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Abstract Recent work has indicated that vectorial Ca** transport across the intestinal epithelium occurs in
vesicles and may involve the participation of microtubules [Nemere et al., 1986]. Since 1,25 dihydroxyvitamin D,
(1,25(0OH),D,) stimulates this Ca’* transport process, microtubule (MT) isotypes were studied as a potential regulatory
point. The effect of 1,25(0OH),D, status on tubulin isotypes was analyzed by isoelectric focusing (IEF) gels of taxol
stabilized MTs prepared from intestinal epithelium of vitamin D-deficient chicks dosed with vehicle (~D) or 1.3 nmoles
of 1,25(0H),D, (+D) 2.5, 5, 10, 15, or 43 h prior to sacrifice. Four bands, one of which was identified as a-tubulin on
the basis of Western analysis, increased in Coomassie Blue staining intensity 515 h after 1,25(OH),D,, corresponding
to the time course of augmented vesicular Ca’* transport. Dose-response studies revealed similar changes in tubulin
isotype profiles in IEF gels, again corresponding to doses known to elicit enhanced Ca** absorption (52-6,500 pmoles of
hormone). The role of Ca’* transport was also examined. Isoelectrically focused intestinal epithelial tubulin from —D
chicks allowed to transport Ca®* for 30 min revealed increased staining of bands relative to nonabsorbing —D controls.
By comparison, Ca** transport in +D chicks resulted in fainter bands relative to nonabsorbing, +D controls. MTs
prepared from fasted or fed chicks revealed similar changes upon IEF, but of much smaller magnitude. Enhanced
phosphorylation did not account for the appearance of the more acidic bands, although 1,25(0OH), D, treatment resulted
in decreased P content of a presumptive non-tubulin component, relative to preparations from —D controls.
Glucocorticoids, which are known to suppress 1,25(0OH),D,-stimulated Ca** transport, led to severely diminished levels
of total tubulin, as judged by SDS-PAGE, rather than altered tubulin isotypes. Thus, MTs of intestine are subject to
regulation by hormonal status, as well as by the amount of Ca** available for transepithelial transport.
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The intestinal absorption of calcium is regu-
lated by the hormonally active form of vitamin
D,, 1,25-dihydroxyvitamin D, (1,25(0H),D.). Our
current hypothesis on the intracellular route by
which Ca®* is transported across intestine is one
in which the cation is sequestered in vesicles.
Uptake at the brush border is postulated to
occur through endocytic vesicles, whose con-
tents are subsequently transferred to lyso-
somes, and ultimately, exocytosis of the mem-
brane delimited organelles at the basal lateral
membrane completes the transport process
[Nemere et al., 1986; Nemere and Norman, 1988,
1989]. Such vectorial transport is known to
occur along intracellular tracks, particularly

Received July 11, 1991; accepted August 15, 1991.

Address reprint requests to Dr. Ilka Nemere, Department of
Biochemistry, University of California, Riverside, CA 92521.

© 1991 Wiley-Liss, Inc.

microtubules [Matteoni and Kreis, 1987; Nem-
ere et al., 1984; Nassar et al., 1988]. Thus, an
additional point of regulation of intestinal
caleium transport by the seco-steroid hormone
1,25(0H),D, could be the composition of such
cytoskeletal elements, including tubulin isotype
expression [Cleveland and Sullivan, 1985; Lewis
et al., 1985; Miller et al., 1987]. Indeed, prolac-
tin has been reported to regulate microtubule
deployment in the anterior pituitary of rats
[Ravindra and Grosvenor, 1986], and an earlier
report from this laboratory [Nemere et al., 1987]
documented regulation of a-tubulin mRNA ex-
pression by 1,25(0H),D,. The current work was
undertaken to extend these latter observations
by determining whether the seco-steroid hor-
mone altered protein composition of chick intes-
tinal epithelial microtubules, as judged by isoelec-
tric focusing.
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MATERIALS AND METHODS
Animals and Surgical Procedures

White Leghorn cockerels (Lakeview Farms,
Lakeview, CA) were obtained on the day of hatch
and raised for 3.5 to 4.5 weeks on a rachitogenic
diet [Norman and Wong, 1972]. Chicks (3—4 per
group) were intramuscularly injected with
1,25(0H),D, or vehicle at the times and doses
described below prior to use. Dexamethasone
(Sigma Chemical Co., St. Louis, MO) was in-
jected intraperitoneally as described by Shultz
et al. [1982}. :

On the day of experimentation, chicks were
anesthetized with ether prior to surgical expo-
sure of the duodenal loop. For studies on the
effects of calcium absorption, the loops were
ligated at the proximal and distal ends and in-
stilled with 4 mg CaCl, in 0.4 ml of water, or an
equivalent volume of water alone. The duodenal
Joop was replaced in the abdominal cavity, the
incision closed, and transport allowed to proceed
for 30 min prior to additional anesthesia and
removal of the intestinal segment to ice-cold
saline.

