8% calcium and 0.6% phos- 
phorus). The 1,25-(OH)zD 3 or vehicle was given orally 
in doses of 625 pmol in 100/zl propylene glycol 12-18 
h before killing. Calcium transport in vivo was mea- 
sured by the in situ duodenal loop technique [19] and 
serum calcium concentration by atomic absorption 
spectrometry. 

Whole brush borders (BB) of chick duodenum were 
isolated as described by Swanljung et al. [20] in a 
modified way. The chicks were killed by decapitation 
using a guillotine. The duodenum was quickly re- 
moved, rinsed with ice-cold saline, and placed on ice in 
a buffer (10 mmol/1 KH2PO4, 150 mmol/1 NaCI (pH 
7.5)) containing dithiothreitol (DTT, 1 mmol/1), phen- 
ylmethylsulfonyl fluoride (PMSF, 0.2 mmol/l), NaN 3 
(0.02%), and the proteinase inhibitors aprotinin (5 
/zg/ml), leupeptin (1 p.g/ml), pepstatin A (5 /zg/ml) 
and diisopropyl fluorophosphate (DFP, 1 mmol/l). All 
future steps were carried out on ice or in a cold room 
at 4°C. The tissues were transferred into a beaker with 
76 mmol/1 NazPO 4, 19 mmol/l  KH2PO4, 12 mmol/l 
EDTA (pH 7.0) containing DTT, PMSF, NAN3, and 
the proteinase inhibitors as described above and stirred 
with a magnetic stir bar. After 30 min of stirring, the 
residual epithelial and muscle layers were removed 
with a forceps and the suspended cells pelleted at 
250 ×g  for 10 min in a refrigerated high speed cen- 
trifuge. Ceils were washed once and suspended in the 
homogenization buffer (10 mmol/1 imidazole chloride, 
4 mmol/1 EDTA, 1 mmol/1 EGTA (pH 7.3) with 
DTT, PMSF, NAN3, and the proteinase inhibitors as 
described above) and homogenized 3 × 5 s with a 
Brinkmann polytron (Westbury, NY, setting 2). The 
homogenate was centrifuged at 800 × g for 10 min and 
washed twice in the homogenization buffer and twice 
in a wash buffer (10 mmol/l imidazole chloride, 75 
mmol/1 KC1, 5 mmol/1 MgC12, 1 mmol/1 EGTA (pH 
7.3), with DTT, PMSF, NAN3, and the proteinase in- 
hibitors as described above without DFP). The final 
pellet contains brush borders and nuclei. The nuclei 
were removed by resuspending the pellet in 50% su- 
crose in wash buffer, overlaid with 40% sucrose in 
wash buffer, and centrifuged at 100 000 × g for 90 min. 
The brush borders migrated to the interface [21]. They 
were removed with a syringe, diluted 10 times with 
wash buffer, pelleted at 10000 ×g  for 10 min, and 
washed once again with wash buffer. 

Brush-border membrane vesicles (BBMV) were pre- 
pared using the method of Max et al. [22] with 0.1 
mmol/1 PMSF in all buffers and three 10 s bursts of a 
Brinkmann Polytron instead of a Waring blender. 

ATP extracts of the brush borders or brush-border 
membrane vesicles were obtained by suspending in 
ATP extraction buffer (10 mmol/1 imidazole chloride, 
0.2 M KCI, 5 mmol/1 MgC12, 5 mmol/1 ATP, 1 mmol/1 
EGTA (pH 6.8), with DTT and PMSF as described 
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above) and subsequent centrifugation with 100 000 x g 
for 30 min. For the extraction of brush-border mem- 
brane vesicles 0.2% alamethicin was added to the 
extraction buffer, to facilitate the entry of ATP into the 
vesicles. 

