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Abstract. We have prepared and characterized seven
mouse monoclonal antibodies (SUK 1-7) to the 130-kD
heavy chain of sea urchin egg kinesin. On immuno-
blots, SUK 3 and SUK 4 cross-reacted with Drosoph-
ila embryo 116-kD heavy chains, and SUK 4, SUK 5,
SUK 6, and SUK 7 bound to the 120-kD heavy chains
of bovine brain kinesin. Three out of seven monoclo-
nal antikinesins (SUK 4, SUK 6, and SUK 7) caused
a dose-dependent inhibition of sea urchin egg kinesin-
induced microtubule translocation, whereas the other

four monoclonal antibodies had no detectable effect on
this motility. The inhibitory monoclonal antibodies
(SUK 4, SUK 6, and SUK 7) appear to bind to spa-
tially related sites on an ATP-sensitive microtubule
binding 45-kD chymotryptic fragment of the 130-kD
heavy chain, whereas SUK 2 binds to a spatiaily dis-
tinct site. None of the monoclonal antikinesins in-
hibited the microtubule activated MgATPase activity of
kinesin, suggesting that SUK 4, SUK 6, and SUK 7
uncouple this MgATPase activity from motility.

depend upon microtubule-associated mechanochem-
ical ATPases (Vale, 1987). One such enzyme, kine-
sin (Vale et al., 19854), binds microtubules in a nucleotide
sensitive fashion, and displays a microtubule-activated ATP-
ase activity that drives movement of kinesin-coated objects
towards the plus end of microtubules (MTs)! in vitro (Vale
etal., 19854, b; Scholey et al., 1985; Brady, 1985; Kuznet-
sov and Gelfand, 1986; Porter et al., 1987; Cohn et al.,
1987; Saxton et al., 1988; Gelles et al., 1988). Kinesin from
a variety of animals contains a major polypeptide with an ap-
parent molecular mass of 110-140 kD, encoded by a single
gene in Drosophila (Yang et al., 1988), plus copurifying
light chains of M, = 40-80 kD (Vale et al., 1985a,b; Amos,
1987; Kuznetsov and Gelfand, 1986; Saxton et al., 1988).
Bovine brain kinesin is an a»p: heterotetramer consisting of
two 120-kD heavy chains plus two 60-kD light chains, as-
sembled into an elongated molecule (Amos, 1987; Kuznet-
sov et al., 1988; Bloom et al., 1988). Kinesin is proposed
to participate in organelle/vesicle transport, in organizing
the endomembrane system, and in mitosis (Vale et al., 1986;
Vale, 1987; Leslie et al., 1987; Schroer and Sheetz, 1988),
but direct evidence concerning the biological functions of
kinesin is currently lacking.
Antibodies that inhibit mechanochemical activity have
been extremely useful in probing the functions of myosin and

VA rious forms of intracellular transport are thought to

1. Abbreviations used in this paper: MT(s), microtubule(s); PMEG, 0.9 M
glycerol, 0.1 M Pipes, pH 6.9, 5 mM EGTA, 2.5 mM MgSO,, 0.5 mM
EDTA, | mM DTT, 100 pg/ml soybean trypsin inhibitor, 1 mg/mi p-tosyl-L-
arginine methyl ester hydrochloride, 10 pg/ml leupeptin, pepstatin, and
aprotinin; RT, room temperature.
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dynein. For example, an antiserum that inhibits the ATPase
activity of sea urchin sperm dynein caused a corresponding
decrease in the beat frequency of reactivated sea urchin
sperm, supporting the hypothesis that the dynein ATPase
drives axonemal motility (Ogawa and Mohri, 1975; Okuno
et al., 1976; Gibbons et al., 1976). In addition, polyclonal
and monoclonal myosin antibodies have been used to inhibit
the actin activated ATPase activity of myosin, (Mabuchi and
Okuno, 1977; Kiehart and Pollard, 1984b; Peltz et al., 1985)
to block myosin-driven motility in vitro (Kiehart and Pol-
lard, 1984b; Flicker et al., 1985) to examine the relationship
between myosin polymerization and ATPase activity (Kie-
hart and Pollard, 1984a) as well as to probe the conformation
and polymerization state of myosin (Citi and Kendrick-
Jones, 1987). Inhibitor myosin antibodies have provided evi-
dence for the role of myosin in actin-based organelle trans-
port (Adams and Pollard, 1986) and in cytokinesis (Mabuchi
and Okuno, 1977; Kiehart et al., 1982).

Kinesin antibodies have been used to establish immuno-
logical relatedness between kinesin from various cell types,
as well as to identify, purify, and localize their corresponding
antigens (Scholey et al., 1985; Vale et al., 1985b; Porter et
al., 1987; Leslie et al., 1987; Saxton et al., 1988; Kuznetsov
etal., 1988; Neighbors et al., 1988). However, none of these
antikinesins was reported to inhibit kinesin activity. For ex-
ample, antibodies raised against the 130-kD subunit of sea
urchin egg kinesin prepared by preparative SDS gel elec-
trophoresis and thereby denatured (Scholey et al., 1985),
had no detectable effect on kinesin-driven microtubule motil-
ity in vitro (Scholey, J. M., and M. E. Porter, unpublished
observations).
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We report here the preparation and characterization of
monoclonal antibodies that were raised in animals im-
munized using native kinesin as antigen. Amongst these are
antibodies that serve as potent inhibitors of the kinesin driven
translocation of microtubules over glass surfaces in vitro.

Materials and Methods

Materials and General Methods

Sea urchins were obtained from Marinus (Long Beach, CA) and handled
as described previously (Scholey et al., 1984, 1985; Porter et al., 1987,
1988). Taxol was a gift of Dr. M. Suffness at the National Products Branch,
National Cancer Institute. GTP was obtained from Boehringer Mannheim
Biochemicals, Indianapolis, IN. Other chemicals were purchased from
Sigma Chemical Co., St. Louis, MO. Chromatography resins and antibody
conjugates were usually from Bio-Rad Laboratories, Richmond, CA. Cellu-
lose phosphate (P11) and DEAE cellulose (DE 52) resins were from What-
man Inc., Hillsboro, OR.

General biochemical procedures were carried out as described previ-
ously (Scholey et al., 1984, 1985, 1988; Porter et al., 1987, 1988; Cohn
et al., 1987). Immunological procedures were carried out following the ad-
vice of colleagues, in particular Drs. John Kappler and Philippa Marrack,
National Jewish Center, Denver, CO, and methods cited in the following
literature: Hudson and Hay, 1980; Kiehart et al., 1984a, 1986; Peltz et al.,
1985; Citi and Kendrick-Jones, 1987.

