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Kinesin, an ATP-dependent microtubule motor, can be
studied in vitro in motility assays where the kinesin is
nonspecifically adsorbed to a surface. However, adsorp-
tion can inactivate kinesin and may alter its reaction
kinetics. We therefore prepared a biotinated kinesin de-
rivative, K612-BIO, and characterized its activity in so-
lution and when bound to streptavidin-coated surfaces.
K612-BIO consists of the N-terminal 612 amino acids of
the Drosophila kinesin « subunit linked to the 87-amino
acid C-terminal domain of the biotin carboxyl carrier
protein subunit of Escherichia coli acetyl-CoA carboxyl-
ase. The C-terminal domain directs the efficient post-
translational biotination of the protein. We expressed
K612-BIO at high levels using the baculovirus expres-
sion vector system and purified it to near-homogeneity.
The expressed protein is completely soluble, and >90% is
bound by streptavidin. K612-BIO steady-state ATPase ki-
netics (KM,ATP = 24 v, KO.G,microtubule = 0.61 mg ml—l, Vinax
= ~25 s-1 head~!, 25 °C) are similar to those reported for
intact kinesin. ATPase kinetics are not affected by the
addition of streptavidin. Enzyme bound to a surface
coated with streptavidin drove microtubule gliding in
the presence of 2 mm ATP at 750 £ 130 nm s! (26 °C).
Activity was abolished by pretreatment of the surface
with biotin, indicating that the microtubule movements
are due to specifically bound enzyme. Motility assays
based on specific attachment of biotinated enzyme to
streptavidin-coated surfaces will be useful for quantita-
tive analysis of kinesin motility and may provide a way
to detect activity in kinesin derivatives or kinesin-like
proteins that have not yet been shown to move microtu-
bules.

Kinesin is a motor enzyme that hydrolyzes ATP and uses the
released free energy to move subcellular organelles along mi-
crotubules (1). Understanding the mechanism of energy trans-
duction by this enzyme requires knowledge of the mechanical
processes that move a kinesin molecule along a microtubule
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and of the kinetic rules that couple these mechanical processes
to steps in the hydrolysis of ATP.

Kinesin movement is studied in vitro by using light micros-
copy to detect the gliding of microtubules over a kinesin-coated
surface or the movement of kinesin-coated microscopic par-
ticles along immobilized microtubules. The motility velocity
and the force produced by single or multiple kinesin molecules
can be measured in such assays (1-6). However, quantitative
interpretation of data derived from such motility assays can be
problematical. Existing assays are based on nonspecific adsorp-
tion of kinesin to a glass or polymer surface, and there is evi-
dence that surface adsorption can completely or partially inac-
tivate kinesin molecules or alter their reaction kinetics. A
kinesin derivative can display normal motility activity when
adsorbed to one type of surface and reduced or no activity when
it is absorbed to another (2, 7, 8). Some fragments of the a-sub-
unit of kinesin display normal ATPase kinetics but produce no
movement in motility assays unless they are prepared as fusion
proteins containing a large segment of an unrelated protein (8,
9). The unrelated protein segment may serve to promote the
surface adsorption of the kinesin fragment in a functional ori-
entation. To facilitate detailed analysis of single-molecule
movement kinetics (10) and quantitative comparison of the
motility activity of surface-bound kinesin with the ATPase ac-
tivity of kinesin in solution, it may be useful to study microtu-
bule movement driven by kinesin molecules attached to a non-
adsorbing surface by a specific chemical linkage in a uniform,
functional orientation.

Biotination of enzymes provides a convenient method for
attachment of the enzymes to protein-coated surfaces by taking
advantage of the high affinity of biotin for streptavidin or avi-
din (11, 12). Chemical biotination of large proteins (e.g. with
N-hydroxysuccinimidyl biotin reagents) frequently produces
inhomogeneous mixtures of biotinated protein products. Cro-
nan (13) developed a general method to produce fusion proteins
that are biotinated at a single lysine residue near the C termi-
nus using a conserved biotin-acceptor domain. Recombinant
proteins that contain at their C terminus the ~80 C-terminal
amino acids of the biotin carboxyl carrier protein (BCCP)?! sub-
unit of Escherichia coli acetyl-CoA carboxylase are efficiently
post-translationally biotinated in vivo when the proteins are
expressed in E. coli (13).