For the purification of myosin I a crude brush-border 

preparation of 25-30 duodena was used as described 
above without removing the nuclei by a sucrose gradi- 
ent. An ATP extract of this preparation was run over a 
sepharose CI-4B column (5 x 90 cm, Pharmacia) and 
two FPLC columns, Mono Q and Mono S (both type 
HR 5/5 ,  Pharmacia) following the method described 
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Fig. 1. SDS-PAGE and calmodulin overlay of whole brush borders (BB) and ATP extracts (ATP) prepared from vitamin D-deficient chicks 
treated with 1,25-(OH)2D 3 (+ )  or vehicle ( - ) .  The positions of the molecular weight markers are shown on the margins. (A) Coomassie-stained 
gels. (B) Corresponding autoradiogram of calmodulin binding in the presence of 1 mmol/l  calcium. (C) Corresponding autoradiogram of 
calmodulin binding in the presence of 1 mmol/l  EGTA. (D) Quantification of the autoradiogram shown in (C, ATP). 
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by Swanljung et al. [20]. The fractions containing myosin 
I were identified by K-EDTA-ATPase activity mea- 
sured with the method of Korn et al. [23]. 

Sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis (SDS-PAGE) was carried out by the 
method of Laemmli [24] using 8% polyacrylamide gels. 

Calmodulin overlay and scanning of Coomassie- 
stained gels or autoradiograms were performed as de- 
scribed previously [8]. Radioiodination of calmodulin 
was carried out using the Iodo-Gen iodinating reagent 
(Pierce), and lzSI-calmodulin was separated from un- 
bound 125I with Sephadex G-25 columns. 

Phosphorylation of brush-border membrane pro- 
teins in vivo: The chicks were anesthetized by pento- 
barbital. Three-hundred /xl of (mmol/l) 120 NaCI, 25 
Hepes, 6 KC1, 1 MgSO 4, 20 dextrose (pH 7.4), contain- 
ing 200/xCi of [32p]p i or [33p]p i (Amersham, Arlington 
Heights, IL) were injected into the lumen of the proxi- 
mal duodenum. The duodenum was ligated at both 
ends to form a 5-cm-long loop with blood supply intact. 
After 15 min the chick was killed, the loop was re- 
moved, drained of luminal contents, and the mucosa 
was removed by scraping with glass slides. Brush-border 
membrane vesicles were then prepared as described 
above. 

Phosphorylation of brush-border membrane pro- 
teins in vitro: Phosphorylation in BBMV was done by a 
modification of the procedure of Miyamoto et al. [26]. 
200/zg of vesicle protein was incubated in 200/zl of 50 
mmol/1 /3-glycerophosphate, 10 mmol/1 Mg-acetate, 2 
mmol/l theophylline, 10 mmol/l NaF (pH 6.5), with 
0.2% alamethicin (a gift from J.E. Grady, Upjohn, 

Kalamazoo, MI). The vesicles were incubated for 5 min 
at 37°C before the addition of 50 /xl of the above 
buffer containing 5 /xCi [y-32p]ATP (Amersham, Ar- 
lington Heights, IL) and 5" 10-1° mol ATP. After an 
additional 1-min incubation, 100 ~1 ice-cold 15% tri- 
chloroacetic acid (TCA) was added. The TCA-precipi- 
table material was washed twice with water. Modifica- 
tions of this general protocol for specific experiments 
are described in the text and Figure legends. 

Phosphorylation of whole brush-border preparations 
was carried out by incubating brush-border prepara- 
tions at room temperature with extraction buffer (10 
mmol/1 imidazole chloride, 200 mmol/1 KCI, 5 mmol/1 
MgCI2, 1 mmol/l EGTA, 10 /xmol/l ATP (pH 6.8), 
with DTT and PMSF as described above) in the pres- 
ence of 200 #Ci /ml  [T-32p]ATP. After 1 min of incu- 
bation, unlabeled ATP was added to a final concentra- 
tion of 5 mmol/1 and the sample centrifuged at 100000 
X g for 30 min at 4°C. The supernatant contained ATP 
releasable proteins. 