Purification of Sea Urchin Egg Kinesin Antigen

Purification of kinesin was carried out essentially as described previously
(Scholey et al., 1985; Cohn et al., 1987). Sea urchin eggs were homoge-
nized in PMEG extraction buffer (0.9 M giyceroi, 0.1 M Pipes, pH 6.9, 5
mM EGTA, 2.5 mM MgSOs, 0.5 mM EDTA, 1 mM DTT, 1 mg/mi p-to-
syl-L-arginine methy] ester hydrochloride, 100 pg/ml soybean trypsin inhib-
itor, 10 pg/ml leupeptin, pepstatin, and aprotinin), and centrifuged to yield
the “high speed extract supernatant” (HSS), which was treated with hexo-
kinase, glucose, taxol/GTP, plus AMPPNP and the resulting microtubules
were pelleted. The MTs were washed in extraction buffer supplemented with
20 mM EDTA plus 2 mM Mg-free ATP, then centrifuged again at 55000 g
for 20 min, 4°C. The pellet was resuspended in PMEG containing 10 mM
ATP, 100 uM GTP, 100 mM KClI, 10 puM taxol plus 10 mM MgSO,, in-
cubated overnight on ice, supplemented with 5 mM MgATP, then spun to
pellet the MTs. Microtubule-associated proteins in the supernatant were
loaded onto a 1.6 X 17.5 cm gel filtration column (Biogel ASM; Bio-Rad
Laboratories). The kinesin fractions were further purified by addition of 1.5
mg/ml phosphocellulose-purified bovine brain tubulin (polymerized with
20 uM taxol and 0.5 mM GTP for 15 min at 22-25°C), 20 mM EDTA,
and 2 mM ATP, and incubated for 20 min before centrifugation at 45,000 g,
20 min, 20°C. The kinesin-microtubule pellet was resuspended in PMEG
plus 10 mM ATP, 12.5 mM MgSO,, 30 uM taxol, and 0.1 mM GTP for
30 min, room temperature (RT), then centrifuged again at 45,000 g, 20 min,
20°C to yield purified kinesin in the supernatant. This recycled kinesin was
used as antigen.

Monoclonal Antibody Production

Four BALB/c mice were immunized subcutaneously in four spots (hips and
shoulders) with 50 pg ATP/EDTA recycled kinesin emulsified 1:1 (vol/vol)
with complete Freund’s adjuvant. 2 wk later the mice were boosted in-
traperitoneally with 20 pg kinesin emulsified 1:1 (vol/vol) with incomplete
Freund’s adjuvant, 2 wk after the first boost, the mice were bled from the
tail and their serum was tested using an ELISA and Western blotting for anti-
bodies against the 130-kD subunit of kinesin. Each mouse was boosted and
bled until its antikinesin titer was a minimum of 1:1,000. The mice were
rested for at least 3 wk after the last boost, before a final immunization of
50 pg kinesin in PMEG buffer was given intraperitoneally 3 d before they
were killed.

B-cell hybridomas were produced by standard technique using polyethyl-
ene glycol fusion of splenic B cells to the variant myeloma line P3x63S-
68.653 and selection in HAT medium. ELISA was used for primary screen-
ing of the hybridoma supernatants. Briefly, 1 pg of Biogel fractionated
kinesin was coated to microtiter plate wells and incubated overnight at 4°C.
Wells were washed with PBS, incubated with 1% BSA in PBS-0.05% Tween
for 1-2 h, 20-25°C, washed again with PBS, incubated with hybridoma
supernatants for 1-2 h, 20-25°C, then washed again with PBS. Goat anti—
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mouse IgG (H + L) horseradish peroxidase secondary was added (1:300
dilution in PBS) for 1-2 h, 20-25°C, after which the wells were washed with
PBS. A substrate mixture (170 mM citric acid, 650 mM phosphate buffer,
pH 6.3) was added to each well and treated with orthophenylene-diamine
and H,O, to develop the color. The reaction was quenched with 4.5 M
H,SO,. Nonspecific binding was determined by reacting hybridoma super-
natants to wells coated with tubulin. Positives were rescreened using ELISA
assay and Western blotting before being cloned at limiting dilution. Ascitic
fluid was prepared for each.

Solid Phase RIA

Assays were performed using polyvinyl chloride microtiter plates (Dy-
natech Corp., Alexandria, VA). 50 ul (20 pg/ml) of kinesin in PMEG was
placed in the microtiter plate wells overnight at 4°C. The wells were washed
with PBS after which 200 pl of blocking solution (blotto) containing 5%
nonfat dry milk and 0.05 % sodum azide in PBS was added for 1-2 h at 23°C.
The wells were again washed with PBS, incubated with 50 ul monoclonal
antibody solution (diluted in blotto) for 1-2 h, at 23°C, washed again with
PBS, then incubated with 50 pl 20 pg/ml '*’I-goat anti-mouse Ig at a
specific activity of ~ 25,000 cpm/ug for 1-2 h. The wells were washed again
with PBS before separation of the wells with scissors. Gamma counting for
bound radioactivity was performed (gamma 300; Beckman Instruments
Inc., Palo Alto, CA). The level of nonspecific binding was determined by
counting wells coated with BSA (20 pg/ml) or tubulin (20 pg/ml), and wells
coated with kinesin incubated with a nonspecific control antibody KJ23
(Kappler et al., 1987).

Competitive Binding Radioimmunoassay (R1A)

Purified antibodies were iodinated using an iodination Reagent (IODO-
GEN, Pierce Chemical Co., Rockford, IL), 1,3,4,6-tetrachloro 3a 6a-
diphenyl glycoluril from Pierce Chemical Co. (Markwell and Fox, 1978).
Competitive RIAs were done by modification of the methods of Kiehart et
al. (1986) and Peltz et al. (1985). Briefly, 50 pl of 20 pg/ml kinesin was
placed in microtiter plate wells (Dynatech Corp.) for 2 h at room tempera-
ture. The wells were washed in PBS after which 200 pl blocking solution
(blotto) was added for 1 h at room temperature. The wells were again
washed with PBS, then incubated with 50 pl 400 pg/mi “blocking” antibody,
30 min, room temperature. 50 ul of 20 pg/ml »I-labeled challenge anti-
body at 1-2,000 cpm/ul was added. After 1 h the wells were washed with
PBS before separation of the wells with scissors and gamma counting.
Nonspecific binding was determined by counting microtiter plate wells
coated with BSA (20 ug/ml) and nonspecific blocking levels were deter-
mined with 400 pug/ml mouse IgG (Jackson Immunoresearch Lab. Inc.,
West Grove, PA).