The mucosal scrapings within each group were
pooled and homogenized on ice in 1-1.5 volumes
of 100 mM PIPES (pH 6.6) using a Potter-
Elvejhem homogenizer. The homogenates were
subjected to a low speed centrifugation (20,000g,
20 min at 4°C) prior to preparation of microtu-
bules by the taxol stabilization procedure of
Vallee [1982]. The post-mitochondrial superna-
tant was further centrifuged at 180,000g for 90
min (4°C), and the final supernatant made 10
uM in taxol, 1 mM in GTP, and incubated at
37°C for 20 min for microtubule polymerization.
Separation of polymerized microtubules from
soluble components was accomplished by over-
laying the incubation mixture on a 2 m! cushion
of 15% sucrose in homogenization buffer, and
centrifugation at 30,000g, 25 min at 37°C. The
supernatant was decanted from the microtubule
pellet, and while in the inverted position, the
inside walls of the centrifuge tube were carefully
swabbed with a Kimwipe to remove adherent
soluble components. Earlier work [Field et al.,
1984] has demonstrated that the inclusion of
protease inhibitors is not required during the
isolation procedure. The microtubule pellet was
subsequently resuspended in double distilled wa-
ter, and stored frozen until further use.

Phosphorylation Studies

Phosphorylation of microtubule proteins was
undertaken by three approaches: (1) mucosal scrap-
ings from vitamin D-deficient or 1,25(0OH),D,-
treated birds (3 chicks per group) were incu-
bated for 30 min in carrier phosphate free Gey's
balanced salt solution containing 2.5 mCi *P
prior to the preparation of microtubules; (2)
microtubules isolated from vitamin D—deficient
or 1,25(0H),D,-treated chicks were incubated
with 0.3 mCi of v**P-ATP; (3) the duodenal loops
of anesthetized chicks were injected with 0.8
mCi *P for 30 min of in vivo phosphorylation
prior to preparation of microtubules. Animals
receiving the seco-steroid hormone were intra-
muscularly injected with 1.3 nmoles of
1,25(0H),D, 15 h before experimentation. Iso-
electric focusing gels (see below) were run in
duplicate, stained, destained, dried, and placed
on Kodak X-OMAT film for autoradiography at
—80°C.

Isoelectric Focusing

For isoelectric focusing, an aliquot was re-
moved and combined with an equivalent volume
of sample buffer (9.16 M urea, 5% B-mercapto-
ethanol, 2% nonidet P-40, 30% glycerol) for solu-
bilization [Field et al., 1984], and protein deter-
mined by the Bradford reagent (Biorad) against
a buffer blank, and using bovine gamma globu-
lin as standard (Biorad). To insure loading of
equivalent amounts of protein in each lane, these
protein determinations were made on the very
same sample-buffer mixtures subsequently sub-
jected to electrophoresis. Separation of tubulin
isotypes was performed by a modification of the
method of Field et al. [1984] using available
vertical slab gel equipment. The IEF gels
(165 x 120 x 0.75 mm) contained 4% acryl-
amide, 0.2% bisacrylamide, 9.16 M urea, 2%
nonidet P-40, and ampholytes (1.73% pH 4-6,
0.27% pH 5-8; Sigma). Forty pls of overlay
buffer (9.16 M urea, 2% pH 4—6 ampholytes, 2%
nonidet P-40) were placed in each well for prefo-
cusing at 250 V, 15 min, 300 V, 30 min, 400 V,
30 min. The anolyte was 0.05 M H,PO, and the
catholyte 0.05 M NaOH. Equivalent protein sam-
ples (40 pl, 100-200 pg per well) in sample
buffer were then added to the wells and focused
at 800 V for at least 19 h (15,000-20,000 V - h)
at 16-18°C to prevent urea crystallization [Dun-
bar, 1987]. Prior to staining with Coomassie
Brilliant Blue, the gels were fixed for at least 1 h
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in 5% (w/v) trichloroacetic acid with agitation,
and clarified (removal of urea) for at least 2 h in
5% acetic acid. Gels were destained in the pres-
ence of 0.5% CuSO, - 5H,0 to facilitate extrac-
tion of ampholytes.

