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We have examined the interaction of chromaffin granules from bovine udrenal medulla with microtubules. Chiromaftin geanules were mixed with
micratubules made of phosphoeelulose-purified tubulin, and pelleted through & 1.6 M sucrase cushion at 12000 % g for 10 min. Both components
(granules and migrotubulesy were pelieted when udded together but not separately, This result indicates that granules form a heavy comples with
the microtubules. Sucl a complex wus visualized by an electron microseopy of the granule/microtubule mixture. Treatment of the granules with
trypsin abolished their ability to interuct with the microtubules. The binding of the granules to the microtubules: (i) was not sensitive o ATP:
and (i) was completely inhibited by the cleavage of C-terminal peptides of «- and F-subunits of tubulin with subtilisin. These relutionships suggest
that the grunule binding is mediated by one of the structural microtubule-associied proteing ruther than by microtubule-dependent transloentors.,
For identifieation of prowin(s) medinting the binding, the granules were solubilized with Triton X100, soluble proteins were mixed with the microtus
bules, and microtubules with bound proteins were pelleted through 4 glveerol cushion. At least one granule protein interacting with the microtubules
wils found in the pellet. This protein was identified as MAP2 uccording to its electrophoretic mobility and reactivity with a MAP2 antibody. Affinity
chromatography of solubilized proteins on a column containing tuxol-stubilized microtubules also revealed MAP2 as a protein of chromulfin gran-
‘ ules interacting with thie microtubules.

Chromuflin granule; Microtubule; Membrane-microtubule interaction: MAP2; Adrenal medulla

1. INTRODUCTION

Microtubules are involved in the movement and posi-
tioning of membranous organelles within the cells (for
a review see [l]). Several recent studies have
demonstrated a number of microtubule-dependent
transiocator proteins. - Kinesin, = translocating the
material towards the plus ends of microtubules {2], and
cytoplasmic dynein, translocating it in the opposite
direction [3], belong to this group of proteins. Kinesin
and dynein are thought to mediate the translocation of
organelles inside the cell [4—6]. Organelles, moving
along the microtubules also contain some microtubule-
binding  proteins which exhibit no apparent
translocator activity. These include 50 kDa protein
from' lysosomes [7], 58 kDa [8] and 110 kDa [9] pro-
teins from the Golgi complex as well as MAP2, which
was found in the mitochondrial outer membrane [10].
Chromaffin granules are the secretory vesicles of the
adrenal medulla cells. These cells have a well-developed
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tubulin cytoskeleton {11}, and contain kinesin [12] and
MAPs [11]. It therefore would be tempting to suggest
that chromaffin granules can bind microtubules and
move along them. It was recently found that isolated
chromaffin granules can move along microtubules in
the presence of exogenous kinesin [13].  Below, ‘ex-
periments will be described showing that chromaffin
granules do interact with microtubules in vitro'in a
MAP2-mediated fashion.

2. MATERIALS AND METHODS

Chromaffin granules were oblained using the differential cen-
trifugation method with subsequent pelleting through a sucrose
cushion as described in {14]. 0.3 or 1.6 M sucrose were dissolved in
buffer A (50 mM imidazole-HC! buffer, pH 6.8, containing 3 mM
MgCla, 1 mM. EGTA and 0.1 mM EDTA, | mM 2-mercapto-
ethahol). © Microtubules - and subtilisin-digested © microtubules
(S-microtubules) were made from phosphoceltulose-purified bovine
brain tubulin as described previously [15]. :

Trypsin treatment of the granules was performed for 20 min at
room temperature, The concentration of trypsin was:1 zg/ml and
that of granule protein, 3 mg/ml, The treatment was stopped by soy-
bean trypsin inhibitor (T1) (10 xg/ml). Granules incubated with a
mixture of 40 ug/m! Tl and 4 zg/ml trypsin were used as a control,

For the pelleting assay, the granules (3 mg/ml protein) were
suspended in: 1 ml of buffer A with 1.5 M sucrose, mixed with
20-40 1 of microtubules (2 mg/ml), layered on a 1.6 M sucrose
cushion in buffer A and pelleted for 10 min at 10000 rpm and 20°C

" in a Beckman SW 50.1 rotor.

