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Purified Golgi membranes were mixed with cytosol and microtubules (MTs) and ob-
served by video enhanced light microscopy. Initially, the membranes appeared as vesi-
cles that moved along MTs. As time progressed, vesicles formed aggregates from which
membrane tubules emerged, traveled along MTs, and eventually generated extensive
reticular networks. Membrane motility required ATP, occurred mainly toward MT plus
ends, and was inhibited almost completely by the H1 monoclonal antibody to kinesin
heavy chain, 5'-adenylylimidodiphosphate, and 100 uM but not 20 uM vanadate. Mo-
tility was also blocked by GTPvS or AlF,~ but was insensitive to AlCl;, NaF, stauros-
porin, or okadaic acid. The targets for GTPyS and AIF,~ were evidently of cytosolic
origin, did not include kinesin or MTs, and were insensitive to several probes for trimeric
G proteins. Transport of Golgi membranes along MTs mediated by a kinesin has thus
been reconstituted in vitro. The motility is regulated by one or more cytosolic GTPases
but not by protein kinases or phosphatases that are inhibited by staurosporin or okadaic
acid, respectively. The pertinent GTPases are likely to be small G proteins or possibly
dynamin. The in vitro motility may correspond to Golgi-to-ER or Golgi-to-cell surface

transport in vivo.

INTRODUCTION

The Golgi complex in interphase animal cells is often
located near a site where the minus ends of microtubules
(MTs)! are clustered. In fibroblasts, for example, radially
arranged MTs emanate from a perinuclear MT organiz-
ing center, where their minus ends are attached and near
which the Golgi apparatus is centered (Kreis, 1990). By
contrast, both MT minus ends and the Golgi reside near
the apical surface of many polarized epithelial cells, in-
cluding differentiated MDCK cells in culture (Bacallao et
al., 1989), hepatocytes (Porter and Bonneville, 1973; Ihrke
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et al., 1993; Marks et al., 1994), and Sertoli cells (Reden-
bach and Boekelheide, 1994) in vivo.

The structural integrity and intracellular location of
the Golgi reflect a balance between two opposing
forms of tubulovesicular membrane flow along MTs.
Outward flow involves transport intermediates that
bud off of the Golgi and are delivered to the cell
surface and endoplasmic reticulum (ER), among other
locations. In contrast, transport intermediates that
move inward from peripheral sites fuse with the Golgi
when they reach the MT ends near which the Golgi
complex is located. Hence, the maintenance and local-
ization of an intact Golgi result from the coordinated
action of a set of uniformly polarized MTs, motor
proteins that move membranes along MTs toward and
away from the Golgi, and factors that promote mem-
brane vesiculation and fusion.

Several recent studies have shed light on the molec-
ular mechanisms that underlie Golgi membrane dy-
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namics. For example, methods have been developed
for converting isolated Golgi stacks into small vesicles
and tubules using mitotic cytosol (Misteli and Warren,
1994) and then reassembling the resulting Golgi frag-
ments into cisterna and stacks using interphase cy-
tosol (Rabouille et al., 1995) or buffer alone (Rabouille
et al., 1995). These in vitro phenomena closely parallel
the breakup and reformation of the Golgi, which occur
respectively near the onset and completion of mitosis
to ensure equal partitioning of Golgi membranes be-
tween daughter cells (Lucocq and Warren, 1987). Fur-
ther analysis of these reconstituted systems indicated
a requirement of COP-I proteins for production of
mitotic Golgi fragments (Misteli and Warren, 1994)
and the involvement of several other proteins, includ-
ing NSF, a-SNAP, y-SNAP, p115, p97, and syntaxin 5,
in reformation of Golgi cisternae (Rabouille et al., 1995,
1998). A parallel set of studies has focused on the
reformation of dispersed Golgi stacks and cisternae in
perforated, ilimaquinone-treated cells. Here again, re-
quirements for NSF, the SNAPs, and p97 were indi-
cated for reassembly of Golgi cisternae (Acharya et al.,
1995a,b). Furthermore, activation of a trimeric G pro-
tein was shown to trigger Golgi vesiculation in the
absence of ilimaquinone, through release of free By
subunit complex (Jamora et al., 1997).

The exact roles played by MTs and MT motor pro-
teins in Golgi dynamics are also gradually being re-
vealed. Evidently, membrane transport both toward
and away from the Golgi normally takes place along
MTs, even though transport may eventually become
efficient in cells exposed to MT-depolymerizing drugs
(Lippincott-Schwartz et al., 1990; Cole et al., 1996;
Bloom and Goldstein, 1998). Recently, we found that
the MT motor protein kinesin is present on interme-
diate compartment membranes that cycle constitu-
tively between the ER and Golgi. Furthermore, we
obtained evidence that in cells with radially arranged
MTs emanating from a perinuclear MT organizing
center, kinesin is the motor for Golgi-to-ER transport,
but is inactive for ER-to-Golgi motility (Lippincott-
Schwartz et al., 1995). Thus, it appears that the activity
of kinesin is regulated during cyclic membrane trans-
port between the ER and Golgi, and that ER-to-Golgi
transport depends on another MT motor, probably
dynein (Burkhardt et al., 1997; Presley et al., 1997),
whose activity is also regulated.

To begin the task of determining how MT-based
transport of secretory pathway membranes is regu-
lated, we have reconstituted vigorous motility in vitro
using Golgi membranes and cytosol isolated from rat
liver and purified bovine brain tubulin assembled into
MTs using Taxol. Motility in this reconstituted system
occurs predominantly toward MT plus ends and is
driven primarily by a kinesin. It is insensitive to stau-
rosporin or okadaic acid but can be blocked almost
completely by low concentrations of GTP+S or AlF, ™.
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The molecular targets of GTPyS and AlF,~ are of
cytosolic origin, do not include conventional kinesin
or MTs, and are insensitive to several probes for tri-
meric G proteins. These results imply that Golgi-de-
rived membrane transport along MTs is regulated by
at least one type of GTPase, such as a low-molecular-
weight G protein or dynamin, but not by any of the
protein kinases or phosphatases that are inhibited by
staurosporin or okadaic acid, respectively. The regu-
latory mechanisms for Golgi transport along MTs
must be distinct from the okadaic acid-stimulated
mechanism which controls MT-based motility of ER
membranes (Allan, 1995). The collective properties of
the new motility system raise the possibility that it is
an in vitro equivalent of transport from the Golgi to
the ER or plasma membrane in vivo.