Immunoblotting and Western Analyses

These were conducted on SDS-PAGE or on
IEF gels of microtubules isolated by taxol stabi-
lization. For SDS-PAGE (Laemelli, 1970) pro-
tein samples (50 ng/40 pl) were resolved on
duplicate 8% polyacrylamide gels (0.75 mm
thick). To optimize the electrophoretic transfer
of proteins, dye-conjugated molecular weight
standards (or naturally colored standards for
IEF gels, both from Biorad) were included. The
reference gels were fixed and stained as de-
scribed above. The second gel was electroblotted
immediately onto Immobilon P paper (Milli-
pore, Bedford, MA) at 4°C, SDS-PAGE, or at
23°C (50 mA), for IEF gels, to prevent the crys-
tallization of urea. Western analysis was per-
formed using a method that relies on the pres-
ence of gelatin, BSA or Carnation® nonfat dry
milk, and Tween-20 to prevent nonspecific pro-
tein interactions. The blotted paper was placed
in buffer containing 0.2% gelatin, 0.056% Tween-
20, and 1% Carnation [Tidball, 1987; blocking
buffer] and washed for two 5 min periods with
gentle agitation.

The primary antibody (either rabbit poly-
clonal anti-tubulin, or mouse monoclonal anti-
alpha tubulin, ICN Biomedicals, Costa Mesa,
CA) was diluted 1:500 in high salt Tris buffer
(HST; 1 M NaCl, 0.5% Tween-20, 10 mM Tris-
HCI, pH 7.4), and incubated with the filter for
18 h at 4°C with moderate agitation. Unbound
antibody was removed by five sequential, 5 min
washes with blocking buffer. Alkaline phos-
phatase conjugated secondary antibodies (Sigma)
were incubated with the filters for 2 h at 23°C,
followed by five additional washes, prior to reac-
tion with substrate (BCIP and NBT, Bethesda
Research Laboratories) according to the manu-
facturer’s instructions.

RESULTS

Intestinal epithelial microtubule preparations
(P,) were electrophoretically compared to the
original high speed supernatant (S,) and post-
microtubule supernatant (S,) fractions. Similar
analyses were also conducted on authentic chick
brain tubulin. Figure 1A indicates that microtu-

bule preparations from chick intestine contain
two major bands (lanes 3, 68) of MW 52,000—
55,000 corresponding to tubulin [Raybin and
Flavin, 1975; Reddington et al., 1976] and
~ 40,000 which may represent actin [Putkey
and Norman, 1983]. In contrast, brain microtu-
bule preparations (lanes 9, 12) consist of a major
band at MW 52,000-55,000 and a minor compo-
nent at ~40,000. Differences in brain tubulin
due to vitamin D status were not detectable
upon SDS-PAGE,

Figure 1A further illustrates that microtu-
bules prepared from vitamin D—deficient chick
intestine after Ca®* absorption (lane 3) were
indistinguishable from those isolated from
1,25(0H),D -treated chicks following Ca®* ab-
sorption (lane 6). Likewise, SDS-PAGE failed to
reveal differences in microtubules prepared from
intestine of rachitic chicks dosed with vehicle
(Fig. 1B, lane 3) or 1.3 nmols of 1,25(0H),D, 10
h (lane 6) or 15 h (lane 9) prior to sacrifice.
Moreover, the presence of Ca** transport (Fig.
1A, lane 3, —D chicks; lane 6, +1,25(0H),D,
chicks) or the absence of absorption (Fig. 1B,
lane 3, —D chicks; lane 9, +1,25(0H),D, chicks)
had no effect on SDS-PAGE profiles.

Inspection of the supernatant fractions from
which the microtubules were prepared revealed
a corresponding band in brain homogenates (Fig.
1A, lanes 7, 10) that was depleted after the
polymerization steps (Fig. 1A, lanes 8, 11). The
amount of tubulin in supernatants of chick intes-
tinal homogenates was miniscule by compari-
son, making analyses of recovery and enrich-
ment difficult. However, since both co-precipi-
tating bands were subjected to isoelectric focus-
ing, a ratio of the proteins in the combined
regions in the final pellet, relative to the corre-
sponding initial supernatant bands, was esti-
mated by laser densitometry.

As shown in Table I, vitamin D status did not
influence the enrichment of tubulin, nor the
co-precipitating MW 40,000 protein. In brain,
the enrichment of tubulin was smaller because
of higher initial levels in the supernatant. How-
ever, polymerization and taxol stabilization re-
duced the amount of the MW 40,000 protein in
the final pellet, leading to a combined enrich-
ment factor equivalent to that observed in prep-
arations from intestinal tissue.