Chymotryptic Digestion of Kinesin and Analysis
of Fragments by Immunoblotting

Kinesin-microtubule complexes were prepared from cytosolic extracts in
AMPPNP, then washed in PMEG buffer. 2 mg/ml microtubule-kinesin
complexes were digested with 1 pg/ml a-chymotrypsin (type 1-S from bo-
vine pancreas; Sigma Chemical Co.) for 20 min, RT, in order to protect the
microtubule binding domain on kinesin during digestion. Then the reaction
was quenched with 3 mM PMSF. The resulting fragments were subjected
to SDS-PAGE and immunoblotting with rabbit polyclonal antikinesin, and
SUK 1-7. To analyze ATP-sensitive MT binding by the 45-kD fragment,
Biogel fractionated kinesin (100 pg/ml) in PMEG + 5 mM MgATP was in-
cubated with 2 pg/ml chymotrypsin for 20 min, RT in total volume = 3 ml.
PMSF (1 mM) and Triton X-100 (0.1%) were added, then 3 X 1 ml aliquots
were supplemented with taxo! (30 pM) and GTP (0.1 mM) plus; (a) 1 mg/ml
tubulin/10 mM MgATP; (b) 1 mg/ml tubulin/I0 mM AMPPNP; or (¢) no
microtubules with or without ATP or AMPPNP. Each aliquot was cen-
trifuged to pellet microtubules; supernatants were concentrated to 50 pl in
centricons, then supernatants and pellets were mixed with 100 pul SDS gel
sample buffer and analysed on Coomassie Blue-stained SDS gels and SUK
4 immunoblots to determine if the 45-kD fragment had bound and
cosedimented with MTs.

Antibody Isotyping
Monoclonal antibodies were initially isotyped using Ouchterlony double
diffusion analysis (1% agarose in PBS) against rabbit Ig typing sera (a gift

of Dr. Ralph Kubo, National Jewish Center) for mouse IgGl, IgG2A,
1gG2B, IgM, and IgA. Cloned hybridoma supernatants were concentrated
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~50-fold by precipitation against 50% ammonium sulphate followed by
resuspension and dialysis into PBS. Isotyping and determination of protein
A binding was also performed by immunoprecipitations using anti-mouse
Ig or protein A coupled to agarose beads. Briefly, 1 ml of 3 mg/ml ammo-
nium sulphate cut hybridoma culture supernatants were mixed with 25 pl
beads in PBS for 2 h at room temperature. The beads were washed four
times in PBS, once in distilled water, boiled in 50 pl Lacmmelli gel sample
buffer, clarified, and run on SDS-PAGE to detect immunogiobulin polypep-
tides that bind and cosediment with the beads. Confirmation of antibody iso-
type was done by analysis of purified preparations on SDS gels, where the
IgM (u = 70kD) and IgG (v = 50 kD) heavy chains could be distinguished.

Antibody Purification

SUK 1, 3, 6, and 7 do not bind efficiently 10 protein A under our conditions.
These Igs were prepared from ascitic fluid as follows: 5 ml ascitic fluid was
strained through glass wool, adjusted to pH 5 by addition of 1 M sodium
acetate pH 5, then incubated with 1/20 vol octanoic acid for 30 min at room
temperature, clarified 10,000 g, 15 min, then an equal volume of saturated
ammonium sulphate was added. The crude Ig was pelleted at 10,000 g,
15 min, and resuspended in appropriate buffer. SUK | and SUK 3 (IgMs)
were further purified by dialysis against low ionic strength buffer, and SUK
6 and SUK 7 by DE 52 ion exchange chromatography, essentially as de-
scribed by Kiehart et al. (1986). The octanoic acid treatment at pH 5 was
omitted for SUK 6, since the yield was greatly decreased by this step.

Those monoclonal antibodies (SUK 2, 4, 5) which bound to protein A
under our conditions were purified on a large scale basis via Affi-gel protein
A MAPS II (Monoclonal Antibody Purification System; Bio-Rad Laborato-
ries) kit from ascitic fluid. Absorbance (A280) was used to calculate the
concentration of the purified antibody using an extinction coefficient of 1.4
for IgG at A280. Antibodies were stored at 4°C (short term) and at —20°
or —70°C (long term). Proteolytic fragments [Fab and F(ab),} of SUK 2
and SUK 4 were prepared and screened using PAGE under reducing and
nonreducing conditions, as described by Parham, 1986.

Electrophoresis and Blotting

Samples on SDS gels were transferred onto nitrocellulose (Schleicher &
Schuell, Inc., Keene, NH), stained with Ponceau S (Sigma Chemical Co.),
destained, then incubated in solutions of primary antibody diluted into 5%
nonfat dry milk in PBS-0.05% Tween overnight at 4°C or for 1 h at 37°C,
then washed with several changes of PBS-005% Tween. The secondary
antibody (either affinity-purified goat anti-mouse IgG [H + L] or goat anti-
rabbit [gG [H + L] horseradish peroxidase conjugate [Bio-Rad Laborato-
ries]) was then applied at a 1:1,000 dilution in 5% nonfat dry milk in PBS-
005 % Tween. Incubation was the same as primary antibody. The blots were
washed again with PBS-005% Tween followed by Tris-saline, and devel-
oped by addition of 4 chloro-1-naphthol with H;O,.

Motility Assays

The ability of test antibodies to inhibit MT motility was assayed using video-
enhanced microscopy and computer-assisted velocity analysis of kine-
sin/MT samples as described previously (Cohn et al., 1987). 14 ul of
100-300 ug/ml kinesin solutions were adsorbed onto coverslips for 10-20
min at room temperature in a humidified chamber before addition of the test
antibodies. Antibody solutions were then added onto the coverslip for an
additional 10-20 min. Phosphocellulose-purified bovine brain MTs (to 20
ng/mt) and MgATP (to 10 mM) were added, and the sample sealed to a slide
using VALAP (Vaseline/lanoline/paraffin; 1:1:1; wt/wt/wt) and observed
with the video-enhanced microscope. The velocity of 10-20 microtubules
randomly selected from several microscopic fields was measured for each
data point. The velocity of each MT was determined over an interval of at
least 10 s. Each set of data points and standard deviations on Figs. 7 and
8 are from single typical experiments that have been reproduced many
times. Tests using culture supernatants required using relatively large
volumes of antibody solution in the assay (>5 ul) and for these samples the
kinesin/antibody solution was removed after incubation and replaced with
14 pl of PMEG buffer before MT and MgATP addition. Controls using such
large volumes of PMEG buffer alone were performed to determine that mo-
tility inhibition was not due to dilution effects. Solutions of monoclonal anti-
bodies purified from ascitic fluid were at sufficiently high concentrations
that only small (1-2 pl) volumes were added, and removal of the kine-
sin/antibody mixture was not required.

Ingold et al. Inhibition of Kinesin-driven MT Motility

Results

Preparation of Mouse Monoclonal Antikinesins

Native sea urchin egg kinesin was prepared by microtubule
affinity binding and Biogel ASM chromatography as de-
scribed previously (Scholey et al., 1985) followed by an ad-
ditional cycle of microtubule binding in EDTA/ATP and re-
lease in MgATP. This material contained contaminating
tubulin, and was partially depleted of the putative 75-kD
light chains (1 mol 130 kD: 0.2 mol 75 kD: Fig. 1, lane 2),
but retained microtubule-translocating activity.