MATERIALS AND METHODS

Materials

GTP9S and 5'-adenylylimidodiphosphate (AMP-PNP) were pur-
chased from Boehringer Mannheim (Indianapolis, IN). Taxol was
generously supplied by Nancita R. Lomax (National Cancer Insti-
tute, Bethesda, MD). The monoclonal mouse antibody H1, which is
specific for kinesin heavy chain (Pfister et al., 1989), was purified
from ascites fluids using Affi-Gel protein A-agarose (Bio-Rad, Her-
cules, CA) according to the vendor’s instructions. The following
polyclonal rabbit antibodies were kindly provided by colleagues, as
indicated: anti-galactosyltransferase, Dr. Eric G. Berger (University
of Zurich, Zurich, Switzerland) (Berger et al., 1987); anti-BiP, Dr.
Linda M. Hendershot (St. Jude Children’s Research Hospital, Mem-
phis, TN) (Hendershot et al., 1995); anti-transferrin receptor, Dr.
Elizabeth A. Rutledge (University of Washington, Seattle, WA) and
Dr. Caroline A. Enns (Oregon Health Science Center, Portland, OR)
(Williams and Enns, 1991); anti-cathepsin D, Dr. William ]. Brown
(Cornell University, Ithaca, NY) (Park et al., 1991); and anti-rabki-
nesin-6, Dr. Bruno Goud (Institut Curie, Paris, France) (Echard et al.,
1998). As a positive control for immunoblotting, Dr. Goud also
provided cytosol isolated from HeLa cells that overexpressed rabki-
nesin-6 by transfection. HRP-labeled goat anti-mouse immunoglob-
ulin G (IgG) and HRP-labeled goat anti-rabbit IgG were purchased
from Jackson ImmunoResearch (West Grove, PA). Anti-HIPYR, a
rabbit polyclonal anti-pan-kinesin antibody, was purchased from
Babco (Richmond, CA). Purified, recombinant, full-length, hisg-
tagged Drosophila melanogaster kinesin heavy chain (Hancock and
Howard, 1998) was kindly donated by Drs. William O. Hancock and
Jonathan Howard (University of Washington). Luminol enhancer
and stable peroxide solutions for chemiluminescent immunoblot-
ting and Coomassie Plus protein assay reagent were purchased
from Pierce (Rockford, IL). Immobilon-P membranes for Western
blotting were obtained from Millipore (Bedford, MA). Diethylami-
noethyl (DEAE)-Sephadex and DEAE-Toyopearl chromatography
media were purchased from Pharmacia (Piscataway, NJ) and Su-
pelco (Bellefonte, PA), respectively. Contrad 70 was obtained from
Curtin Matheson (Houston, TX). Recombinant G,, G, and G;; (Lee
et al., 1994) and B, v, (Iniguez-Lluhi ef al., 1992) subunits of trimeric
G proteins were generously provided Drs. Hsin Chieh Lin and
Alfred G. Gilman (University of Texas Southwestern Medical Cen-
ter, Dallas, TX). 3?P-NAD was purchased from Amersham (Arling-
ton Heights, IL). Sigma (St. Louis, MO) was the source of all other
biochemical reagents, including pertussis toxin (catalog number
P0317) and cholera toxin A subunit (catalog number C8180).
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Isolation of Cytosol, Crude Microsomes, and Golgi
Membranes from Rat Liver

Freshly dissected rat liver was minced into small pieces with a razor
blade and was then homogenized using an Omni 500 tissue grinder
(Omni International, Gainesville, VA) at a ratio of 1 g of tissue/ml
of acetate buffer (100 mM potassium acetate, 3 mM magnesium
acetate, 5 mM EGTA, 1 mM DTT, 10 mM HEPES, pH 7.1) supple-
mented with a 10 ug/ml concentration of each of the following
protease inhibitors: pepstatin A, leupeptin, and chymostatin. For
preparation of microsomes or Golgi membranes, the buffer also
contained 0.25 M sucrose. All subsequent steps were performed
at 4°C.

Cytosol was prepared by centrifuging homogenates at 50,000 rpm
(135,240 X gpay) for 30 min at 4°C in a Beckman Instruments
(Fullerton, CA) 100.3 rotor and discarding the pellets and floating
lipid layers. Golgi membranes and crude microsomes were purified
from liver homogenates using a modified version of previously
published procedures (Leelavathi et al., 1970; Allan and Vale, 1991).
First, the homogenate was spun at 2500 rpm (907 X g,....) for 10 min
at 4°C in a Sorvall RC-5C centrifuge using an SA-600 rotor. The
floating fat layer and the pellet were then removed and discarded,
yielding a suspension of crude microsomal membranes in cytosol.
Microsomes were prepared by centrifuging the suspension at 36,000
rpm (150,668 X g....) for 1 h at 4°C in a Beckman 45Ti rotor and
resuspending the pellet in a small volume of buffer.

Golgi membranes were purified from the suspension of crude
microsomes in cytosol by the following consecutive steps. Acetate
buffer containing a 1 pg/ml concentration of each protease inhibitor
plus variable sucrose concentrations (see below) was used through-
out the procedure. 1) Centrifuge tubes for a Beckman 45Ti rotor
were filled with 15 ml of membrane suspension layered on top of 40
ml of 1.4 M sucrose and were then spun at 36,000 rpm (150,668 X
Smax) for 1 h at 4°C. 2) Material that collected at the 0.25/1.4 M
sucrose interface was harvested and diluted into acetate buffer
containing 1.25 M sucrose at a ratio of 1 ml of interface material /5
ml of 1.25 M sucrose. The refractive index of the resulting suspen-
sion was then adjusted to np = 1.3939 (equivalent to 1.255 M
sucrose), as measured by a refractometer. 3) Centrifuge tubes for a
Beckman SW 28 rotor were filled with the following sucrose step
gradient: 10 ml of 1.4 M, 15 ml of membrane suspension at 1.255 M,
10 ml of 1.1 M, and 3 ml of 0.25 M. The tubes were then centrifuged
at 22,000 rpm (87,275 X g...,) for 1.5 h. 4) Golgi membranes were
collected from the 0.25/1.1 M sucrose interface, and protease inhib-
itors were added to a final concentration of 10 ug/ml each.

Cytosol, Golgi membranes, and microsomes were divided into
small aliquots, snap frozen in liquid nitrogen, and stored at —80°C.
Thawed aliquots of cytosol and Golgi membranes were used only
on the day of thawing.

Purification of Tubulin

MT protein was purified from bovine brain cytosol by one to three
cycles of GTP-dependent assembly at 37°C and cold-induced disas-
sembly. Tubulin was then separated from MT-associated proteins
by DEAE-Sephadex or DEAE-Toyopearl chromatography, divided
into small aliquots, snap frozen in liquid nitrogen, and stored at
—80°C (Bloom et al., 1988).

Isolation of Flagellar Axonemes from
Chlamydomonas reinhardtii

C. reinhardtii were generously supplied by the laboratory of our
departmental colleague, Dr. William Snell. Flagellae were isolated
from dibucaine-treated cells and subsequently were demem-
branated using the nonionic detergent Nonidet P-40 (Witman, 1986).
The membrane-free axonemes were then extracted with salt to
remove flagellar dyneins (King et al., 1986) and stored at —20°C in
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Tris-KCI (50 mM KCl, 5 mM MgSQO,, 0.5 mM EDTA, 20 mM Tris-Cl,
pH 7.6) containing 50% glycerol.

Quantitative Immunoblotting

A Bio-Rad Mini-Protean II cell was used for both SDS-PAGE
(Laemmli, 1970) and Western blotting (Towbin et al., 1979) onto
Immobilon-P membranes. The originally described transfer buffer
(Towbin et al., 1979) was modified by the inclusion of SDS to 0.1%,
and samples that were blotted included crude microsomes and the
Golgi membranes that were purified from them. Secondary antibod-
ies were labeled with HRP, and immunoreactive proteins were
visualized by a chemiluminescent assay using Luminol enhancer
and stable peroxide solutions at 50% the concentration recom-
mended by the vendor (Pierce).

To determine the degree of enrichment or deenrichment of each
marker protein in the purified Golgi fractions, compared with the
microsomes, the protein concentration of each was measured using
a Coomassie dye binding assay (Bradford, 1976), and several vol-
umes of each sample were loaded onto gels. After the blotting
procedure was completed for each antibody, the chemiluminescent
blots were scanned using a scanning laser Personal Densitometer
(Molecular Dynamics, Sunnyvale, CA). For each immunoreactive
protein, volumes of Golgi membranes and microsomes that yielded
immunoreactive bands of equivalent integrated intensities were
thereby determined. For each marker protein, comparison of the
total protein contents of Golgi and microsome aliquots that con-
tained equivalent immunoreactivity indicated the relative enrich-
ment or depletion of the marker in the purified Golgi fraction.