Western analysis was also performed on micro-
tubule proteins isolated by taxol stabilization,
using a commercially available polyclonal anti-
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Fig. 1. Resolution of proteins in microtubules isolated from chick intestinal epithelium or brain by SDS-PAGE. A:
High-speed supernatant fractions (S,) were prepared from homogenates of intestinal mucosae of vitamin D—deficient
(—D) or 1,25(0OH),D,-treated (+D) chicks after a 30 min Ca** absorption period. After incubation with GTP and
taxol, further centrifugation yielded the post-microtubule supernatant (S,) and microtubule pellet (P,). Parallel
fractions were prepared from brain tissue. B: Partial results of time course studies. Fractions were prepared from —D
chicks dosed with vehicle or 1.3 nmoles of 1,25(0OH),D, for 10 or 15 h prior to sacrifice. Each lane was loaded with

50 pg of protein.

tubulin antibody against chick brain tubulin.
Reaction product from the alkaline phosphatase
conjugated secondary antibody was apparent
over the 2-3 predominant bands, and to a lesser
extent, minor components (data not shown).
Thus, traces of the 40,000 MW protein were
present in the antigen preparation used to elicit

the polyclonal antibody. No reaction was ob-
served with molecular weight standards (unre-
lated proteins), or with primary antibody of
different specificity.

Taxol-stabilized microtubules prepared from
chick brain and intestinal epithelium were also
compared by isoelectric focusing (Fig. 2). Al-
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TABLE 1. Enrichment of Proteins in Isolated Microtubules Relative to Initial
Supernatants as Determined by Laser Densitometry of SDS-Polyacrylamide Gels

P, Protein/S, Protein®

MW MW
Group 52,000-55,000 40,000 Combined n
Intestine: —D 8.09 + 2.71 2.24 = 0.45 3.583 +0.18 3
+D,10h* 8.33 = 0.20 2.86 = 0.13 4.06 = 0.21 2
+D, 15hP 8.66 = 2.04 2.49 + 0.97 3.52 * 1.09 2
Brain: —-D 3.68 0.45 2.93 1
+D"® 4.12 0.40 3.31 1

“Ratio of the areas under the curves determined by laser densitometry of Coomassie Blue-stained gels of microtubular protein
(P,) over the corresponding value in the initial supernatant fraction (S,). Values represent mean + SD.

1.3 nmoles of 1,25(0H),D,.

+D
INTESTINE

Fig. 2. Comparison of microtubule proteins isolated from +D
chick intestine and —D, and +D chick brain by isoelectric
focusing. Chicks were dosed with vehicle or 1.3 nmoles of
1,25(0CH),D, 15 h prior to sacrifice. Solubilized microtubules
(100 ug/lane) were resolved at 800 V for 18 h.

though resolution of the various brain tubulin
isotypes was not possible under the conditions
employed, comparison with an intestinal micro-
tubule preparation indicated that the bands in
region 2 were tubulin, whereas those in regions
1 and 3 were probably co-precipitating non-
tubulin proteins. However, as indicated below,
the consistency of the bands in region 1 provided
a suitable internal control.

Time Course Studies

Intestinal epithelial microtubules were pre-
pared as a function of time after 1.3 nmoles of
1,25(0H),D,. SDS-PAGE analysis of the major
bands in the microtubule pellet (P,) relative to
the initial supernatant (S,) yielded enrichment
factors of 3.64, 2.82, 3.39, 3.85, 2.43, and 4.35

and 0, 2.5, 5, 10, 15, and 43 h after seco-steroid
hormone.

Further analysis of the effect of vitamin D
status on tubulin was undertaken with the tech-
nique of isoelectric focusing. Figure 3 presents
representative results of time course experi-
ments. Vitamin D-deficient chicks were dosed
with vehicle or 1.3 nmols of 1,25(0H),D, 2.5, 5,
or 10 h prior to sacrifice (Fig. 3A),and 150r43 h
prior to use (Fig. 3B). Isoelectric focusing of
taxol-stabilized microtubules prepared from in-
testinal epithelium of such chicks yielded band-
ing patterns with several regions of interest.
Region 1 (Fig. 3) usually appeared as a triplet,
and was believed to be a non-tubulin protein on
the basis of comparison with brain tubulin (Fig.
2). Consistent vitamin D-mediated differences
were not observed in this region. The more
acidic protein bands evident in region 2 (Fig.
3A,B) were tentatively identified as tubulin on
the basis of migration, and revealed increasing
staining intensity as a function of time after
seco-steroid, as did the bands in region 3. The
more acidic protein bands were faint or absent
in microtubules prepared from intestinal mu-
cosa of vitamin D—deficient chicks, and chicks
injected with 1,25(0H),D, 2.5 h prior to sacri-
fice. Augmented levels of these proteins were
evident at 5, 10, and 15 h after seco-steroid,
corresponding to times of enhanced intestinal
calcium absorption, as well as at 43 h when
calcium absorption has declined towards control
levels [Nemere and Norman, 1988]. Similar qual-
itative results were observed in three indepen-
dent experiments.