We prepared monoclonal antibodies from mice immunized
using such native sea urchin egg kinesin (Fig. 1, lane 2), and
seven hybridomas (SUK 1-7) which secrete antibodies to the
antigen were produced. The properties of the SUK 1-7 anti-
bodies are summarized in Table I. The hybridomas were
cloned, and their antibodies isotyped (SUK 1, 3 ='IgM;
SUK 5 = IgG2b; SUK 2, 4, 6, 7 = IgGl), and assayed for
binding to protein A (SUK 2, 4, 5 bind efficiently under con-
ditions used, others weakly [SUK 7] or not detectably). Hy-
bridoma clones were grown as ascitic tumors, and the immu-
noglobulin was purified from the ascitic fluid by successive
steps of octanoic acid clarification, ammonium sulphate
precipitation, and chromatography on protein A agarose or
DEAE cellulose (Kiehart et al., 1986). Purity of the antibod-
ies was confirmed on SDS-polyacrylamide gels (data not
shown).

KIN — .?....._.

+

-

e = S
1 2

Figure 1. Purification of sea urchin egg kinesin antigen. Pooled Bio-
gel A5SM-fractionated kinesin samples (lane 1) were prepared by
AMPPNP-MT affinity binding, “EDTA/ATP washing” of the
MT-kinesin complexes, MgATP extraction, and Biogel ASM chro-
matography. This material was further purified by incubation with
phosphocellulose-purified taxol-stabilized MTs and 1 mM ATP + 10
mM EDTA. The MT/kinesin mix was centrifuged, and the MT
pellets extracted in 10 mM MgATP. The extract supernatant (lane
2) was significantly purified, containing predominantly 130-kD
kinesin heavy chain (KIN), unpolymerized tubulin (7UB), and mi-
nor polypeptides in the 75-80-kD range.
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Table I. Kinesin 130-kD Monoclonal Antibodies

Cross-reaction
on immunoblots

Bind Inhibits
Antibody Isotype protein A U B S D motility
SUK 1 IeM -~ + - - - -
SUK 2 I1gG1 + + - - - -
SUK 3 IgM - + - - + -
SUK 4 IgG1 + + + - + +
SUK 5 IgG2b + + + - - -
SUK 6 IgGl1 - + + - - +
SUK 7 IgG1 Weak + + - - +

Summary of the properties of SUK 1-7. U, urchin; B, bovine; §, squid; D,
Drosophila.

Characterization of Binding of SUK 1-7 to
Sea Urchin Egg Kinesin

We investigated binding of SUK 1-7 to kinesin using a num-
ber of procedures. Solid phase radioimmunoassays showed
that SUK 1-7 bind to purified sea urchin egg kinesin under
conditions where a control antibody (KJ23 monoclonal anti-
T-cell receptor) exhibits no detectable binding (Fig. 2). The
monoclonals differed in their apparent affinity for kinesin,
however. SUK 2 and SUK 4 appeared to bind most efficient-
ly, exhibiting a plateau of binding extending down to 0.1 and
1 ug/ml, respectively; with SUK 6 and SUK 7, a plateau was
observed above 100 ug/mi and with SUK 1, 3, and 5 which
appeared to have lower affinity for kinesin in RIAs, no pla-
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teau was seen under the conditions used. We also examined
the ability of SUK 1-7 to bind to native sea urchin egg kinesin
in immunoprecipitation experiments; immune complexes
were precipitated with protein A or goat anti-mouse Ig cou-
pled to agarose beads. SUK 2, SUK 4, and SUK 5 (which
binds weakly in RIAs) bound most efficiently to kinesin,
forming immune complexes that could be precipitated by
protein A or anti-mouse Ig agarose. The other SUK antibod-
ies appeared to bind more weakly in assays using either pro-
tein A or antimouse Ig beads to precipitate the immune com-
plexes (data not shown).

Immunoblotting was used to further analyze the specificity
of binding of SUK 1-7 to sea urchin egg kinesin. Routinely,
blots of sea urchin egg cytosolic extracts, microtubules pre-
pared in the presence or absence of AMPPNP, or purified
kinesin were probed with 1-10 pg/ml SUK 1-7, and typical
results are shown in Fig. 3. All antibodies exhibit strong
staining of the 130-kD kinesin heavy chain in these fractions,
although they differ in their degree of specificity (Fig. 3).
SUK 2-7 typically bind only to the 130-kD subunit but they
sometimes also bind to low molecular polypeptides in the
AMPPNP-microtubule preparations. The variable occur-
rence of these smaller species leads us to believe that they
are proteolytic fragments of the kinesin heavy chain. In con-
trast, SUK 1 (an IgM) consistently binds to a variety of poly-
peptides in addition to the 130-kD subunit (Fig. 3), but the
significance of this observation is not known. We did not ob-
tain antibodies to the 75-kD polypeptides which were present
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Figure 2. Titration of SUK 1-7 binding to sea urchin egg kinesin using solid phase radioimmunoassays (RIAs). Assays were done as de-
scribed by Peltz et al., 1985. SUK 1-3 are shown on the left (a) and SUK 4-7 are shown on the right (b). The KJ23 anti-T-cell receptor
antibody (Kappler et al., 1987) was used as a control and gave no significant signal above background. In RIAs with bovine serum albumin
or bovine brain tubulin adsorbed to the microtiter plates instead of kinesin, the SUK 1-7 antibodies gave no signal above background (range

= 100-300 cpm; see Fig. 4).
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Figure 3. Immunoblots demonstrating the binding of polyclonal antikinesin and monoclonals SUK 1-7 to the 130-kD heavy chain of sea
urchin egg kinesin. The A GEL shows a Coomassie Blue-stained SDS gel of relative molecular mass standards (Mr), S. purpuratus microtu-
bules prepared in the presence (I ) and absence (2) of AMPPNP, and a sea urchin egg high speed cytosolic extract supernatant (3). Proteins
in lanes I, 2, and 3 from parallel gels were transferred to nitrocellulose (1',2',3, respectively). The blots in B were probed with a 1:3,000
dilution of serum from rabbits immunized with native sea urchin kinesin (/MM.), or a 1:1,000 dilution of corresponding preimmune serum
(P1.). The blots in C were probed with 1 ug/ml SUK 1-7 as indicated. The following control antibodies displayed no reaction with the
130-kD kinesin heavy chain; 5 pg/ml mouse monoclonal anti-T-cell receptor (KJ 23) (Kappler et al., 1987), 1 ug/ml mouse gamma globulin,
and 1 pg/ml each of mouse IgM, mouse IgGl, and mouse IgG2B fractions.

in small quantities in the antigen (Fig. 1, lane 2) and are can-
didates for sea urchin egg kinesin light chains.