Electron Microscopy

Purified Golgi membranes were pelleted by centrifugation and fixed
in buffer (50 mM sodium cacodylate, pH 7.4) containing 2% p-form-
aldehyde plus 2% glutaraldehyde for 1 h and then in buffer con-
taining 2% glutaraldehyde plus 5 mM CaCl, for 1 h, followed by
three rinses of 5 min each. Samples were then post-fixed for 1.5 h in
2% 0sO, plus 0.8% K;Fe(CN),, rinsed three times in deionized
water, stained en bloc for 1 h in 2% uranyl acetate, and washed three
additional times in deinonized water. Finally, the fixed membranes
were dehydrated through a graded ethanol series and embedded in
100% Epon after passage through a graded series of Epon in ethanol.
Thin (silver) sections were examined and photographed using a
JEOL 1200 electron microscope.

Membrane Motility Assays

All steps were performed at room temperature. Each motility assay
was performed in an ~20-ul specimen chamber formed by a pair of
number 0 thickness washed coverslips separated by a pair of thin
spacers (Brady et al., 1985). The coverslips were washed by the
following procedure. 1) Sonicate coverslips in a 2% solution of
Contrad 70 cleaning agent for 45 min in a Cole-Parmer (Niles, IL)
ultrasonic cleaner. 2) Rinse 10 times in hot tap water. 3) Sonicate 30
min in hot tap water. 4) Rinse 10 times in deionized water. 5)
Sonicate 30 min in deionized water. 6) Rinse several times in 100%
ethanol. 7) Sonicate 30 min in 100% ethanol. 8) Store coverslips in a
clean jar in 100% ethanol. 9) Immediately before use, spin coverslips
at 1000 rpm in a clinical centrifuge to remove residual ethanol.

To begin each experiment, cytosol diluted in motility buffer (ac-
etate buffer containing 150 mM sucrose) to 5-10 mg/ml was intro-
duced into a specimen chamber. After a 10-min incubation, the
chamber was flushed with motility buffer to remove unadsorbed
protein, and MTs were then added to the chamber. The MTs were
polymerized from 10-20 uM (1-2 mg/ml) purified tubulin and 50%
equimolar Taxol for 45 min and were typically longer than 20 um.
MTs became immobilized on the upper and lower surfaces of the
specimen chamber by binding to adsorbed cytosolic proteins during
a 10- to 45-min incubation period. Unattached MTs were then
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removed by flushing the chamber with additional motility buffer.
Finally, a mixture of Golgi membranes, cytosol, and an ATP-regen-
erating system (5 mM ATP, 37.5 mM creatine phosphate, 0.2 U/ ul
creatine phosphokinase) was added to the chamber. Typically, both
the membranes and the cytosol were diluted 10-fold into motility
buffer to yield final protein concentrations of ~0.25 and ~5 mg/ml,
respectively.

Immediately after the final components of the motility system
were placed in the specimen chamber (Brady et al., 1985), the cham-
ber was mounted on either a Zeiss (Thornwood, NY) IM-35 micro-
scope fitted with a 63X, 1.4 numerical aperture (NA) plan-apochro-
matic objective or a Zeiss Axiomat microscope fitted with a 100X,
1.3 NA plan-apochromatic objective. Illumination for both micro-
scopes was provided by a 100-W mercury arc lamp connected to a
1.4 NA condenser by a fiber optic light scrambler. Differential in-
terference contrast images were collected and processed for noise
subtraction and contrast enhancement using either of the following
Hamamatsu (Bridgewater, NJ) video systems: a Chalnicon camera
head and C1966 AVEC image processor or a C5985 cooled, charge-
coupled device and Argus-20 image processor. Video sequences
were recorded in real time using a Panasonic Super-VHS videocas-
sette recorder. Velocities of motile membrane vesicles or tubules
were made using a Hamamatsu C2117 Videomanipulator. The pub-
lic domain program NIH Image (http://rsb.info.nih.gov/nih-
image/) was used to import recorded video sequences into an
Apple (Cupertino, CA) Power Macintosh computer equipped with
either a built-in 24-bit digitizer or an 8-bit LG-3 frame grabber card
(Scion, Frederick, MD) and to generate QuickTime movies that are
played back at real-time rates.

Membrane tubule formation was quantitated as follows. First,
recorded video frames were imported into a Power Macintosh
computer as described in the previous paragraph. Next, membrane
tubule lengths were measured by either of two procedures. 1)
Captured images were printed. A ruler was then used to measure
the sum of the lengths (in millimeters) of all tubules within an
individual print, after which the sum was divided by the length (in
millimeters) of a 5-um scale bar that was superimposed on the
printed micrograph. 2) Alternatively, NIH Image software was used
to measure tubule lengths directly on images displayed on the
computer monitor.

Time course data, as in Figure 5, were obtained by applying this
procedure to images captured from multiple time points of a single
field of view of an individual experiment and plotting total tubule
length versus time. To quantitate the effects on tubule formation of
experimental additives, such as GTPyS + GTP, all samples that
were mutually compared were prepared simultaneously and ob-
served and recorded in parallel using the same aliquots of cytosol,
membranes, and MTs. The total length of membrane tubules formed
in five randomly chosen fields of view were then measured in each
sample 1-2 h after the start of an experiment. In any single exper-
iment, the total tubule length for the control (no additive) sample
was defined as 100%. Finally, the results were plotted as bar graphs,
as in Figures 8 and 9.

Perturbations of Trimeric G Proteins

Samples containing standard concentrations of cytosol, Golgi mem-
branes, and components of the ATP-regenerating system (see Mem-
brane Motility Assays) were mixed with 25 uM NAD plus 1 pug/ml
pertussis toxin or cholera toxin for 1 h at 37°C or 4 h at room
temperature. The samples were then added to microscope chambers
containing preadsorbed MTs, and membrane motility was assayed
as described above. To verify that the toxins were enzymatically
active, Golgi membranes were incubated with **P-NAD and cholera
toxin or pertussis toxin for 1-4 h at 0°C or 7.5-60 min at 20 or 30°C.
Final protein concentrations were 1.76 mg/ml for the proteins and
0.8 ug/ml for the toxins. Radiolabeled proteins were observed by
SDS-PAGE autoradiography at all incubation times and tempera-
tures, indicating that the toxins were, indeed, active.
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Membrane motility assays were also performed in the presence of
recombinant Ga or By subunits (see Materials). The Ga subunits
were initially saturated with GTP+S or GDP, after which a desalting
column was used to separate free nucleotide from complexes of
Ga-GTP95 or Ga—GDP. Immediately before motility assays began,
Ga-guanine nucleotide complexes or free By subunits were added
directly to samples containing standard amounts of cytosol, Golgi
membranes, and components of the ATP-regenerating system.

MT Gliding Assays

Unless stated otherwise, all steps were performed at room temper-
ature. A specimen chamber (Brady et al., 1985) was exposed sequen-
tially for 5 min each to 1) BRB80 buffer (80 mM piperazine-N,N’-
bis(2-ethanesulfonic acid), pH 6.8, 1 mM MgCl,, 1 mM GTP)
supplemented with 0.2 mg/ml casein and 1 mM ATP (BBRS80CA); 2)
recombinant kinesin heavy chain (see Materials) in BRBSOCA; and
3) MTs in BRB8OCA supplemented with 10 uM Taxol. The MTs
were assembled in advance in BRB80 by incubating 20 ul of 50 uM
(5 mg/ml) purified bovine brain tubulin with 1 uM Taxol for 5 min
at 37°C and then adding an additional 20 ul of 50 uM tubulin and
incubating at 37°C for 10 more minutes (Paschal and Vallee, 1993).
MTs prepared in this manner typically ranged in length from 2 to 8
pwm and were diluted to a final concentration of 5 uM assembled
tubulin. Kinesin-mediated MT gliding (Vale ef al., 1985) was ob-
served and recorded as described above for membrane motility
assays. These experiments were performed using the Zeiss Axiomat
microscope and Hamamatsu Argus-20 image processor and, for
measurements of MT gliding, velocities, the Hamamatsu C2117
Videomanipulator.