Densitometric analysis of the gels depicted in
Figure 3 were undertaken, and values for each
region normalized to the corresponding value
for the lane containing proteins from —D chicks
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Fig. 3. Time course of 1,25(0H),D, effect on microtubule
proteins isolated from chick intestinal epithelium and separated
by isoelectric focusing. Microtubules were prepared by taxol
stabilization from chicks dosed with A: vehicle (~D) or 1.3
nmoles of 1,25(0H),D, 2.5, 5, 10 h before sacrifice. Samples
were focused at 400 V for 18 h. B: In a separate series of
experiments, the time course was extended to include 15 and
43 h of exposure to 1,25(OH),D, in vivo. Samples were focused
for 18 h at 800 V.

within the same gel. At 2.5, 5, 10, 15, and 43 h
after 1.3 nmols of 1,25(0H),D, the +D/-D ra-
tios for region 1 were 0.43,0.92, 1.28, 1.01, 1.04,
respectively; for region 2 the ratios were 0.59,
2.02, 3.20, 1.41, 2.21, respectively; for region 3
the ratios were 0, 2.46, 2.64, 1.43, 1.67, respec-
tively. The unusually low +D/—D ratio for re-
gion 1 2.5 h after 1,25(0H),D, suggested that
less of the 40,000 MW protein was present and

this was confirmed by SDS-PAGE (data not
shown). However, since equivalent amounts of
protein, as judged by the Bradford assay, were
loaded in each lane, the bulk of the material may
have had pls outside of the gradient range. The
observation that region 1 ratios were mainly
close to 1.0 suggested that 1,25(0OH),D,-medi-
ated increases in proteins of region 2 and 3 were
not due to unequal loading of material. The
reproducibility of the +D/—D ratios (mean =*
SD, n = 2) for microtubules prepared 10 h after
1,25(0OH),D, was 1.18 + 0.10 (region 1), 3.07 =
0.13 (region 2), and 2.74 * 0.01 (region 3). For
microtubules prepared 15 h after seco-steroid,
the ratios were 1.10 = 0.9 (region 1), 2.02 + 0.61
(region 2) and 1.65 + 0.22 (region 3).

Dose-Response Studies

Taxol-stabilized microtubules from chick in-
testinal epithelium were also evaluated as a
function of increasing doses of 1,25(0H),D.. En-
richment factors (P,/S,) determined from SDS-
PAGE were 3.17, 3.25, 3.31, 2.65, 4.27, and
3.61, respectively, for microtubules prepared
from chicks dosed with vehicle or 10, 52, 260,
1,300, or 6,500 pmoles of 1,25(0H),D, 10 h prior
to sacrifice. Following isoelectric focusing the
bands in region 1 (Fig. 4) showed no effect of
vitamin D status: +D/-D ratios obtained by
densitometry were 1.03, 1.16, 1.21, 1.08, and
1.61 for 10, 52, 260, 1,300, and 6,500 pmoles,
respectively. The bands in regions 2 and 3 re-

-D 10 52 2601300 6500
pmoles 1,25 (0H),D3

Fig. 4. Effect of increasing doses of 1,25(0OH),D, on microtu-
bule proteins isolated from chick intestinal epithelium and
separated by isoelectric focusing. Chicks were dosed with
vehicle or 10, 52, 260, 1,300, or 6,500 pmoles of 1,25(0H),D,
10 h prior to sacrifice. Samples were focused for 18 h at 800 V.
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vealed a faint presence in microtubules pre-
pared from vitamin D—deficient chicks and birds
dosed with 52 pmoles of seco-steroid hormone.
An increased intensity of staining was evident
between 260 and 6,500 pmoles of 1,25(0H),D,,
corresponding to doses known to produce opti-
mal stimulation of net intestinal calcium trans-
port. The +D/—D ratios for region 2 were 2.05,
2.76, 3.18, 2.94, and 6.12, respectively, for micro-
tubules prepared after 10, 52, 260, 1,300, and
6,500 pmoles of 1,25(0OH),D.. In region 3, the
same doses resulted in +D/—D ratios of 1.33,
2.50, 3.17, 2.83, and 5.00.