SUK 4, SUK 6, and SUK 7 Bind to Spatially
Related Sites on the 130-kD Heavy Chain

Competitive binding RIAs (Peltz et al., 1985; Kiehart et al.,
1986) were used to identify SUK antibodies that bind to
topographically related sites on the sea urchin egg kinesin
heavy chain (Fig. 4). We compared SUK 4, SUK 6, and SUK
7 (which inhibit motility; see below) with SUK 2, but we did
not analyze SUK 1, 3, and 5 which bind relatively poorly to
kinesin in RIAs (Fig. 2). Radioiodinated SUK 2, 4, 6, and
7 bound to kinesin but not to BSA coated onto microtiter
plates (Fig. 4). '»I-SUK antibody binding to kinesin was
not blocked by an unlabeled control antibody, but in all cases
binding was reduced in the presence of corresponding unla-
beled antibody (Fig. 4). Binding of '*[-SUK 2 to kinesin
was not inhibited by SUK 4, 6, or 7, and vice versa, indicat-
ing that SUK 2 binds to a site on the 130-kD heavy chain that
is spatially distinct from the binding sites of SUK 4, 6, and
7. In contrast, SUK 4, 6, and 7 all inhibited each other’s bind-
ing to the kinesin-coated microtiter plates (Fig. 4) indicating

Ingold et al. Inhibition of Kinesin-driven MT Motility

that these three antibodies bind to spatially related sites on
the 130-kD heavy chain.

Limited chymotryptic digestion of sea urchin egg kinesin—
microtubule complexes produced 130-kD fragments of 76
and 45 kD which were both stained using rabbit polyclonal
antikinesin on immunoblots (Fig. 5). SUK 4, SUK 6, and
SUK 7 all bound to the 45-kD chymotryptic fragment on im-
munoblots, whereas the other monoclonal antikinesins rec-
ognized neither fragment. The results suggest that SUK 4,
SUK 6, and SUK 7, which inhibit kinesin-driven motility,
bind to spatially related sites located on the 45-kD kinesin
subfragment.

Cross-reactivity of SUK 1-7

Immunoblotting was used to examine the binding of SUK 1-7
to the heavy chains of kinesins isolated from sea urchin eggs,
squid brain, Drosophila embryos and vertebrate (chick and
bovine) brain (Fig. 6). The antibodies varied in their degree
of cross-reactivity towards the kinesins used; SUK 1 and 2
appear to bind an epitope that is sea urchin specific; SUK
3 binds urchin and Drosophila kinesin heavy chains; SUK
5, 6, 7 bind to both urchin and bovine kinesin heavy chains;
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Figure 4. Solid-phase competitive binding RIAs to show that SUK
4, SUK 6, and SUK 7 bind to topographically related sites on the
130-kD kinesin heavy chain. Purified sea urchin egg kinesin (1 pg,
Fig. 1, lane 2) was adsorbed onto wells of microtiter plates, and in-
cubated with 1 pg 'I-SUK antibody pius 20 pg unlabeled “block-
ing” antibody. The blocking antibodies were: 0, none; C, control
IgG; 2, SUK 2; 4, SUK 4; 6, SUK 6; and 7, SUK 7. B is a control
that shows binding of '2I-SUK antibody to a well coated with BSA
instead of kinesin (no blocking antibody).

0C246 7B

finally SUK 4 is the most cross-reactive member of our panel
of antibodies, and it binds to related epitopes on the heavy
chain of sea urchin egg, bovine brain, and Drosophila em-
bryo Kinesins. Interestingly, none of our monoclonal anti-
bodies cross-react with squid brain kinesin.

Effects of SUK 1-7 on Kinesin-induced
Microtubule Translocation

Purified SUK 1-7 were screened for their ability to inhibit
kinesin-driven motility by analyzing their effects on the ve-
locity of microtubule translocation over kinesin-coated glass
surfaces using video-enhanced differential interference con-
trast light microscopy. When tested at concentrations of 100
pg/ml, SUK 4, 6, and 7 caused a complete inhibition of
microtubule movement (Table II). In contrast, SUK 1, 2, 3,
and 5 had negligible effects on the velocity of microtubule
gliding.

We have compared the effects of protein A-agarose—puri-
fied SUK 2 and SUK 4 on motility in some detail (Fig. 7)
because they bind efficiently to the sea urchin egg kinesin
heavy chain in all assays used but they appear to bind to spa-
tially distinct sites. In addition, on two-dimensional gels, the
heavy chain of purified sea urchin egg kinesin formed an
asymmetric spot which was stained identically with SUK 2
and SUK 4 on immunoblots (Willy, P. J., unpublished obser-
vation. We think that any differences in the effects of these
antibodies on kinesin activity do not reflect an inability of
either antibody to bind to the sea urchin egg kinesin being
assayed.

SUK 4 caused a dose-dependent inhibition in the velocity
of sea urchin egg kinesin-induced microtubule gliding, caus-
ing a 50% reduction in rate of gliding at ~5 pg/ml, whereas
SUK 2 did not reduce the velocity of movement at concentra-
tions as high as 330 pg/ml (Fig. 7).

To further analyze these effects of SUK 2 and SUK 4 on
motility, we prepared univalent and divalent proteolytic frag-
ments from purified IgGs, demonstrated that they displayed

SERA. SUK MONOCLONALS
L I
GEL IMM. Pl. 2 3 4 5 6 7

130kd — : ’ 130kd — = R - - Y —_ ———
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Figure 5. Immunoblotting experiment to show that SUK 4, SUK 6, and SUK 7 bind to the same chymotryptic fragment of the 130-kD
heavy chain. Kinesin bound to MTs in AMPPNP was digested with a-chymotrypsin (005% enzyme: protein wt/wt) for 20 min, RT, or
incubated in buffer alone. Control microtubule-kinesin complexes (lanes /,1°) and chymotryptic digest (2,2') were run on SDS-PAGE (GEL),
transferred to nitrocellulose, and probed with kinesin antibodies: JMM. , 1:1,000 dilution of rabbit polyclonal antikinesin; PI., 1:1,000 dilu-
tion of corresponding preimmune serum; monoclonal antikinesins SUK 1-7 are as indicated. The polyclonal antikinesin binds to the 130-1$D
heavy chain, and chymotryptic fragments of M, = 76 and £ 45 kD. SUK 4, 6, and 7 react with the 45-kD fragment, but no reaction with

either fragment could be seen using the other monoclonals.
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Figure 6. Inmunoblots demonstrating the binding of SUK 1-7 to the heavy chains of kinesins isolated from phylogenetically diverse animal
types. Preparations of sea urchin egg (U), squid brain (S), bovine brain (B), and Drosophila embryo (D) kinesins were subjected to SDS-
PAGE and immunoblotting with SUK 1-7. The antikinesins were tested at a range of concentrations between 50 ng/ml and 50 pg/ml. SUK
1-7 all reacted with the 130-kD subunit of sea urchin egg kinesin at the lowest concentrations used (50 ng/ml). In some cases, the cross-
reaction shown here was observed at higher antibody concentrations, as follows: 2.5 pg/ml for SUK 5 vs. B; >20 ug/ml for SUK 6 vs.
B; >10 ug/ml for SUK 7 vs. B. The minimum concentration of antibody required was not determined, however, No staining was observed
using the anti-T-cell receptor, KJ23 (Kappler et al., 1987) as a control at 50 ng/ml and 50 pg/ml.