RESULTS

Characterization of Purified Golgi Membranes

The purified membranes that were used for motility
assays were extensively characterized ultrastructur-
ally and biochemically. As shown by thin-section elec-
tron microscopy (EM) in Figure 1, membranes with
the typical appearance of Golgi cisternae and stacks
were abundant in purified membrane fractions and
were most often seen as cross-sectionally cut profiles.
The Golgi cisternae were variable in size, but most
were <1 um long. The purified membrane fractions
also contained numerous apparent vesicles and short
tubules that ranged in diameter from ~50 to 100 nm
and lesser numbers of lipoprotein particles, which are
often found at the margins of Golgi cisternae in liver
(Porter and Bonneville, 1973).

To gauge the extent of contamination of Golgi-en-
riched fractions by non-Golgi membranes, both puri-
fied fractions and the crude microsomes from which
they were obtained were analyzed by quantitative
immunoblotting, as described in MATERIALS AND
METHODS. Representative results are summarized in
Figure 2. Compared with the microsomes, the Golgi
membranes were enriched >40-fold for the Golgi en-
zyme galactosyltransferase and were deenriched by
~50% for the ER marker BiP. When assayed for ca-
thepsin D, the microsomes were found to contain two
mature lysosomal forms of the enzyme, as well as a
higher-molecular-weight precursor. In contrast, only
the prelysosomal form of cathepsin D was present in
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Figure 1. Ultrastructural appearance of purified membranes. Pel-
leted membranes were processed for thin-section EM. Note the
abundance of Golgi cisternae and stacks and apparent vesicles and
short membrane tubules. Also visible in this micrograph are a few
examples of lipoprotein particles (O), which are characteristically
associated with the margins of liver Golgi cisternae (Porter and
Bonneville, 1973). Bar, 200 nm.

the Golgi fraction. The transferrin receptor, a marker
for plasma membrane and early endosomes, was de-
tectable in the microsomes but not in the purified
Golgi fraction. Based on the combined EM and immu-
noblotting results, we concluded that the purified
membrane fraction was highly enriched in Golgi
stacks, was minimally contaminated by ER, and did
not contain detectable levels of lysosomal, endosomal,
or plasma membrane markers.

Motility of Purified Golgi Membranes Along MTs

Video-enhanced differential interference contrast mi-
croscopy (Allen et al., 1981) was used to determine
whether the purified Golgi membranes were capable
of moving along MTs in the presence of rat liver
cytosol and an ATP-regenerating system. Membranes
and MTs that were freely suspended throughout the
specimen chamber underwent constant and rapid
Brownian motion and thus were impossible to keep in
focus and analyze carefully. Fortunately, MTs and
associated membranes became loosely bound to the
inner surface of the lower coverslip and remained in
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Figure 2. The purified membranes are highly enriched for a Golgi
marker enzyme and deenriched for marker proteins of the ER,
lysosomes, endosomes, and plasma membrane. Golgi-enriched
membranes and the crude microsomes from which they were pu-
rified were analyzed by quantitative immunoblotting, as described
in MATERIALS AND METHODS. Compared with the microsomes,
the purified membranes were enriched ~44-fold for the Golgi en-
zyme galactosyltransferase and were deenriched by ~50% for the
ER luminal protein BiP. Both the mature form of cathepsin D, a
lysosomal enzyme, and the transferrin receptor, which is a marker
for endosomes and the plasma membrane, were readily detectable
in the microsomes but could not be detected in the purified mem-
brane fraction.

focus near that plane for extended periods. Accord-
ingly, most observations were made at or slightly
above the lower surface of the specimen chamber.
When initially observed, most Golgi membranes ap-
peared as small, vesicle-like structures. Within min-
utes of being placed in a specimen chamber, vesicles
were seen to move vigorously along MTs (Figure 3,
top). Among the vesicles that were visible near the
lower surface of the chamber, the proportion that were
motile varied among different experiments but
reached a level as high as ~50%. During continuous
movement, vesicle velocities were consistently 1.4-1.5
pm/s. Individual vesicles commonly moved without
obvious interruption for several micrometers, but dis-
continuous excursions of variable length were also
often seen. Motility was predominantly unidirec-
tional, but on rare occasions, vesicles were observed to
change direction while moving along a single MT.
Within 20-30 min after the start of typical control
experiments, membranous structures much larger
than the vesicle-sized Golgi fragments became abun-
dant throughout the specimen chambers. These vari-
ably shaped structures, the longest dimensions of
which occasionally exceeded 10 um, were not com-
monly seen at any focal plane immediately after sam-
ples were introduced into the chambers and appeared
regardless of whether MTs were also present. They
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Tubules Tubules
0 sec 2 sec

Figure 3. The purified Golgi membranes move along MTs in vitro. Top, small Golgi fragments are illustrated in two video frames captured
at a 2-s interval during the early stage of a control assay. Four of the fragments in this field of view moved. Their instantaneous velocities
were, 1.4-1.5 um/s, but because not all of them were continuously motile during the time span shown here, their average velocities were
generally slower (0, 1.37; 0, 1.29; 0, 1.13; and 0, 1.45 um/s). Bottom, at a later stage of a different control assay, fragments of Golgi
membranes merged to form large aggregates (*), out of which membrane tubules grew. As shown in this sequence of two video frames
captured at a 2-s interval, a motile site () on one sharply bent tubule (), which was attached to an aggregate outside the field of view,
moved along an MT for 2.74 um at an average velocity of 1.37 um/s. Additional membrane tubules are also highlighted (O1). The 5-um bars
apply to all four images. MTs are only faintly visible in these micrographs because they were below the planes of focus.
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Figure 4. Membrane tubule networks. Shown here
is a stable network of Golgi membrane tubules (O)
and aggregates (*) photographed >4 h after the start
of a control assay. Bar, 5 um.

thus represented aggregates of the much smaller Golgi
fragments and their formation occurred in a time-depen-
dent manner. The membrane aggregates formed inde-
pendently of MT-based motility, because agents that
inhibited motility did not necessarily prevent vesicle
aggregation (see Figure 6). Although we did not conduct
a detailed characterization of the aggregation process
and do not know whether it included membrane fusion,
the process was at least superficially reminiscent of the
assembly of Golgi cisternae and stacks from isolated
mitotic Golgi fragments placed in interphase cytosol
(Rabouille et al., 1995) or buffer (Rabouille et al., 1995).
The membrane aggregates did not move along MTs,
presumably because their large surface areas ensured
that they became attached to the underlying glass
surface. Occasionally, however, a localized region on
the surface of a membrane aggregate became bound to
an MT, moved outward along the MT, and thus
formed a membrane tubule that steadily lengthened
while remaining attached to the aggregate (Figure 3,
bottom). Membrane tubules elongated at 1.4-1.5
pm/s during uninterrupted motility, the same veloc-
ity observed for motility of small Golgi fragments
along MTs. Formation and elongation of membrane
tubules proceeded for >1 h after the start of typical
experiments. Moving tubules commonly switched di-
rection as they jumped from MT to MT and often
appeared to merge with other tubules whose paths
they had crossed. In addition, new membrane tubules
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frequently grew out of preexisting tubules. The net
result of this action was the formation of a reticular
network of membrane tubules that occupied large ex-
panses of the specimen chamber (Figure 4).