For identification of the granule proteins interacting with the
microtubules, the granules were extracted with 0.5% Triton X-100in
a 50 mM imidazole-HC] buffer, pH 6.8, containing 50 mM KCl,
0.5 mM MgCl,, 0.1 mM EDTA, I1mM EGTA and 1mM

65



Volume 282, number. 1

2-mercaptoctianol (bufrer By ihe extract was ¢harlfled by centeifuga-
ton und subjected: o affinity chromatography on a column with
taxol-stabilized microtubulex immobilized on AfT-gel 10, ax dexerib-
¢d by Kellogg et al. [16]. The bound proteins were éluted with 2 mM
ATP and then with 0.3 M KCL A column with immabilized bovine
seruny albumin was used as a ¢ontrol.

For co-sedimentation of the granule proteiny with microwbulues,
the Triton extract wag inixed with vaxol-stabilized microtubules and
pelleted through 4 M glyeerol an buffer 3, SDS-PAGE was performs
ed as in [17] and immunoblotting was ¢arried out aceording 16
Towbin ¢t al. {18}, An affinity-purified rabbit anti-MAP2 antibody
was kindly provided by Dr V.1, Rodionov:

3. RESULTS

The pelleting assay was used to find out whether
chromaffin granules interact with microtubules, The
granules were mixed with MAP-free microtubules,
pelleted through a 1.6 M sucrose cushion, and the
pellet was analyzed by SDS-PAGE. Either granules or
microtubules, taken separately, were used as a control
(Fig. 1). It "was found that only the granule-
microtubule mixture was pelleted through the cushion
(Fig. 1A, lane 6) but not the granules or the
microtubules separately (Fig. 1A, lanes },2). Sedimen-
tation of granules in the presence of microtubules, but
not in their absence, shows that the granules form a
complex with the microtubules. Electron microscopy
confirms the presence of such aggregations in the
granule/microtubule mixture (Fig. 2A).

The pelleting assay with trypsin-treated granules was
performed in order to show which of the granule com-
ponents, protein or lipid, mediates the interaction bet-
ween. the granules and ‘the microtubules, Granules
pretreated with trypsin did not bind to the microtubules
and therefore were not pelleted (Fig. 1B, lane 1).
Fig. 1B (lanes 3,4) shows that a number of high
molecular weight granule proteins were cleaved by tryp-
sin, It is also clear that the amount of the intragranule
protein, chromogranin, was not altered by trypsin
digestion. Inhibition of the interaction between the
granules and the microtubules by trypsin' treatment
shows that it is mediated by granule proteins rather
than lipids.

The next step of our study was to identify the pro-
tein(s) in question. Two facts were taken into con-
sideration, (i) ATP  decreases the binding of
microtubule-dependent translocators to microtubules
[1,2]; (ii) 4-kDa C-terminal domains of a- and @&-
tubulins, which can be. cleaved with subtilisin, are
essential for interaction of microtubule with MAPs
[19], but not with kinesin and dynein [14]. First, the
ATP dependence of co-pelleting was tested. It is clear
from Fig. 1A that there is no difference between the
pellets obtained in the absence (lane 6) or in the
presence (lane 5) of ATP. Secondly, we tested the bin-
ding of the granules to S-microtubules. Fig. 1A (lanes
3,4) shows that subtilisin' digestion of microtubules
completely inhibited the granule-microtubule interac-
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Fig. 1. Co-sedimentation of chromaffin granules with microtubules.
(A) Effect of ATP and cleavage of 4 kDa Cuenminal domain of
tubulin on c¢o-pelleting of granules with microbules. (Lane 1)
Granules; (lane 2) microtubules; (lane 3) S-microtubules +
granules + ATP; (lane 4) S-microtubules + granules; (lane $)
microtubules + granules + ATP; (lane 6) microtubules + granules,
Note that the granules cosediment with intact microtubules, and this
co-sedimentation {s not sensitive 1o ATP (lanes 5,6). Granules were
not pelleted * with S-microtubules - (lanes 3,4), Granules and
microtubules were not pelleted separately either (lanes 1,2). Arrows
shaw the positions of tubulin (T) and chromogranin (C). (B) Effect
of trypsin treatment on the binding of chromaffin granules to
microtubules, Co-sedimentation of intact microtubules with trypsin-
pretreated (lane 1) and intact granules (lane 2); preparations of
trypsin-pretreated and intact granules (lanes 3,4, respectively).
Arrows show the positions of .tubulin (T), chromogranin (C) and
soybean uypsin inhibitor (T'1).

tion. The electron microscopy assay was used for addi-
tional denionstration of the absence of .interaction
between S-microtubules and granules (Fig. 2B). Unlike
the mixture of granules with intact microtubules
(Fig. 2A), there are no microtubule/granule complexes
in the case of S-microtubules. So, protein(s) mediating
the granule—microtubulé interaction are neither kinesin
nor dynein.