Intact kinesin molecules contain two globular head domains,
each of which consists of between 340 and 450 of the N-termi-
nal amino acids of a kinesin a subunit (14-16). Goldstein and

1 The abbreviations used are: BCCP, biotin carboxyl carrier protein;
K612-BI0, fusion protein containing 612 N-terminal amino acids of the
Drosophila kinesin linked to the 87 C-terminal amino acids of E. coli
BCCP; AMP-PNP, 5’-adenylyl imidophosphate; BSA, bovine serum al-
bumin; PIPES, piperazine-N,N’-bis-2-ethanesulfonic acid; DTT, dithio-
threitol; bp, base pair(s).
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co-workers (8, 9) expressed in E. coli truncated proteins con-
taining the head domain and demonstrated that this domain is
sufficient to produce the motility and the microtubule-activated
ATPase activity that are characteristic of intact kinesin. Gil-
bert and Johnson (17) purified to homogeneity a bacterially-
expressed kinesin fragment containing only the N-terminal 401
amino acids of the Drosophila kinesin « chain. The steady-state
ATPase kinetics of this protein are similar to those of intact
kinesin. However, it is not yet known whether such kinesin
a-chain fragments can display all functional properties of in-
tact kinesin including the ability to generate piconewton forces
(4, 6) and the ability of single molecules to move continuously
along microtubules (2, 3). Such functions might require the
presence in the recombinant protein of a substantial portion of
the kinesin a-helical coiled-coil rod domain (18) in order to
produce a two-headed structure analogous to that in intact
kinesin molecules.

We have purified and characterized a specifically biotinated
kinesin fusion protein, K612-BIO, and studied its function in a
motility assay based on the high affinity attachment of the
biotinated enzyme to a streptavidin-coated surface. To ensure
that it contains the structural features of kinesin necessary for
full chemomechanical function, K612-BIO contains 612 N-ter-
minal amino acids of the Drosophila kinesin a chain, a segment
that includes the entire kinesin head domain and >160 amino
acids of the rod domain. The C terminus of the rod domain is
fused to the BCCP biotin-acceptor domain, an arrangement
that spatially separates the head domain from the surface at-
tachment point. K612-BIO expressed in an insect cell line using
the baculovirus expression vector system is fully soluble and
binds to streptavidin. We have purified K612-BIO to near-ho-
mogeneity and characterized its microtubule-stimulated AT-
Pase activity. We have also measured the velocity of microtu-
bule movements driven by K612-BIO specifically bound to a
streptavidin-coated glass surface. This work is the first char-
acterization of the mechanochemical activity of a purified ki-
nesin that is not nonspecifically adsorbed to a surface.

MATERIALS AND METHODS

Plasmids—We prepared plasmids for expressing K612-BIO in E. coli
and in the baculovirus expression vector system by sub-cloning a frag-
ment of the Drosophila kinesin a subunit cDNA (clone 1, described by
Yang et al. (Ref. 19), gift of L. S. B. Goldstein, Harvard University) and
afragment of the E. coli BCCP sequence from plasmid pCY142. The DNA
sequence in the pCY142 fragment is derived from the E. coli chromo-
somal Kpnl/Pstl fragment encoding BCCP residues 70-133 (20) and a
synthetic oligonucleotide encoding amino acids 134-156. To construct
the bacterial expression plasmid pSK4, we ligated the 1830-bp Kspl/Ncol
fragment from clone 1, the synthetic oligonucleotide 5'-AGCTTGCGGC-
CGCATATGTCCGC-3'/3'-ACGCCGGCGTATACAGG-5', and the 2370-
bp HindIIU/Ncol fragment from pCY142 to produce an intermediate plas-
mid, pSK2. The 2123-bp Ndel/Sall fragment of this intermediate was
subcloned into the polylinker of the pT7-7 expression vector (Ref. 21, gift
of S. Tabor, Harvard Medical School) to give pSK4. To construct the bacu-
lovirus expression plasmid pSK3, we ligated the 1830-bp Kspl/Ncol frag-
ment from clone 1, the synthetic oligonucleotide 5'-AGCTTGCGGCC-
GCCATGTCCGC-3'/3'-ACGCCGGCGGTACAGG-5', and the 2370-bp
HindIII/Ncol fragment of pCY142 to produce an intermediate plasmid,
pSK1. The 2123-bp Notl/BamHI fragment of the intermediate was iso-
lated and ligated to the 9602-bp NotI/BarnHI fragment of pVL1392 (In-
vitrogen) to give pSK3. The validity of all plasmid constructs was tested
by restriction mapping using the overlapping restriction sites in the syn-
thetic oligonucleotides.

Bacterial Expression—To express K612-BIO in E. coli, we trans-
formed strain BL21(DE3)pLysS (22) with pSK4. Mid-log cultures in TB
medium (23) supplemented with 24 mg/liter biotin were induced with 1
mM isopropylthio-B-p-galactoside and incubated for 5 h at 37 °C. Har-
vested cell pellets were lysed by resuspending in 50 mum Tris-Cl-, pH 7.5,
10% sucrose, 1 mm EDTA, 10 mm DTT, 1 mm phenylmethylsulfonyl
fluoride, 1 pg ml~! pepstatin A, 10 pg ml-! N=-p-tosyl-L-arginine methyl
ester, 10 pg ml~' N-tosyl-L-phenylalanine chloromethyl ketone, 1 pg
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ml-! leupeptin, 10 pg ml-! soybean trypsin inhibitor at 3 ml g-! pellet
and incubating for ~12 h at 0 °C. Lysis was verified by light microscopy.