Electrophoresis and quantification of protein phos- 
phorylation: The brush borders or brush-border mem- 
brane vesicles phosphorylated in vivo or in vitro were 
subjected to SDS-PAGE with 8% polyacrylamide gels 
as described above. Immediately after preparation 20 
/zl aliquots were mixed with 7 p.1 4 x SDS-PAGE stop 
solution (0.25 mol/l  Tris, 40% glycerol, 4% SDS, 120 
mmol/l  DTT (pH 6.8)) and heated to 95°C for 5 min 
before separation by SDS-PAGE. In most experiments 
the gels were stained with Coomassie blue, dried, and 
exposed to X-Omat film (Eastman Kodak Co., 
Rochester, NY) for 7-24 h at -80°C. The autoradio- 
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Fig. 2. (A) Calmodulin binding of myosin I of an ATP + alamethicin extract of brush-border membrane vesicles from vitamin D-deficient chicks 
treated with 1,25-(OH)2D 3 ( + )  or vehicle ( - )  in the presence of 1 mmol / l  Ca 2+ or EGTA. (B) Quantification of calmodulin binding in the 
presence of EGTA. 
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Fig. 3. SDS-PAGE and calmodulin overlay of the purified myosin I 
from vitamin D-deficient chicks treated with 1,25-(OH)2D 3 ( + )  or 
vehicle ( - )  in the presence of 1 mmol / l  Ca 2+ or EGTA. The 
positions of the molecular weight markers are shown on the left and 
right margins. Left two lanes in the presence of Ca 2+ or EGTA: 
Coomassie-stained gels; right two lanes: corresponding autoradio- 
grams. 

grams were scanned by a densitometer (E-C Appara- 
tus, St. Petersburg, FL) with identical settings for each 
experiment. 

Other methods. Calcium accumulation by brush- 
border membrane vesicles was determined as previ- 
ously described [5]. The results are expressed in terms 
of calcium accumulated during the 15 min incubation 
period. Alkaline phosphatase activity was determined 
by the method of Hausamen et al. [27]. Protein deter- 
minations were performed by the method of Lowry et 
al. [28], or a Coomassie blue kit from Bio-Rad (Rich- 
mond, CA) using BSA as standard protein. All chemi- 

3. Results  

The level of vitamin D deficiency in the chicks used 
for these experiments and their responsiveness to 1,25- 
(OH)2D 3 were verified by measuring the Ca z+ concen- 
tration in serum and Ca 2+ transport in vivo. The serum 
C a  2+ concentration of three weeks old D-deficient 
chicks was 1.76 +_ 0.28 mmol/1 (n = 18) and could be 
raised to 2.20_+ 0.22 mmol/1 (n = 20) by treatment 
with 1,25-(OH)2D 3 16 h before. Duodenal Ca 2+ trans- 
port measured as appearance of 45Ca in serum after 15 
min of in situ incubation of 45Ca2+ in ligated duodenal 
loops was 2113 _+ 406 CPM/200  gl  (n = 4) in the vehi- 
cle-treated and 7322 + 916 C P M / 2 0 0 / z l  (n = 5) in the 
1,25-(OH)2D3-treated birds. 

Fig. 1 shows that calmodulin binding to the ATP 
extractable myosin I from BB is increased in 1,25- 
(OH)2D3-treated animals. This increase was most pro- 
nounced in the presence of EGTA. Based on 
densitometry of the autoradiogram shown in Fig. 1C, 
an 1.6 fold increase of calmodulin binding to ATP 
extractable myosin I was seen (Fig. 1D). 