During the scores of hours that membrane motility
was directly observed, MTs were never seen to glide
along glass coverslips. Thus, it is unlikely that any of the
Golgi motility can be explained by motile MTs simply
dragging along membranes that were bound to them in
a rigor manner. Instead, most or all of the Golgi motility
that was detected must have been due to membranes
being transported along the surfaces of MTs that were
stationary relative to their underlying substrates.

Motility of Golgi membranes along MTs was ana-
lyzed quantitatively by measuring the total lengths of
membrane tubules in an individual field of view at
several time points during an experiment. Results of
such an analysis from one typical experiment are il-
lustrated in Figure 5. Network formation was first
evident at ~15 min and expanded at a roughly linear
rate for another 45 min. In the example shown in
Figure 5, ~35 um of total membrane tubule length
was formed within a single 36.3- X 36.3-um field of
view within 1 h of the start of the experiment.

A Kinesin Is the Predominant Motor for Motility

To identify the MT motor(s) responsible for Golgi
membrane motility in the reconstituted system, motil-
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Figure 5. Kinetics of membrane tubule elongation. The sum of the
lengths of all membrane tubules present in a single field of view was
measured at various time points of a control experiment, and the
lengths were then plotted versus time.

ity was studied in the presence of several potential
inhibitors, and the directionality of transport relative
to MT polarity was analyzed. In the presence of a
starting concentration of 5 mM exogenous ATP, net-
work formation (Figure 6) and vesicle transport (our
unpublished results) were almost completely pre-
vented by 5 mM AMP-PNP, or by 100 uM, but not 20
M vanadate. These effects of AMP-PNP and vana-

date are consistent with a kinesin but not a dynein,
being the principal motor for motility (Kuznetsov and
Gelfand, 1986; Paschal and Vallee, 1987; Porter et al.,
1987; Shpetner et al., 1988; Cohn et al., 1989; Wagner et
al., 1989). Further implicating a kinesin was the obser-
vation that purified H1, an IgG1 monoclonal antibody
to kinesin heavy chain (Pfister et al., 1989), inhibited
vesicle motility (our unpublished results) and network
formation (Figure 6), as well. Concentrations of H1 as
low as 0.3 mg/ml were maximally inhibitory, whereas
a control monoclonal antibody had no effects at con-
centrations as high as 1 mg/ml. It is noteworthy that
H1 also potently inhibited Golgi-to-ER but not ER-to-
Golgi membrane transport when microinjected into
live cultured cells (Lippincott-Schwartz et al., 1995).

If a kinesin were responsible for most Golgi mem-
brane motility, transport should have occurred most
frequently toward MT plus ends, the direction in
which most kinesins, but no known dyneins move
their cargo along MTs (Hirokawa, 1998). To assay the
direction of transport in the in vitro system, we ana-
lyzed Golgi membranes moving along MTs growing
out of demembranated, salt-extracted axonemes iso-
lated from C. reinhardtii. The plus and minus ends of
the axonemes are morphologically distinct (Paschal
and Vallee, 1987), allowing unambiguous determina-
tion of the direction in which Golgi membranes
moved (Figure 7).

A total of 16 membranes were observed to move
along polarity marked MTs. Thirteen of the mem-

20 uM vanadate

Figure 6. Motility is inhibited by vanadate, AMP-
PNP, or a monoclonal anti-kinesin. Video frames
from the late stages of experiments are illustrated
here. Membrane tubulation along MTs was inhibited
almost completely by 100 uM vanadate, 5 mM AMP-
PNP (equimolar to the exogenous ATP), or 0.3
mg/ml purified H1, a monoclonal antibody to kine-
sin heavy chain (Hirokawa et al., 1989; Pfister et al.,
1989). Transport of small Golgi fragments at early
stages of experiments was also abolished by all three
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agents, but 20 uM vanadate had no effect on the
motility of either small Golgi fragments or mem-
brane tubules (O0), as shown here. Aggregation of
Golgi fragments into larger complexes (GC) was in-
hibited by 100 uM vanadate and 5 mM AMP-PNP,
perhaps because they interfered with ATPases, such
as NSF and p97, which are required for fusion of
Golgi fragments (Acharya et al., 1995a; Rabouille et
al., 1995). In contrast, H1 anti-kinesin did not prevent
membrane aggregation, even though it inhibited the
motility of small Golgi fragments and elongation of
membrane tubules. Note the accumulation of small
Golgi fragments along MTs in the presence of AMP-
PNP (O). Bar, 5 pm.
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Figure 7. Motility occurs mainly toward MT plus ends. Shown
here is a small Golgi fragment (0J) moving along an MT that grew
out of the frayed or plus (+) end of a detergent-extracted, salt-
washed axoneme isolated from C. reinhardtii. Note that the Golgi
fragment moved toward the MT plus end. Of a total of 16 motile
membranes whose directionality was unambiguously determined
in this manner, 13 moved exclusively toward MT plus ends, 1
moved solely toward a MT minus end, and 2 moved bidirectionally.
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branes moved exclusively in the MT plus end direc-
tion, whereas only one moved solely toward a MT
minus end. The other two membranes initially moved
in one direction, then stopped, and finally resumed
moving in the opposite direction. In each of the two
cases in which bidirectional motility was observed, all
motility appeared to occur along a single MT, because
the refractility of the transport fiber was as weak as the
refractility of isolated, individual MTs that were com-
monly seen throughout the specimen chamber. Thus,
of a total of 18 motile events involving 16 membranes,
15 events were toward an MT plus end and 3 were
toward an MT minus end.

Simple inspection of these data implies that a MT
plus end-directed motor was predominant. Neverthe-
less, x? analysis was used to test this idea formally.
Based on the hypothesis that plus and minus end-
directed motility were equally likely, the x* value for
the data was calculated to equal 8.00, and at 1 df the
probability that fifteen 15 of 18 motile events occurred
toward an MT plus end is <0.005. The hypothesis that
motility toward MT plus and minus ends was equally
probable is thus very unlikely to be correct. Instead,
the directionality results (Figure 7) represent statisti-
cally significant evidence that the preferred direction
of Golgi membrane motility was toward MT plus
ends. This conclusion is fully consistent with pharma-
cological data (Figure 6) that implicated a member of
the kinesin superfamily as being responsible for most
Golgi membrane transport in the in vitro motility
system. In light of the fact that the H1 monoclonal
antibody to conventional kinesin heavy chain (Pfister
et al., 1989) potently inhibited motility (Figure 6), con-
ventional kinesin is a strong candidate for the motor in
question.

GTPvyS and AIF,~ Inhibit Motility

Motility in the in vitro system closely resembled in-
tracellular Golgi-to-ER transport, which we had
shown earlier to be inhibited by monoclonal H1 anti-
kinesin and to be regulated by a mechanism that re-
mains to be established (Lippincott-Schwartz et al.,
1995). To attempt to shed light on the in vivo regula-
tory mechanism, various probes for potential regula-
tory factors were introduced into the in vitro system.
Motility was not affected by 5 uM staurosporin
(Tamaoki et al., 1986) or 1 uM okadaic acid (Cohen et
al., 1989), broad-spectrum inhibitors of serine/threo-
nine protein kinases or phosphatases, respectively
(Figure 8). The biological activities of the staurosporin
and okadaic acid were verified by phosphorylation
assays for the axonal MT-associated protein 7 in bo-
vine brain cytosol and in primary mouse brain cell
cultures (our unpublished results).