Effect of Calcium Transport

Since one of the major effects of vitamin D-re-
pletion in rachitic animals is a marked increase
in intestinal calcium absorption, experiments
were undertaken to determine whether tubulins
were altered by conditions known to promote
net transport of the cation. Briefly, chicks were
dosed with vehicle or 1.3 nmoles of 1,25(0H),D,
15 h prior to experimentation, and fasted during
this time interval. Under ether anesthesia, the
exposed duodenal loop was ligated, and intralu-
minally injected with water (no transport) or
CaCl, in water. After 30 min of transport, micro-
tubules were prepared as described above, but
with buffer containing 1 mM EGTA. Enrich-
ment factors for microtubular proteins relative
to starting supernatants (P,/S,) were 3.77, 3.96,
4.61, and 5.38 for preparations from vitamin
—deficient chicks without absorption (—D@), vi-
tamin D-deficient chicks after absorption
(-D+Ca*"), and 1,25(0H),D,-treated chicks
without absorption (+D@), and 1,25(0H),D.-
treated chicks after Ca®* absorption (+D, +Ca®"),
respectively. When IEF gels were run as shown
in Figure 5, calcium transport in vitamin D—de-
ficient chicks yielded an enhanced staining of
bands in regions 2 and 3, relative to non-
transporting rachitic controls, and comparable
to the intensity of equivalent protein bands in
non-transporting, 1,25(0H),D,-treated chick in-
testinal microtubules. By comparison, calcium
transport in birds dosed with the seco-steroid hor-
mone resulted in fainter bands in regions 2 and 3
(Fig. 5). For region 1, the +D/—D ratios in the IEF
gel were 1.35, 1.19, and 1.25 for —D +Ca*, +D@,
and +D +Ca®", respectively. The same experimen-
tal conditions yielded region 2 ratios of 3.27, 3.00,
and 2.64, and region 3 ratios of 1.00, 1.87 and 1.31.

The results obtained from absorption studies
prompted an investigation into whether changes

—

e

FASTED: —=D@ -D+Ca2* +DQ +4D+Cq2*

Fig. 5. Effect of vitamin D status and calcium transport on
microtubule proteins isolated from chick intestinal epithelium
and separated by isoelectric focusing. Vitamin D—deficient chicks
(3—4 per group) were dosed with vehicle (—D) or 1.3 nmoles of
1,25(0H),D, (+D) 15 h prior to transport studies. Under ether
anesthesia, the duodenal loop was surgically exposed and the
lumen injected with 0.4 ml water (8 transport) or an equivalent
volume containing CaCl, (+Ca™). Transport was allowed to
proceed for 30 min prior to removal of the duodenal loop and
preparation of taxol-stabilized microtubules in the presence of
1 mM EGTA. Samples were focused at 800 V for 18 h.

in band appearance in isoelectric focusing gels
presumed to be due to vitamin D status were
actually the result of enhanced food intake (cal-
cium transport). Microtubules were prepared
from fasting or fed vitamin D—deficient chicks,
as well as from fasting or fed 1,25(0OH),D,-
treated birds. Resolution of the proteins on iso-
electric focusing gels indicated that changes me-
diated by vitamin D were predominant, with
only faintly discernible alterations due to food
intake (data not shown).

Immunoblot Analyses

In an attempt to identify the vitamin D-regu-
lated proteins discerned upon isoelectric focus-
ing, gels were electroblotted and probed with
anti-tubulin antibodies. The left lane in Figure 6
shows a Coomassie Blue-stained sample on the
replicate gel, the center lane depicts the results
of analyses with polyclonal anti-tubulin, and the
right lane the staining observed with mono-
clonal anti-a-tubulin. The polyclonal antibody
was found to recognize bands within regions 1
and 2, but not 3, whereas the anti-a-tubulin
antibody reacted with a single band in region 2.
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Fig. 6. Western analysis of microtubule proteins isolated from
+D chicks and separated by isoelectric focusing. Left lane:
Coomassie Blue-stained bands. Middle lane: Immunoblot
probed with polyclonal anti-tubulin. Right lane: Jmmunoblot
probed with monoclonal antia-tubulin.

Phosphorylation Studies

One of the better known post-translational
modifications of tubulin is phosphorylation [Red-
dington et al., 1976; Eipper, 1972; Diaz-Nido et
al., 1990]. In brain slices, both a- and B-tubulin
are phosphorylated [Reddington et al., 1976],
whereas only B-tubulin is phosphorylated in vivo
[Diaz-Nido et al., 1990]. Also, many phosphory-
lation events are under hormonal regulation.
Thus, an assessment of vitamin D status and
phosphorylation was undertaken in scraped mu-
cosae, isolated microtubules, and in vivo. Figure
7 illustrates the autoradiogram of microtubules
isolated after phosphorylation in vivo and reso-
lution on isoelectric focusing gels. Bands in re-
gion 1 were phosphorylated under all conditions
tested and revealed a 1,25(0OH),D,-induced alter-
ation in phosphate content (see below). The
upper band of region 2 was also phosphorylated
in vivo and in isolated microtubules, but not in
microtubules isolated from scraped mucosae in-
cubated with *P in vitro.