In order to learn which particular protein(s) pro-
motes the granule—microtubule interaction, we used af-
finity chromatography on a microtubule column [16]
and the pelleting assay. For affinity chromatography,
the Triton extract of the granules was loaded onto the
microtubule column; after washing, the two con-
secutive fractions were collected, 2 mM ATP eluate
and 0.5 M KCI eluate. The same set of proteins was
found in the ATP-eluates from BSA- and ‘microtubule
columns (Fig. 3A, ‘lanes 2,4). Therefore, no protein
from the  Triton extract showed ATP-dependent
specific binding to microtubules. This result is in good
agreement with the data on pelleting experiments show-
ing an ATP-independence of the granule-microtubule
binding. Lanes, corresponding to KCl-eluates from
microtubule and BSA columns, show that there was at
least one protein which was specifically eluted from the
microtubule column (Fig. 3A; lanes 3,5). All the other
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Fig. 2. Eléctron. microscopy of the mixtures of granules and

microtubules (A) and with S.-microtubules (B).  Note, that the

granules interact with intact, but not with S-microtubules. Bar =
1 gm,

proteins were common for microtubule and BSA col-
umns and thus seemed to be bound to the column non-
specifically. The molecular weight of this protein was
close to that of MAP2. The corresponding band in-
teracted with an anti-MAP2 antibody (lane 6).

A similar result was obtained using co-pelleting: of
the Triton extract of the granules with microtubules.
The only component found in the pellet together with
the microtubules had an electrophoretic mobility
similar to that of MAP2 and this band could be stained
with anti-MAP2 antibodies (data not shown).

4, DISCUSSION

Our results show that purified chromaffin granules
contain. the microtubule-associated protein MAP2
which mediates the binding of granules to
microtubules. Experiments in vitro [13] show that pure
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Fig. 3. Analysis. of granule proteins - résponsible for.  the
granule=microtubule interaction. (A) Affinity chromatography of
the Triton X-100 extrict of the granules on the microtubule column.
Triton-solubilized proteing (lane . 1); 2mM ATP and 0.5 M Kl
¢luates from the microtubule column (lanes 2,3); 2 mM ATP and
0.5 M KCl cluates fram BSA column (lanes 4 and 5); anti-MAP2
antibody staining of the protein blors from lane 3 (lane 6). The only
protein, specifically eluted from microtubules, co-migrates with
MARPR2 (arrow) and is stained with an anti-MAP2 antibody. (B) Co-
sedimentation of the Triton extract of the granule proteins with
microtubules. Microtubules were pelleted with (lana 1) and withowt
(lane 2) Triton-solubilized proteins. The single band is present in lane
I in addition 1o tubulin. This band co-migrates with bovine brain
MAP2 (arrow).

granules move along microtubules only in the presence:
of exogenous kinesin. This is consistent with our data
showing that the granules do not bind to-the S-
microtubules.. Thus, the granules do not contain
kinesin capable of interacting with microtubules.

Most probably, binding of kinesin to chromaffin
granules is reversible, and all the bound kinesin is
removed during granule purification. ‘Therefore, the
putative role of MAP2 in chromaffin granules is to
operate as a transitory anchor, i.e. suppress. the
dissociation of the granules from the microtubules, On
the other hand, the transitory binding of the granules
to the microtubules should not be too tight, so as to
enable their movement after  kinesin association.
Moreover, it is even possible that the MAP2-dependent
binding of the granules to the microtubules facilitates
subsequent association of kinesin with the chromaffin
granules: wheri the amount of kinesin bound to the
granules reaches the threshold level, the granules start
moving.

The data on secretory vesicles from Madin-Darby
canine kidney (MDCK) cells also support this
hypothesis. First, it has been shown that microtubule
depolymerization by nocodazole slows down the. in-
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tracellular transport of the vesicles [1,20]. Secondly,
vesicles from MDCK cells bind to microtubules; this
binding -is inhibited after saturation of microtubiiles
with MAP2 (21]. But it is also known that microtubule
motor proteing do not compete with MAPs for
microtubule binding [15]). Thus the microtubule bin-
ding of transporting organelles is not mediated by
motor proteins in MDCK cells.

This model may also be operative in other cases of
the microtubule-dependent organelle movement. For
example, different organelles, that are known to move
along microtubules, contain different MAPs without
any apparent motor activity [6~9), The binding of
organelle-associated MAPs to microtubules is relatively
weak [6-9]. Probably, such weak binding is essential to
let  the translocator proteins move particles along
microtubules, while the binding of the vesicles to the
microtubules potentiates association of translocators,
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