In contrast to BB preparations, ATP extraction of 
purified BBMV resulted in only 1.9% protein solubi- 
lized in comparison to about 10% solubilized from BB 
preparations. However, with the addition of alame- 
thicin (0.2%) to the extraction buffer, 14% of the 
proteins from BBMV were solubilized. Using alame- 
thicin, the ATP soluble portion of myosin I in vesicles 
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Fig. 4. SDS-PAGE and phosphorylation of brush borders (BB) and ATP extracts (ATP) prepared from vitamin D-deficient chicks treated with 
1 25-(OH)2D 3 ( + )  or vehicle ( - ) .  The positions of the molecular weight markers are shown on the left margins. [32p]ATP was added prior to 
ATP extraction. Left panel: Coomassie-stained gels, Right panel: corresponding autoradiogram. 
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Table 1 
Specific activity, enrichment,  and recovery of K-EDTA-ATPase  dur- 
ing purification of myosin I 

K-EDTA-ATPase  

specific activity enr ichment  recovery 
( /xmol /min  per rag) (%) 

Homogenate  0.0021 - 100 
ATP-extract  0.0217 10 51 
Gel filtration 0.0252 12 17 
Mono Q 0.1298 62 5 
Mono S 0.3200 152 1.3 

The homogenate  was prepared from the duodena of 30 chicks which 
had been treated with 1,25-(OH)2D 3. 

was in the same range as for whole brush borders. Fig. 
2 shows that ATP plus alamethicin extracts of brush- 
border membrane vesicles from 1,25-(OH)2D 3 treated 
birds also showed an increase in calmodulin binding to 
the 110 kDa band when compared with that from 
vehicle-treated birds. The increase shown in Fig. 2A in 
the presence of E G T A  was 2.4-fold (Fig. 2B). 

To see whether the intrinsic affinity of myosin I to 
bind calmodulin is affected by 1,25-(OH)2D 3, ATP 
solubilized myosin I was purified from duodena of 
vitamin D-deficient and 1,25-(OH)2D3-treated animals. 
The amount obtained from 25-30 birds was 0.4-0.7 

200, 

116. 
93. 

66- 

45, 

mg. The specific activity of K-EDTA-ATPase during 
purification of myosin I from 1,25-(OH)2D3-treated 
birds is shown in Table 1. Neither the specific activity 
of the enzyme nor the enrichment pattern were strik- 
ingly different between 1,25-(OH)2D 3 or vehicle- 
treated birds. 

The purified protein was homogenous by SDS- 
PAGE except for calmodulin. When the same amount 
of ATP solubilized myosin I from D deficient and 
1,25-(OH)2D3-treated birds was run on SDS-PAGE 
gels, there was no difference in calmodulin binding 
with the overlay technique (Fig. 3). This means that 
1,25-(OH)2D 3 would increase the amount of myosin I 
in the BB or altered its releasibility by ATP without 
altering its intrinsic affinity for calmodulin. 

The next experiments were designed to see, whether 
1,25-(OH)2D 3 can increase the membrane binding or 
ATP releasibility of myosin I through changes in en- 
dogenous phosphorylation. Fig. 4 shows a Coomassie- 
stained gel and the corresponding autoradiogram of an 
in vitro phosphorylation experiment with whole brush 
borders. Several proteins including a 110 kDa-protein 
could be phosphorylated by this way but no major 
differences following 1,25-(OH)2D 3 treatment were 
seen. 
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Fig. 5. Effect of 1,25-(OH)2D 3 on the in vitro phosphorylation of 
proteins in a brush-border  membrane  vesicle preparation. This is an 
autoradiogram of a SDS-PAGE gel of 300 /xg brush-border mem- 
brane protein samples. The samples were prepared from the duode- 
nal mucosa of chicks given 1,25-(OH)2D 3 at 0, 4, 9, 12, 18, and 24 h 
before preparation of the vesicles. The vesicles were phosphorylated 
in vitro in the presence of 0.2% alamethicin before SDS-PAGE. The 
position of the molecular weight markers is shown on the left margin. 
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Fig. 6. Effect of 1,25-(OH)zD 3 on the in vivo phosphorylation of 
brush-border membrane  proteins. This is an autoradiogram of a 
SDS-PAGE gel containing 300 # g  protein of brush-border mem- 
brane samples. Brush-border  membrane  vesicles were prepared from 
the duodenal  mucosa of chicks given 1,25-(OH)2D 3 at 0, 4, 9, 12, 18, 
and 24 h before incubation of the duodenum with 32p in vivo. The 
position of the molecular weight s tandards is depicted on the left 
margin. 
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Table 2 
The effect of 1,25-(OH)zD 3 on Ca 2+ accumulation and on alkaline phosphatase  activity of brush-border  membrane  vesicles 