The autoradiograms and Coomassie Blue—
stained gels were subjected to laser densitome-

-D 4D

Fig. 7. Incorporation of **P into microtubule proteins of chick
intestinal epithelium in vivo. Vitamin D—deficient chicks (3 per
group) were dosed with vehicle (—=D) or 1.3 nmoles of
1,25(0OH),D, 15 h prior to ether anesthesia and surgical expo-
sure of the duodenal loop. Each loop was injected with 0.8 mCi
of P in water and labelling allowed to proceed for 30 min in
vivo prior to preparation of microtubules and resolution on
isoelectric focusing gels for autoradiography.

try, and the results for bands of region 1 ana-
lyzed (Table II). In each of the three test
situations, 1,25(0OH),D, caused a decrease in the
level of #*P incorporated per mg protein in bands
of region 1, achieving values of 54—70% of con-
trols.

Effect of Dexamethasone

Since glucocorticoids are known to suppress
vitamin D—stimulated intestinal calcium trans-
port and inhibit the synthesis of calbindin-D.,g,
the effect of a 48 h treatment with dexametha-
sone on microtubule proteins was studied. In
three such experiments, glucocorticoid treat-
ment was observed to result in reduced microtu-
bule yields and an absence of the usual bands on
isoelectric focusing gels. This prompted an anal-
ysis of the sample composition by SDS-PAGE
(Fig. 8). Although each lane was loaded with the
equivalent of 50 ug of Lowry- or Bradford-
reactive material, samples prepared from intes-
tinal epithelium of chicks treated with dexa-
methasone revealed a profound decrease in
proteins with molecular weights greater than
15,000 regardless of vitamin D status. Microtu-
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TABLE I1. Incorporation of **P Into Microtubules of Chick Intestinal Epithelium*

Labelling conditions D status® Zp Protein %P /protein Control (%)
Scraped mucosae - 0.76 2.94 0.26

+ 0.45 3.24 0.14 54
Isolated microtubules - 4.19 6.64 1.59

+ 6.69 7.54 1.12 70
In vivo - 3.14 3.50 1.12

+ 2.68 2.11 0.78 70

*Tissue was labelled with *P and isolated microtubules with y**P-ATP for 30 min, the final microtubule pellet prepared, and
dissolved in sample buffer for isoelectric focusing (200 pg per lane). The stained gels and autoradiograms were scanned with a
laser densitometer for quantification. Values represent areas under peaks, or the ratio of such areas to yield an estimate of
specific activity.

*Vitamin D—deficient chicks were dosed with vehicle or 1.3 nmoles of 1,25(0H),D, 15 h prior to experimentation. Each group

consisted of 3—-4 chicks.

I,ZS(OH)ZD3 + + -
DEXAMETHASONE + - +

Fig. 8. Effect of dexamethasone in vivo on microtubules iso-
lated from vitamin D—-deficient (—D) and 1,25(OH),D,-dosed
(+D) chick intestinal epithelium. Proteins were resolved on 8%
polyacrylamide gels under denaturing conditions.

bular proteins from vitamin D-deficient chicks
gave the usual banding patterns (data not
shown).

DISCUSSION

Earlier work [Nemere et al., 1987] has doc-
umented a 1,25(0H),D,-induced change in a-tu-
bulin mRNA expression. The current study
extends these observations by monitoring seco-
steroid—mediated alterations in the tubulin pro-
teins by gel electrophoresis.

Isolation of intestinal epithelial microtubules
by taxol stabilization yields a pellet enriched in

proteins not only of MW 52,000-55,000, but
also proteins of MW ~ 40,000. Vitamin D status
apparently had no effect on enrichment, as
judged by SDS-PAGE, although this is difficult
to quantitate due to the exceedingly low levels of
the 52,000-55,000 MW proteins in the starting
supernatant fractions. Thus, it cannot be conclu-
sively determined whether differences observed
upon isoelectric focusing are attributable to vita-
min D-mediated differences in isotype levels, or
whether all isoforms are available, but seco-
steroid—altered changes in the intracellular envi-
ronment result in differential polymerization
and recovery.