In contrast to staurosporin and okadaic acid, two
compounds that bind to many GTP-binding proteins,
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Figure 8. Motility is not affected by inhibitors of protein kinases or
phosphatases. Motility assays were performed using samples con-
taining no additives (Control), 5 uM staurosporin, or 1 uM okadaic
acid (OA). After 60-75 min, the extent of membrane tubule forma-
tion was measured as decribed in MATERIALS AND METHODS.
Each compound was compared with a control in a minimum of
three separate experiments. We consistently observed that mem-
brane tubule formation in samples containing staurosporin or OA,
which inhibit several protein kinases or phosphatases, respectively,
were nearly indistinguishable from controls. Illustrated here are
results from one representative experiment.

GTPvS and AlF,~, dramatically inhibited transport of
both vesicles and membrane tubules. In the presence
of 1 uM GTP»S, vesicle aggregation was unimpaired,
but vesicle transport along MTs was rarely observed,
and the formation of tubular membrane networks was
inhibited by >90% (Figure 9). Less potent but notice-
able inhibition was observed at GTP+vS concentrations
as low as 200 nm (our unpublished results). Network
formation was inhibited by only 25% in the presence
of 1 uM GTP+S plus 100 uM GTP (Figure 9), demon-
strating that GTPyS acts in this system as a poorly
hydrolyzable substrate for one or more pertinent reg-
ulatory GTPases. The effects of GTPyS were mimicked
by AlF,~ (Figure 9), which activates both trimeric
(Gilman, 1987) and low-molecular-weight (Mittal et
al., 1996; Reza et al., 1997, Hoffman et al., 1998) G
proteins. AlF,~ was formed by addition of AICI; and
NaF to final concentrations of 20 uM and 3 mM,
respectively. When used alone at those concentrations,
neither AICl; nor NaF alone had any demonstrable
effect on motility (Figure 9).

The Targets of GTPvyS and AIF,~ Are Cytosolic and
Include Neither Kinesin nor MTs

The relevant targets of GTPyS and AlF,~ could have
been membrane associated or cytosolic and could
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Figure 9. Motility is potently inhibited by GTPvS or AlF,~. Motil-
ity assays were performed using samples containing no additives
(Control), 1 uM GTP%S *+ 100 uM GTP, AIF,~ (20 uM AICl; + 3 mM
NaF), 20 uM AICl,, or 3 mM NaF. After 60-90 min, the extent of
membrane tubule formation was measured as decribed in MATE-
RIALS AND METHODS. Each experimental condition was com-
pared with a control in a minimum of three separate experiments.
We consistently observed that membrane tubule formation was
nearly abolished by GTPvS or AIF,~, that the effects of GTPYS were
minimized by addition of a 100-fold molar excess of GTP, and that
neither AICl; nor NaF alone was inhibitory. Illustrated here are
merged results from two representative experiments, one of which
examined GTPvyS = GTP and the other of which tested AlF,~, AICl,,
and NaF. GTP+S and AlF,~ also nearly abolished motility of small
Golgi fragments at early stages of the experiment, but neither agent
prevented formation of membrane aggregates.

have included either of the two most basic compo-
nents of the motile machinery, the kinesin or the MTs.
To test whether the targets were membrane associ-
ated, purified Golgi membranes were incubated in the
absence or presence of rat liver cytosol at 4°C for as
long as 30 min with GTP+S at a concentration as high
as 10 uM or with 20 uM AlF,” (20 uM AICl; plus 3
mM NaF). The membranes were then centrifuged,
resuspended in buffer lacking GTP+S and AlF,~, and
tested for motile capacity. The rationale for including
cytosol in some samples was the possibility that
GTPvS or AlF,™ acted by binding to a cytosolic pro-
tein, which as a result became tightly associated with
the membranes. A well-characterized example of such
a phenomenon is the GTPyS-stimulated tight binding
of cytosolic ARF and COP I to Golgi membranes (Kreis
et al., 1995). In the present case, however, transient
exposure of Golgi membranes to GTPyS or AlF,™ in
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either the absence or presence of cytosol had no de-
tectable effect of the ability of the membranes to move
along MTs and to form reticular networks (our unpub-
lished results). Taken at face value, these results imply
that the inhibiton of motility by GTPvS and AlF,~ did
not involve binding of either compound to an integral
membrane protein or to a protein that is soluble in a
GDP-bound state but tightly associated with mem-
branes when bound to GTPvS (or GTP). By process of
elimination, the results also imply that the targets of
GTPvS and AlF,~ were cytosolic proteins that associ-
ated with membranes either weakly or not at all.

The identification of cytosol as the origin of the
GTPyS-sensitive and AlF, -sensitive factors raised the
possibility that a kinesin or MTs were the relevant fac-
tors. Although ATP is its preferred nucleotide substrate,
conventional kinesin can hydrolyze GTP (Kuznetsov
and Gelfand, 1986) and couple the free energy released
by hydrolysis to force generation (Porter et al., 1987).
Likewise, tubulin has long been known as a GTPase that
polymerizes into MTs by a GTP-stimulated mechanism,
hydrolyzes GTP after the assembly step, and promotes
MT lability when present in the polymer in a GDP-
bound state (Gelfand and Bershadsky, 1991). Even
though MTs were supplied to our in vitro motility sys-
tem as preassembled bovine brain tubulin, the tubulin
was of cytosolic origin and thus qualifies as a potential
target of GTP+S or AlF,".

An MT gliding assay (Vale et al., 1985) was used to
test the hypothesis that GTPyS or AIF,” inhibited
Golgi membrane motility by directly interfering with a
kinesin or MTs. The only proteins present were recom-
binant D. melanogaster kinesin heavy chain (Hancock
and Howard, 1998), which was used to coat glass
coverslips, polymerized bovine brain tubulin, and ca-
sein, which was used for blocking protein binding
sites on the inner glass surface of the specimen cham-
bers. In the absence of GTP+S or AlF,~, nearly all MTs
in contact with the substrata moved at a velocity of
0.124 = 0.013 um/s. When 1 uM GTP%S or 20 uM
AlF,” were present, transport velocities were 0.170 =
0.042 and 0.197 = 0.024 um/s, respectively, and again,
nearly all MTs moved (Figure 10). Although these
velocities were slower than those that have been re-
ported for the same recombinant kinesin (Hancock
and Howard, 1998), it is noteworthy that GTPyS and
AlF,” did not inhibit motility but instead may have
stimulated the velocity of MT transport to a modest
degree. We therefore conclude that neither conven-
tional kinesin nor MTs were targets of GTPyS or AlF,~
in the Golgi membrane motility assays.

Probes for Trimeric G Proteins Do Not Inhibit
Membrane Motility

In light of reports that several subunit polypeptides of
trimeric G proteins, including Ge;, (Montmayeur and
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Figure 10. GTPS and AIF,~ do not inhibit MT gliding mediated
by conventional kinesin. Video-enhanced light microscopy was
used to assay MT gliding in the presence of 1 mM ATP on glass
coverslips coated with recombinant conventional kinesin heavy
chain. One micromolar ATP was present in all samples; controls
contained no additions; and final concentrations of GTPyS and
AlF,~ were 1 and 20 uM, respectively. Nearly all MTs in all samples
moved, and shown here are the mean velocities = SDs for five
velocity measurements for each condition. Note that motility was
not inhibited by either GTPyS or AlF,".