335 

Hours  after 1,25-(OH)2D 3 administration 

0 4 9 12 18 24 

Ca 2+ * 7.94 + 0.11 9.89 + 0.33 10.85 + 0.60 11.04 _+ 0.30 10.34 _+ 0.32 9.96 ± 0.39 
AP **  3.23 _+ 0.03 3.33 ± 0,06 9.62 _+ 0.29 8.42 _+ 0.16 7.52 ± 0.01 9.28 + 0.10 

The brush-border  membrane  vesicles used ,for this experiment were from the same preparation used for the data in Fig. 5. 
* Calcium accumulation in n m o l / m g  protein + range of duplicate determinations.  
** Alkaline phosphatase  activity in n m o l / m i n  pe r /xg  protein ± range of duplicate determinations.  

Fig. 5 shows an autoradiogram of the SDS-PAGE 
separation of proteins from brush-border membrane 
vesicles prepared from chicks given 1,25-(OH)2D 3 at 
indicated time points before the duodena were ob- 
tained and incubated for 1 min with [y-32p]ATP in the 
presence of 0.2% alamethicin. No consistent changes 
in the phosphorylation profile were observed. The in- 
creased phosphorylation observed in the 4-h sample in 
Fig. 6 was not seen in other experiments. 

Fig. 6 shows an autoradiogram of the SDS-PAGE 
separation of brush-border membrane vesicle proteins 
phosphorylated in vivo from chicks given 1,25-(OH)2D 3 
at indicated time points before the duodena were ob- 
tained. Under these conditions phosphorylation of a 
110 kDa protein and three other proteins is increased 
9-18 h after 1,25-(OH)2D 3 administration. The 110 
kDa protein was maximally phosphorylated 9 h after 
1,25-(OH)2D 3 administration, but by 24 h, any increase 
above the untreated sample (designed as 0 h in the 
figure) was no longer present. The pattern of phospho- 
rylation depicted in Fig. 6 remained unchanged, re- 
gardless of whether 3 2 p o 4 3 -  o r  33po43- was used. 

In contrast to the lack of effect of 1,25-(OH)2D 3 on 
protein phosphorylation both calcium accumulating 
ability and alkaline phosphatase activity measured in 
these same preparations were increased by the prior 
administration of 1,25-(OH)2D 3 (Table 2). 

4. Discussion 

A primary purpose of this study was to explore the 
mechanism by which calmodulin binding to brush- 
border myosin I, which we believe is involved in cal- 
cium transport across the brush-border membrane, is 
increased by 1,25-(OH)2D 3 and whether phosphoryla- 
tion is involved in this mechanism. Our results show 
that 1,25-(OH)2D 3 does not increase the calmodulin 
content of the brush border by increasing its affinity 
for the ATP extractable myosin I because equal 
amounts of myosin I purified from vitamin D-deficient 
and 1,25-(OH)2D3-treated chicks showed equivalent 

binding to calmodulin. The fact that calmodulin bind- 
ing of the purified protein is not different in vitamin 
D-deficient and 1,25-(OH)2D3-treated animals is in 
apparent contrast to former results which show that 
calmodulin binding to the 110 kDa band of brush- 
border membrane vesicles is increased after 1,25- 
(OH)2D 3 treatment [8,10]. However, this conflict may 
be resolved if in 1,25-(OH)2D3-treated birds more 
myosin I stays with the membrane during vesicle 
preparation or if the membrane bound myosin I is 
altered by 1,25-(OH)2D 3 with respect to calmodulin 
binding. 