characteristic mobilities on SDS-PAGE under reducing and
nonreducing conditions (Parham, 1986) and that they re-
tained binding to the 130-kD polypeptide on immunoblots at
concentrations of 1 ug/ml, before investigating their effects
on kinesin-driven motility (Fig. 7). SUK 2 Fab and F(ab),,
like the intact IgG, had no effect on the velocity of MT trans-
location. SUK 4 univalent Fab reduced the velocity of MT
gliding routinely to levels of ~50% control values at saturat-
ing concentrations, whereas divalent SUK 4 F(ab),, like the
intact IgG, was a potent inhibitor of motility. However, where-
as saturating concentrations of SUK 4 IgG completely stopped
MT gliding, in excess levels of SUK 4 F(ab),, MTs con-
tinued to glide, but at an almost imperceptibly slow rate
(<0.02 um/s). We think that SUK 4 Fabs reduce the rate of
gliding by binding close to a functional domain on kinesin,
and this effect is potentiated in SUK 4 IgG or F(ab), by
steric blocking or epitope cross-linking.

In motility assays performed in 10-20 pg/ml SUK 4 IgG,
microtubules are attached immotile to the glass coverslip,
but as the concentration of SUK 4 is increased above 50
ug/ml we observe increasing release of MTs from the glass
surface. A possible explanation for these results is that SUK

Table 11. Monoclonal Antikinesin Effects on

ATPase and Motility
Microtubule-

Motility activated ATPase
Antibody (% maximal velocity) (% maximal activity)
None 0.77 + 0.04 pm/s 70 nanomol/min per mg

100 100

SUK 1 100 124 (n = 2)
SUK 2 97 125 (n = 13)
SUK 3 97 112 (n =2)
SUK 4 <2 222 (n = 19)
SUK 5 97 92 (n = 6)
SUK 6 <2 255 (n=17)
SUK 7 <2 413 (n = 9)

Summary of effects of SUK 1-7 on the microtubule translocating and
microtubule-activated ATPase activities of sea urchin egg kinesin. The kinesin
was preincubated for 15 min with 100 pg/ml SUK 1-7, before addition of
microtubules for assaying motility or ATPase activity. Assays were performed
as described by Cohn et al. (1987).

Ingold et al. Inhibition of Kinesin-driven MT Motility

4 IgG blocks motility by inducing dissociation of kinesin
from the coverslip to a level below the critical concentration
for MT movement (Cohn et al., 1987) or that SUK 2 has no
effect on motility because of its inability to bind due to steric
hindrance of the glass coverslip. However, several observa-
tions suggest that these explanations are unlikely. (a) We
found that the inhibition of motility by SUK 4 and lack of
inhibition by SUK 2 were independent of whether the anti-
body was incubated with the kinesin before or after the kine-
sin was adsorbed to the glass coverslip. (b) In modifications
of competitive binding assays (Fig. 2) using glass coverslips
as the substrate for adsorption of kinesin, 'I-SUK 2 bound
to the kinesin coated coverslips to a similar extent whether
or not the coverslip was preincubated with 20-fold excess un-
labeled SUK 4 for 1 h and rinsed three times with PBS to
remove unbound protein. (c¢) We observed that intermediate
concentrations of SUK 4 (<10 pg/ml) caused reduced veloci-
ties of MT translocation with unimodal distributions. This
is in contrast to the effect seen at limiting concentrations of
kinesin in dilution experiments, where intermediate veloci-
ties are not observed and individual MTs are either immotile
or moving at control velocities. (d) When coverslips were in-
cubated with apyrase to deplete ATP, we observed no effect
of SUK 4 on the density of immotile MTs bound to the
kinesin-coated glass. (e) In high concentrations of SUK 4
F(ab),, no release of MTs from the kinesin-coated coverslip
was observed, yet MT motility was strongly inhibited.
The inhibitory effect of SUK 4 was abolished by boiling
the antibody solution for 10 min and the activity coeluted
with the antibody heavy and light chains through Biogel A
1.5 M chromatography (not shown) strongly suggesting that
inhibition is not due to the presence of a contaminant in our
antibody preparations. Preincubation of kinesin-coated cov-
erslips with SUK 2 had no effect on the ability of SUK 4 to
inhibit kinesin-induced microtubule motility, supporting the
hypothesis that SUK 4 may bind to an epitope on the kinesin
molecule that is important for kinesin-induced microtubule
translocation and that SUK 2 binds to a different epitope.
‘We compared the effects of SUK 2, SUK 4, and SUK 7
on microtubule gliding over glass induced by sea urchin egg,
Drosophila embryo, and squid brain kinesins (Fig. 8). Sea
urchin egg kinesin activity was inhibited in a similar dose-
dependent manner by SUK 4 and SUK 7 but not by SUK 2.
None of the antibodies bind to squid kinesin and, as ex-
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Figure 7. Effect of SUK 2 and SUK 4 on
the velocity of microtubule translocation
over glass driven by sea urchin egg kine-
sin. The effects of purified IgGs, SUK 2
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left. Proteolytic fragments were used in
the experiments on the right, namely
SUK 2 Fab (0), SUK 4 Fab (e), and
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no effect; data not shown.) Velocities of
microtubule gliding were determined as
described in Cohn et al., 1987. Control
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pected, they have no effect on the corresponding motility.
Similarly, SUK 2 and SUK 7 do not bind or inhibit the activ-
ity of Drosophila kinesin. Interestingly, SUK 4 cross-reacts
with Drosophila kinesin (Fig. 6), but it causes only a partial
inhibition of motility (40% inhibition with no further de-
crease in gliding velocity with doses increased above 40
pug/ml). In experiments done in collaboration with Dr.
Moshe Rozdzial, University of Colorado at Boulder, we ob-
served no inhibition of bovine brain kinesin-driven motility
by SUK 4.