Borrelli, 1994), Gay; (Ercolani et al., 1990; Wilson et al.,
1994; Denker et al., 1996), Ga, /1, (Denker et al., 1996),
and Ge, (Denker et al., 1996), are localized on the Golgi,
two sets of experiments were performed to assess
whether a trimeric G protein might be a pertinent
target of GTPyS or AlF,. The first set made use of
bacterial toxins that catalyze transfer of ADP-ribose
from NAD to Ga subunits, which thereby become
locked in either an activate or inactive state. Neither
cholera toxin, which activates Gag (Gill and Meren,
1978), nor pertussis toxin, which inactivates Ga; iso-
forms and G, (Moss et al., 1983), had any detectable
effect on membrane motility (Table 1). It is also note-
worthy that pertussis toxin treatment did not confer
subsequent protection against GTPvS, implying that

Table 1. Membrane motility assayed in the presence of specific
probes for trimeric G poteins

Probe Level of motility

Cholera toxin
Pertussis toxin

Equal to control
Equal to control

Gay-GTPyS Equal to control
Gays-GTPyS Equal to control
Ga,-GTPyS Equal to control

By subunits Equal to control
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activation of G, or a Go; by GTPYS does not explain
the inhibition of membrane motility by GTP+S (our
unpublished results).

The second set of experiments directed at trimeric G
proteins was based on the fact that GTPyS and AlF,~
exert dual effects on those proteins: activation of Ga
and generation of free Ga and By subunits (Gilman,
1987). We reasoned that if the inhibitory factor for
membrane motility in GTPyS-containing samples was
either a Ga—GTPyS complex or free By, it should be
possible to prevent motility by simply adding the
appropriate trimeric G protein subunit to the complete
motility system. An identical stratgey was recently
used to demonstrate a role for trimeric G proteins in
regulating Golgi structure in vitro (Jamora et al., 1997).
To test this hypothesis, stable complexes (Gilman,
1987) of GTPYS bound to Gay, Gey, or Gey; (see Per-
turbations of Trimeric G Proteins) were added to the
motility system to final concentrations as high as 440
nM, or free By was added to 1 puM. In all cases,
motility was equivalent to that observed for controls.
The most straightforward interpretation of these re-
sults is that the inhibitory effects of GTPyS on mem-
brane motility were not due to generation of free By or
complexes of GTPyS bound to any of the Ga subunits
that were tested.

DISCUSSION

In a previous report, we presented evidence that ki-
nesin is localized on membranes that move bidirec-
tionally along MTs between the ER and the Golgi
complex but appears to be active only for the Golgi-
to-ER arm of the motility cycle (Lippincott-Schwartz et
al., 1995). The cell therefore regulates the membrane
transport activities of both kinesin and another MT
motor protein, which evidently is a dynein (Burkhardt
et al., 1997; Presley et al., 1997) and is responsible for
ER-to-Golgi transport. To attempt to uncover mecha-
nisms by which MT-based membrane transport in the
secretory pathway is regulated, we have now devel-
oped an in vitro system in which purified Golgi mem-
branes move vigorously along MTs. Individual bursts
of motility lasted from less than a second to several
seconds and involved small, vesicle-like Golgi frag-
ments, as well as membrane tubules that emanated
from large Golgi aggregates or other tubules (Figure
3). Membrane tubules gradually intersected with one
another to form stable reticular networks (Figure 4),
and quantitative estimates of total motility were made
by summing the lengths of all membrane tubules in
randomly sampled fields of view (Figures 5, 8, and 9).

Several results consistently point to a kinesin as
being the motor for most of the observed transport.
The most compelling evidence is that motility oc-
curred predominantly toward MT plus ends (Figure
7), the direction that most kinesins move along MTs,
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but the opposite direction of movement for dyneins
(Hirokawa, 1998). In addition, AMP-PNP potently in-
hibited motility when present at a level equimolar to
the exogenous ATP (Figure 6). Under such conditions,
AMP-PNP has been shown to inhibit conventional
kinesin (Cohn ef al., 1987; Porter et al., 1987, Wagner et
al., 1989) but not dyneins (Lye et al., 1987; Paschal and
Vallee, 1987). Finally, the observation that 100 uM but
not 20 uM vanadate inhibited transport (Figure 6) is
consistent with the idea that a kinesin but not a dynein
was the most active motor in our system (Lye et al.,
1987; Paschal and Vallee, 1987; Shpetner et al., 1988;
Wagner et al., 1989).

Conventional kinesin is a leading candidate for the
pertinent motor for a number of reasons. First, the H1
monoclonal antibody to conventional kinesin heavy
chain (Pfister et al., 1989) was a potent inhibitor of
motility (Figure 6). Next, a band that comigrated with
conventional kinesin heavy chain was the most immu-
noreactive protein recognized in the motility system
by anti-HIPYR (our unpublished results), an antibody
that was made against a peptide sequence that is
highly conserved among kinesins and that reacts with
several known members of the kinesin superfamily
(Swain et al., 1992). Finally, by immunoblotting, H1
did not recognize rabkinesin-6 (our unpublished re-
sults), a recently discovered kinesin that is localized
on the Golgi and has been suggested to be a motor for
Golgi-to-ER transport (Echard et al., 1998).

Despite these points, additional considerations lead
us to keep an open mind about the identity of the
predominant kinesin in the in vitro motility system.
As striking as the results with H1 may be, we are
mindful that antibodies can inhibit function by both
direct and indirect mechanisms. For example, we
found that H2, another monoclonal antibody to con-
ventional kinesin heavy chain (Pfister et al., 1989),
inhibited organelle transport toward MT plus and mi-
nus ends in squid axoplasm (Brady et al., 1990). The
effect of H2 on minus end-directed transport must
have been indirect, because kinesin is a plus end-
directed motor. We are thus forced to consider the
possibility that H1 inhibited Golgi membrane motility
along MTs in the present case by indirectly interfering
with a protein other than conventional kinesin. We
also note that the instantaneous velocity for Golgi
membrane motility along MTs was ~1.5 um/s, which
is much higher than reported velocities for transport
of MTs along glass coverslips coated with conven-
tional kinesin (Vale et al., 1985; Hancock and Howard,
1998) or of conventional kinesin-coated microshperes
moving along MTs (Svoboda et al., 1993). Although we
suspect that conventional kinesin acts as a slower
motor when attached to nonphysiological substrata as
opposed to biological membranes, the speed with
which Golgi membranes moved in our in vitro system
leaves open the possibility that a different kinesin was
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responsible for the observed motility. On balance,
therefore, we conclude that the most active motor in
our system must be a kinesin and favor the idea that it
is conventional kinesin itself.

Two agents that activate G proteins, GTPyS and
AlF,~, inhibited transport almost completely (Figure
9). GTPyS was maximally effective at 1 uM in the
presence of a robust ATP regenerating system that
initially supplied 5 mM ATP. In contrast, 1 uM GTPvS
inhibited transport by only ~25% when a 100-fold
molar excess of GTP was also present. The effects of
GTPvS were therefore guanine nucleotide specific and
prompt us to speculate that each burst of Golgi mem-
brane motility along MTs is regulated by a cycle of
GTP binding and hydrolysis by a G protein. One
potential explanation of our data is that motility be-
gins when GTP is hydrolyzed by a G protein and
persists until a membrane-associated kinesin loses its
grip on the MT. Reinitiation of motility would then
require another round of GTP binding and hydrolysis,
and motility would not be possible if the nucleotide
binding site on G protein were occupied by a nonhy-
drolyzeable pseudosubstrate, such as GTPyS or GDP
plus AIF,~.