1,25-(OH)2D 3 may increase the amount of myosin I 
in BBMV by stimulating membrane binding. The 
amount of 110 kDa protein and the calmodulin binding 
to the 110 kDa band in an ATP and alamethicin 
extract of BBMV is twice as great when the BBMV 
originate from chicks treated with 1,25-(OH)2D 3. When 
combined with the findings of Howe et al. [25] who 
found that vitamin D reduced the calmodulin binding 
to the 110 kDa band of demembranated microvillus 
cores, these results support the possibility that 1,25- 
(OH)2D 3 may increase the binding of myosin I to the 
membrane and therefore the calmodulin binding and 
content of BBMV. 

Further experiments were done to see whether these 
changes in the behavior of myosin I were achieved by 
endogenous phosphorylation as shown for other pro- 
teins [18]. In our in vivo and in vitro experiments a 
protein of about 110 kDa is phosphorylated, suggesting 
that myosin I is a protein kinase substrate. This is 
consistent with results reported by Howe and Mooseker 
[29]. 

Our in vivo experiments suggest a transient increase 
in phosphorylation of myosin I after 1,25-(OH)2D 3 
administration, but the effect was not specific for this 
protein nor was it observed in vitro using preparations 
of whole brush borders or purified brush-border mem- 
brane vesicles. Therefore it is likely that the increased 
phosphorylation in vivo is due to increased 32p uptake 
by the gut from the 1,25-(OH)2D3-treated animals. 

Other studies suggest the involvement of protein 
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phosphorylat ion in the nongenomic  action of  1,25- 
(OH)2D 3. De Boland and Norman  [30] repor ted  evi- 
dence for the involvement of  protein kinase C and 
other  kinases in 1,25-(OH)2D 3 media ted  stimulation of  
Ca 2÷ transport .  The  rapid 1,25-(OH)2D 3 effects re- 
por ted  by these authors  were observed during the first 
hour  after 1,25-(OH)2D 3 exposure and were found 
only in normal  vitamin D replete chicks. However,  
maximal effects of  1,25-(OH)2D 3 on calmodulin bind- 
ing to the brush border  and Ca 2÷ uptake into brush- 
border  membrane  vesicles f rom vitamin D-deficient  
chicks are seen several hours after 1,25-(OH)2D 3 treat- 
ment  [5]. 

In conclusion, the effect of  1,25-(OH)2D 3 on 
calmodulin binding to proteins of  the duodenal  brush- 
border  membrane  appears  to have the following char- 
acteristics. 1,25-(OH)2D 3 increases calmodulin binding 
to BBMV by increasing binding to myosin I. Previous 
studies have shown that  this is not  the result of  in- 
creased protein synthesis [15], nor  is it a result of  net  
changes in phosphoryla t ion which might be expected to 
alter calmodulin binding to myosin I or  alter myosin I 
binding to the brush-border  membrane  (this paper).  
A T P  releases more  myosin I f rom BBMV prepared  
from duodena  of  1,25-(OH)2D3-treated rachitic chicks 
than from BBMV prepared  from vehicle-treated con- 
trols. However,  the purified protein does not differ in 
its ability to bind calmodulin when taken from 1,25- 
(OH)2D 3- versus vehicle-treated chicks. Taken  to- 
gether  this means that  1,25-(OH)2D 3 increases the 
amount  of  myosin I in the brush-border  membrane  or  
its releasability by ATP.  

The  mechanism by which 1,25-(OH)2D 3 increases 
myosin I and thus calmodulin in the brush-border  
membrane  remains uncertain and experiments  to ex- 
plore this mechanism are in progress. 
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