In contrast to the absence of vitamin D-medi-
ated effects evident by SDS-PAGE, band differ-
ences were discernible by IEF. A number of
these proteins are non-tubulin in nature, as
judged by comparing the bands with isoelectri-
cally focused authentic brain tubulin. However,
the levels of the most alkaline (region 1) bands
served as valuable internal controls. Since the
+D/—D ratios of these bands were always close
to 1.0, the changes in regions 2 and 3 were not
due to differential loading of proteins. A notable
exception was found during the time course
studies in that all visualized proteins in samples
prepared 2.5 h after 1,25(0H),D, were reduced.
Although the reason for this is unknown, the
phenomenon was observed in 3 out of 3 experi-
ments. Treatment of rachitic chicks with
1,25(0H),D, was found to cause an increase
staining intensity of bands in regions 2 and 3 in
isoelectric focusing gels of microtubules isolated
at 543 h after hormone. These findings are
noteworthy within the context of net intestinal
calcium transport and vesicular calcium con-
tent. At 2.5 h after 1,25(0OH),D, administration
to the chick, net transport as judged by serum
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“Ca?* is not augmented, nor is the level of the
radionuclide in lysosomes enhanced relative to
controls [Nemere and Norman, 1988]. A gradual
increase in both parameters is detectable at 5 h,
with maximal transport and lysosomal content
of ¥Ca®" at 10-15 h, and a decline to control
levels 43 h after hormone [Nemere and Norman,
1988]. By comparison, radionuclide specific activ-
ity in putative endocytic vesicles was enhanced
relative to controls at 2.5 h, and maximally
elevated by 5 h [Nemere and Norman, 1988].
Despite the early effect on endocytic vesicles, it
was postulated that transfer of contents to lyso-
somes and hence stimulation of net transport
did not occur due to lack of appropriate microtu-
bule “tracks.” The current work indicates that
5 h after 1,25(0OH),D, the composition of intesti-
nal epithelial microtubules is indeed altered.

Another discontinuity was noted in dose-
response studies where lysosomal “*Ca** specific
activity was fully stimulated at the lowest dose
of 1,25(0OH),D, tested, yet net transport was
only fully stimulated at doses greater that 52
pmoles of seco-steroid hormone [Nemere and
Norman, 1989]. In the present study, microtu-
bule protein profiles are gradually altered over
the same range of doses.

Immunofluorescence microscopy [Nemere,
Leathers, Thompson, Luben, and Norman,
manuscript, in press] has revealed that tubulin
staining intensity not only increases with vita-
min D repletion, but is also affected by the
physiological process of calcium absorption.
Briefly, it has been found that 30 min of calcium
uptake in intestinal tissue prepared from vita-
min D—deficient chicks resulted in greater tubu-
lin immunofluorescence than in sections pre-
pared in the absence of calcium transport. In
1,25(0OH),D,-treated chicks, however, calcium
transport was found to diminish tubulin stain-
ing relative to sections prepared in the absence
of absorption. Isoelectric focusing gels of micro-
tubules prepared under equivalent conditions
essentially agree with these findings.

The identity of the microtubule protein bands
has been more difficult to assess. Although a
number of such bands reacted with polyclonal
anti-tubulin upon Western analysis, only one of
the 1,25(0OH),D,-sensitive protein components
was found to react with monoclonal anti-a-
tubulin. There are a number of explanations for
this observation, two of which involve the limita-
tions of the technology. Since electroblotting
depends on size rather than isoelectric point,

many of the finer bands could have been over-
transferred. Currently available protein stain-
ing techniques are not sensitive enough to de-
tect the fine bands formed during isoelectric
focusing after transfer to membranes. In addi-
tion, the monoclonal antibody may not have
recognized various isoforms. Alternatively, the
unreactive bands are not tubulin. This is pre-
sumed to be true of region 1 and 3 bands, as
discussed above. The more alkaline bands that
are tentatively identified as non-tubulin on the
basis of migration were also found to be sub-
strates for phosphorylation in vitro and in vivo.
Although this modification did not appear to
produce the more acidic bands, a portion of the
phosphorylation events are under hormonal con-
trol, possibly either through decreased kinase
activity or increased phosphatase activity.

Finally, glucocorticoids, which inhibit intesti-
nal calcium transport, are thought to exert their
action through inhibition of CaBP synthesis.
From the present work, however, it is also clear
that the glucocorticoid dexamethasone inhibits
tubulin synthesis. It remains to be determined
whether the two phenomena are linked by regu-
latory mechanisms, or whether they represent a
more generalized inhibition or indeed a patho-
physiological response to the high glucocorticoid
levels employed.
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