Although the G protein in question remains un-
known, several proteins can be eliminated as likely
candidates. Conventional kinesin and tubulin, both of
which bind and hydrolyze GTP (Kuznetsov and Gel-
fand, 1986; Porter ef al., 1987; Gelfand and Bershadsky,
1991), can be ruled out as the direct targets of GTPyS
and AlF,~, because neither inhibitor of Golgi mem-
brane motility inhibited MT gliding mediated by con-
ventional kinesin (Figure 10). For several reasons it is
also doubtful that the target corresponds to Ga, or any
of the following Golgi-associated Ga species: Gay,
(Montmayeur and Borrelli, 1994), Goy; (Ercolani et al.,
1990; Wilson et al., 1994; Denker et al., 1996), Goy /1,
(Denker et al., 1996), and Ge, (Denker et al., 1936).
First, motility was unaffected by cholera toxin (Table
1), which like GTP»S, activates Ge, (Gill and Meren,
1978) and, with less efficiency, several other Ga spe-
cies as well (Gilman, 1987). Next, motility was also
insensitive to pertussis toxin (Table 1), which perma-
nently inactivates Goy, Goy,, and Goyz (Moss et al.,
1983). If activation of any of those proteins by GTP+yS
or AlF,” prevented membrane motility, pertussis
toxin should have conferred protection against the
inhibitory compounds, but no such protection was
observed (Table 1). Furthermore, if sustained motility
required cycles of GTP hydrolysis by Gay, Gey,, or
Gays, motility should have been prevented by pertus-
sis toxin. Finally, motility was also unaffected by ex-
cess levels of Gey, Gag, and Gay; stably complexed
with GTP+S (Table 1). It is also important to note that
free By subunits did not inhibit motility (Table 1),
implying that their dissociation from Ga subunits in-
duced by GTPyS or AlF,” did not account for the
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inhibition of motility caused by either compound.
Taken together, the results summarized here favor the
hypothesis that the inhibition of Golgi motility caused
by GTPvS or AlF,~ did not involve trimeric G pro-
teins.

What, then, might be the relevant targets of GTPvS
and AlF,~? Because AlF,~ was long known to be an
activator of Gas (Sternweiss and Gilman, 1982) but
was shown to be inert toward numerous purified
small G proteins (Kahn, 1991), we initially considered
the latter group of proteins to be poor candidates.
Recently, however, several groups have demonstrated
formation of stable complexes of small G proteins
bound simultaneously to AlF,~ and GTPase-activat-
ing proteins (Mittal et al., 1996; Reza et al., 1997; Hoff-
man et al., 1998). Presumably, the small G protein in
such a complex behaves as if it were in the activated,
or GTP-bound, state. Considering that GTPase-activat-
ing proteins must have been present in the unfraction-
ated cytosol that was a major component of our com-
plete motility system, it is very likely that AlF,~ was
able to form stable complexes with the GTPase-acti-
vating proteins and small G proteins. We thus regard
small G proteins, such as members of the Ras, Rab,
and ARF families, and especially the Rho family, to be
potential relevant targets for GTPyS and AlF,™ in our
Golgi membrane motility system. Activated forms of
the Rho family members, RhoA, Racl, and Cdc42,
have been shown to interact with a putative kinesin
receptor kinectin (Toyoshima et al., 1992) in a yeast
two-hybrid screen (Hotta et al., 1996). Using the same
approach, the protein kinases MLK2 and MLK3 were
found to interact with activated Rac and Cdc42, as
well as with the kinesin superfamily member KIF3
(Nagata et al., 1998). Another candidate protein is dy-
namin, a form of which has been localized to the Golgi
(Henley and McNiven, 1996), and the type II isoform
of which has been implicated in the formation of
transport vesicles from the trans-Golgi network (Jones
et al., 1998).

Using a variety of distinct, but related approaches,
several groups have reconstituted MT-dependent for-
mation of reticular membrane networks from isolated
cellular components. Despite some similarities to the
networks that have been studied in other laboratories,
the Golgi networks described here are distinguished
by a number of unique traits. Networks were first
observed in mixtures of cytosol and crude microsomes
isolated from chick embryo fibroblasts (Dabora and
Sheetz, 1988) and in samples of partially purified
squid kinesin, which were contaminated with mem-
branous material of unknown identity (Vale and Ho-
tani, 1988). Xenopus oocyte cytosol has been shown to
drive formation of networks from crude oocyte micro-
somes and ER- and Golgi-enriched membranes iso-
lated from rat liver (Allan and Vale, 1991; Allan and
Vale, 1994; Allan, 1995; Niclas et al., 1996). The net-
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works that formed from crude oocyte microsomes
were predominantly ER (Allan, 1995) and dynein de-
pendent (Niclas et al., 1996). Furthermore, network
formation in interphase cytosol was stimulated by
levels of okadaic acid that inhibit protein phosphatase
1 (Allan, 1995), whereas metaphase cytosol supported
substantially less transport because of phosphoryla-
tion of a dynein subunit polypeptide and concomitant
dissociation of dynein from membrane surfaces
(Niclas et al., 1996). In contrast to the networks formed
from Xenopus oocyte microsomes, the networks de-
scribed here were formed from highly enriched Golgi
membranes, were dependent on a kinesin, were not
affected by okadaic acid, and were potently inhibited
by GTP+S or AIF,~. These contrasting sets of results
emphasize the likelihood that dynein-dependent ER
motility and Golgi transport mediated by a kinesin are
regulated by distinct mechanisms. In further support
of the idea that motor- and organelle-specific mecha-
nisms exist for regulating organelle transport along
MTs, we found earlier that GTPyS, but not AlF,~,
inhibited fast axonal transport in squid giant axons
(Bloom et al., 1993). GTPvS inhibited transport bidirec-
tionally in this case, although we cannot yet explain
why AlF,~ suppressed MT-based transport of Golgi
but not axonal membranes.

The collective properties of our motility system raise
the possibility that it represents an in vitro equivalent
of an in vivo transport pathway that recycles resident
ER components that escape to the Golgi. Using cul-
tured cells with Golgi complexes that were localized
near MT minus ends and the cell center, we obtained
evidence that Golgi-to-ER transport occurs in a regu-
lated, kinesin-dependent manner toward MT plus
ends (Lippincott-Schwartz et al., 1995). In the present
study, we used cytosol and Golgi membranes isolated
from liver. Approximately 80% of the cells in liver are
hepatocytes (Fawcett, 1986), in which the Golgi com-
plex is localized near MT minus ends at the apical
surface (Fawcett, 1986; Thrke et al., 1993). Thus, in
hepatocytes, the source of most of the cytosol and
Golgi membranes in our reconstituted system, Golgi-
to-ER transport must occur toward MT plus ends, just
as it did in the cultured cells that we studied earlier
(Lippincott-Schwartz et al., 1995). As in the cultured
cells, transport in the reconstituted system occurred
away from the Golgi, toward MT plus ends, by a
regulated method mediated by a kinesin. There are
thus striking parallels between Golgi-to-ER transport
in live cells and Golgi transport along MTs in our
reconstituted system. In the absence of further evi-
dence, however, we cannot exclude the possibility that
the in vitro motility more closely resembles transport
from the Golgi to other organelles, such as prelysoso-
mal structures, or to the cell surface. Regarding the
latter possibility, it is worth noting that the velocity
with which membranes moved in our in vitro system
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is similar to the velocity with which vesicles have been
reported to move from the Golgi to the plasma mem-
brane in living cells (Hirschberg et al., 1997). Irrespec-
tive of which intracellular transport steps correspond
to the in vitro motility described here, further inves-
tigations aimed at identifying the GTPases that regu-
late motility in the reconstituted system and charac-
terizing their mechanisms of action are bound to shed
light on how Golgi membrane transport along MTs is
regulated in vivo.
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