Analysis of Mechanism of Inhibitory Activity
of SUK 4, 6,and 7

To investigate the mechanism by which SUK 4, 6, and 7 in-
hibit sea urchin egg kinesin activity, we initially tested the
antibody preparations for proteolytic activity directed against
the kinesin heavy chain (data not shown). Kinesin was in-
cubated with purified antibody under conditions similar to
those used in the motility assays, then analyzed by immuno-
blotting with the polyclonal antibody raised against native
kinesin. No degradation of the kinesin heavy chain could be
detected, suggesting that the inhibitory activity of SUK 4, 6,
and 7 is not due to the presence of contaminating proteases.

1 IS

Gliding Velocity (% Control)

1 ! J 1

Concentration of Fab or F(ab), (ug/ml)

|

1 L

20 30 left was 0.54 + 0.11 um/s and on the

right was 069 + 0.07 um/s (Fabs), and
0.8 + 0.04 pm/s [F(ab),].

We used sedimentation assays to compare the effects of
SUK 2 and SUK 4 on the nucleotide-sensitive binding of Bio-
gel A5SM chromatographed kinesin to microtubules assem-
bled from phosphocellulose-purified bovine brain tubulin. In
the absence of antibody, kinesin bound and cosedimented
with microtubules in the absence but not in the presence of
MgATP. Addition of SUK 2 or SUK 4 did not change the
amount of kinesin heavy chain that bound and cosedimented
with the microtubules under these conditions. We used gel
densitometry of the kinesin heavy chain and the immuno-
globulin light chains in microtubule/kinesin/SUK antibody
pellets to estimate the molar stoichiometry of binding of
SUK 2/kinesin and SUK 4/kinesin (Fig. 9). In both cases we
observed that incubation of the kinesin-microtubule com-
plexes with excess antibody resulted in a maximum level of
1 mol Ig heavy chain per 1 mol kinesin heavy chain in the
kinesin-microtubule pellet.

We compared the effects of SUK 1-7 on the motility and
the microtubule activated ATPase activities of sea urchin egg
kinesin (Table II). SUK 1, 2, 3, and 5 had little effect either
on the velocity of microtubule translocation or on the rate of
ATP hydrolysis. Surprisingly, SUK 4, 6, and 7, which com-
pletely blocked kinesin-induced microtubule motility, did

Figure 8. Effect of mAbs (SUK 2, 4, and 7) on MT
motility driven by kinesin from three phylogeneti-
cally diverse animal sources. Three monoclonal
antibodies raised against sea urchin egg kinesin
([a] SUK 2; [e¢] SUK 4; [0] SUK 7;) were tested
for their effect on MT motility using kinesin from
three separate sources (sea urchin egg, Drosophila
embryo, squid neuron). SUK 2 had no effect on
egg kinesin-driven MT motility although it binds
tightly to sea urchin egg kinesin. SUK 7 inhibited
only sea urchin egg kinesin, while SUK 4 inhibited
MT motility driven by either sea urchin egg or, to
a lesser extent, Drosophila kinesin. None of the
antibodies inhibited motility driven by squid neu-
ronal kinesin. Note that the inhibition of Drosoph-
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Squid Neuronal Kinesin

ila kinesin produced by SUK 4 does not increase
at IgG concentrations above 40 pg/ml. Control ve-
locities were 0.65 + 0.05 um/s (sea urchin), 0.62
+ 005 um/s (Drosophila), and 0.70 £+ 005 pm/s
(squid).
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Figure 9. SDS-PAGE showing
SUK 2 and SUK 4 that cosedi-
mented with kinesin-microtu-
bule complexes. Microtubule
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before addition of 1 mg/m!
taxol-assembled phosphocel-
lulose-purified bovine brain
tubulin in the absence of ATP.
The mixture was incubated for an additional 20 min before centrifu-
gation at 42,000 g for 20 min to pellet kinesin—-microtubule-SUK
antibody complexes. Pellets and supernatants were analyzed on
SDS-PAGE and laser densitometry to determine the molar stoi-
chiometry. In the absence of microtubules or in the presence of
MgATP, no SUK antibody polypeptides could be detected in the
pellets (not shown). The gel here shows relative molecular mass
standards, kinesin-MT complexes pelleted in the absence of SUK
antibody (CONTROL), and the SUK-microtubule-kinesin com-
plexes that pelleted in the absence of ATP and were analyzed by
densitometry (TUB, tubulin; KIN, 130-kD heavy chain; and LC’s
indicate the SUK 2 and SUK 4 IgG light chains). The excess SUK
antibody remained in the supernatant.

MT Pellets

not inhibit MT-activated ATPase activity but instead they
caused a two- to fourfold increase in the microtubule acti-
vated ATPase activity of sea urchin egg kinesin (Table II).
In preliminary experiments, SUK 4 Fab caused a similar
stimulation of MT-activated ATPase activity. We could not
detect any effect of SUK 1-7 on the ATPase activity in the
absence of microtubules.

Finally, sedimentation assays were used to analyze nucleo-
tide-sensitive MT binding by the 45-kD chymotryptic frag-
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ment to which SUK 4, 6, and 7 bind (Fig. 10). The 45-kD
peptide pelleted in the presence of MTs plus AMPPNP, but
not in the presence of MTs plus ATP or the absence of MTs.
This nucleotide-sensitive MT binding suggests that this frag-
ment may contain both MT and nucleotide-binding sites, and
that binding of SUK 4, 6, and 7 to the region of kinesin repre-
sented by this fragment may disrupt the mechanochemical
cycle of kinesin, resulting in an inhibition of motility.

Discussion

In this report we have described the preparation and charac-
terization of antibodies that inhibit kinesin-induced microtu-
bule motility. Our aim was to obtain antibodies that might
serve as probes for the function of kinesin in blastomeres of
early sea urchin embryos, where kinesin may participate in
various aspects of cell motility, cell division, and intracellu-
lar transport (Scholey et al., 1985, 1988; Leslie et al., 1987,
Porter et al., 1987; Cohn et al., 1987). To this end, the three
monoclonal antibodies, SUK 4, 6, and 7 that disrupt kinesin
activity in vitro might prove useful for disrupting kinesin
function in vivo after their microinjection into living cells
(Mabuchi and Okuno, 1977; Kiehart et al., 1982).

These inhibitory antibodies were raised in animals im-
munized using native, active kinesin as antigen, whereas
polyclonal antibodies prepared against 130-kD gel bands
(Scholey et al., 1985) were previously found to have no effect
on kinesin-driven motility. It remains to be seen whether na-
tive kinesin antigen will generally yield a higher fraction of
inhibitory antibodies than denatured kinesin. The observa-
tion that antibodies to the 130-kD polypeptide biock activity
supports the hypothesis that kinesin heavy chains are impor-
tant for mechanochemical function. Further, our results sug-
gest that the different SUK antibodies can differentiate be-
tween epitopes on the 130-kD polypeptide that are important
for function and those that are not. The inhibitory monoclo-
nal antibodies SUK 4, 6, and 7 inhibit each other’s binding
in competitive RIAs and they all bind to a 45-kD chymotryp-

(b)

KP1P2P3 S1S5283 P1 P2 P3S51 52 S3

Figure 10. Inhibitory antibody, SUK 4, binds to a 45-kD chymotryptic fragment of kinesin that binds MTs in a nucleotide-sensitive fashion.
Kinesin was digested with chymotrypsin and the resulting 45-kD fragment assayed for MT binding using sedimentation assays (see Materials
and Methods). (a) Coomassie Blue-stained SDS gel; (b) SUK 4-probed immunoblot (duplicate samples were loaded on the blot at 2 and
20 pl). X, kinesin; PI-P3, pellets; SI-S3, supernatants. PI, SI = MTs + ATP; P2, §2 = + MTs + AMPPNP; P3, §3 = no MTs. TUB.,
tubulin; the 130-kD heavy chain, and the 45-kD fragment of kinesin are indicated. Note that the SUK 4-reactive 45-kD fragment pellets
only in the presence of MTs + AMPPNP (P2 and S2).
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tic peptide fragment of the kinesin heavy chain, suggesting
that they bind to spatially related sites.

The SUK monoclonal antibodies exhibit a range of cross-
reactivity; SUK 2, for example, was found to be relatively
specific for sea urchin egg kinesin, whereas SUK 4, the most
cross-reactive of this panel of antibodies, bound to ver-
tebrate, Drosophila, and sea urchin egg kinesins, but not to
squid kinesin on immunoblots. The lack of cross-reactivity
of any of the SUK monoclonals with squid kinesin is notable.

We characterized the effects of SUK 2 and SUK 4 on sea
urchin egg kinesin activity in some detail. Both antibodies
bind efficiently to the 130-kD subunit of sea urchin egg kine-
sin but SUK 2 has no detectable effect on motility whereas
SUK 4 is a potent inhibitor of activity. The observation that
SUK 2 does not reduce the inhibition of motility caused by
SUK 4 supports the idea that these two antibodies bind to dis-
tinct epitopes on the 130-kD polypeptide. While SUK 4
completely inhibits sea urchin egg kinesin-induced motility,
this antibody serves as a partial inhibitor of Drosophila kine-
sin activity, presumably because it partially inhibits the
mechanochemical cycle of Drosophila kinesin.

At the present time, we do not know the mechanism by
which SUK 4 inhibits kinesin-induced microtubule motility.
Results with SUK 4 proteolytic fragments (Fig. 7) lead us to
propose that SUK 4 Fab causes a partial inhibition of motility
as a result of binding close to a functionally important do-
main on kinesin and its effects are potentiated by the bulkier,
divalent F(ab), and IgG as a result of cross-linking or steric
blocking. The observation that SUK 4 binds and cosediments
with rigor microtubule-kinesin complexes suggests that
microtubules and SUK 4 bind to distinct sites on the kinesin
molecule in the absence of ATP. However, SUK 4 (plus SUK
6 and SUK 7) binds to a 45-kD chymotryptic kinesin peptide
that binds to microtubules in a nucleotide-sensitive fashion,
suggesting that this fragment contains the microtubule and
ATP-binding sites of kinesin (Fig. 10). This observation is
of interest because Goldstein and colleagues have studied the
nucleotide-sensitive MT-binding properties of Drosophila
kinesin molecules containing varying sized deletions, and
have concluded that the ATP- and MT-binding sites lie in a
region spanning 40% of the heavy chain starting from the
amino terminal (Yang et al., 1988; Goldstein, 1988). The
45-kD chymotryptic fragment that binds SUK 4, 6, and 7
may correspond to this amino-terminal region and could rep-
resent a mechanochemical domain whose activity is dis-
rupted as a result of binding these antibodies. Further analy-
sis of the 45-kD fragment binding site will be of obvious
interest.?

In motility assays, at high concentrations of SUK 4 we ob-
serve increasing release of microtubules from the kinesin-
coated glass surface. Our observations suggest that SUK 4

2. After acceptance of this manuscript, we learned that Kuznetsov and co-
workers (Kuznetsov, S. A., Y. A, Vaisberg, S. W. Rothwell, D. B. Murphy,
and V. I. Gelfand. 1989. J. Biol. Chem. In press.) have found that bovine
brain kinesin can be cleaved to a 45-kD fragment which displays an elevated
microtubule-activated Mg-ATPase but it does not drive microtubule motion.
This result complements our observation that antibodies that bind to the
45-kD domain on intact kinesin block microtubule motion and also stimu-
late the microtubule-activated Mg-ATPase activity. Thus the stimulation of
ATP hydrolysis may be a general consequence of uncoupling ATPase activ-
ity from kinesin-driven motility.
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does not dissociate kinesin from glass coverslips, and the
results are most consistent with the idea that SUK 4 inter-
feres with microtubule binding in the presence of ATP, per-
haps blocking the transition of attached kinesin cross-bridges
from one state to another, but further work will be needed
to probe this possibility.

SUK 4 (and also the other inhibitory antibodies, SUK 6
and SUK 7) does not block the microtubule-activated ATP-
ase activity of kinesin; surprisingly, it causes a twofold acti-
vation of the rate of ATP hydrolysis. While we do not under-
stand this effect, we believe that it does support the notion
that SUK 4 exerts an effect on mechanochemical coupling.
While some monoclonal antimyosins have been reported to
block both motility and enzymatic activity, others have been
reported to block motility without blocking the actin-
activated ATPase activity. For example, antibodies M2.2,
M2.15, and M2.17 to Acanthamoeba myosin 2 block ac-
tomyosin mediated gel contraction but not actomyosin ATP-
ase activity (Kiehart and Pollard, 1984b) and antibodies
Myl, My5, My8, and MylO0 to Dictyostelium myosin block
the translocation of myosin-coated beads along actin fila-
ments, but not the actin activated ATPase activity of myosin
(Flicker et al., 1985; Peltz et al., 1985). How all these anti-
bodies can apparently uncouple motility from actin or mi-
crotubule activated ATPase activity is not understood.

This is the first report of antibodies that inhibit kinesin ac-
tivity. While our data support the view that specific domains
on kinesin heavy chains are important for mechanochemical
function, we believe that another important aspect of our
work is to produce reagents for investigating kinesin function
in cells. Thus we are using the inhibitory SUK antibodies to
analyze the role of kinesin in organelle/vesicle transport
along microtubules in cell extracts (Pryer et al., 1986;
Adams and Pollard, . 1986) to localize important functional
domains on the molecule in conjunction with electron mi-
croscopy (Kiehart et al., 1984b; Flicker et al., 1985) as well
as to disrupt kinesin function in vivo (Mabuchi and Okuno,
1977; Kiehart et al., 1982). We anticipate that the antibodies
described in this report will be useful for many cell biologists
who are interested in kinesin-driven MT-based motility.
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