Insect Cell Culture Expression—K612-BIO was expressed using the
baculovirus expression vector system as described by Summers and
co-workers (24, 25), with the following modifications. Multiple strains of
recombinant virus were isolated from cells co-transfected with wild-
type baculovirus DNA and pSK3 DNA. Control strains were prepared
by substituting pVL.1392 DNA for pSK3 DNA. Expression cultures were
grown in 250-ml spinner flasks (Bellco) containing 135 ml of Sf9 cells in
TNM-FH media, modified by Summers et al. (24) from Hink (26),
supplemented with 10% heat-inactivated fetal bovine serum, 50
units/ml penicillin G sodium, 50 pg/ml streptomycin sulfate, 0.1 pg/ml
fungizone (Life Technologies, Inc.), 200 mg/liter d-biotin and 2 mg/liter
20-hydroxyecdysone (27). Cultures were seeded at 1.5 x 10° cells ml-?
with cells preinfected with recombinant baculovirus at 10 plaque-form-
ing units cell~! and harvested after 72 h of growth at 26 °C and 60 rpm.

Protein Purification—Sf9 expression cultures were pelleted, and the
cells were lysed by resuspension in 0.8 ml/135 ml culture of 50 mm
imidazole, pH 6.7, 50 mm KCIl, 4 mm MgCl,, 2 mm EGTA, 1 mm DTT, 1
mum phenylmethylsulfonyl fluoride, 1 ng/ml pepstatin A, 10 ng/ml N*-p-
tosyl-L-arginine methyl ester, 10 pg ml-! N-tosyl-L-phenylalanine chlo-
romethyl ketone, 1 ng ml~! leupeptin, 10 pg ml-! soybean trypsin in-
hibitor. Lysates were spun at 10,900 x g for 15 min and 200,000 x g for
30 min to remove insoluble material. The clarified lysate was incubated
with 1 mg ml-! ribonuclease A (Sigma, Type II-A) for 30 min at 4 °C and
chromatographed on Superose 6 (Pharmacia) in 50 muM imidazole, pH
6.7, 50 mm NaCl, 4 mm MgCl,, 2 mm EGTA. The peak 1-2 ml was pooled
and supplemented with 1 mM DTT to yield the purified protein prepa-
ration, which was stored at 0 °C. Under these conditions, the microtu-
bule-stimulated ATPase-specific activity of the soluble fraction of the
protein was constant for 3 weeks.

Microtubules—Calf brain tubulin was prepared by the method of
Weisenberg et al. (28) as modified by Na and Timasheff (29) and stored
at =70 °C until use. Tubulin at 2-10 mg ml-! in 80 mmM Na*-PIPES, pH
8.0, 30% glycerol, 1 mm EGTA, 10 mm MgCl,, and 1 mm GTP was
polymerized by incubation for 30 min at 37 °C. Taxol (gift of N. R.
Lomax, National Cancer Institute) was added to 40 um, and the micro-
tubules were incubated for 20 min at 37 °C, pelleted (21,800 x g, 20 min,
25 °C), and resuspended in the appropriate buffer for ATPase or motility
assays. Tubulin concentration in the microtubule preparation was de-
termined spectrophotometrically in 6 M guanidine-HCl using €27, = 1.03
(29).

Sedimentation of Microtubule-K612-BIO Complexes—14 pl of 1.1 mg
ml-! K612-BIO (in 50 muM imidazole, pH 6.7, 50 mm NaCl, 4 mm MgCl,,
2 mm EGTA) was mixed with 17.5 pl of 3.4 mg ml-! microtubules (in 100
mum Na*-PIPES, pH 6.6, 1.0 mm EGTA, 1.0 mm MgSO,, 40 uM taxol, 2 mm
DTT) and 2 mm ADP or AMP-PNP. Microtubules and bound K612-BIO
were pelleted at 30,200 x g for 20 min at 25 °C.

ATPase Assays—K612-BIO steady-state ATPase activity rate was
measured spectrophotometrically in a coupled assay system (30). Assay
conditions were as follows: 0.13 mg ml-! pyruvate kinase (Sigma, type
I1I), 0.2 mg ml-* lactic dehydrogenase (Sigma, type XI), 0.12 mm NADH,
1 mm phosphoenolpyruvate, 20 uM taxol, 0.1 mg ml-! bovine serum
albumin (BSA) in 10 muM imidazole-CH3;CO;5, pH 6.7, 5 mm KCH,CO,, 2
mum EGTA, 4 mm Mg(CH3CO,), at 25 °C. All assays contained 2 mg ml-!
microtubules and 0.1 mM ATP unless otherwise specified. To reduce
light scattering from microtubules, a 5-mm path-length cuvette was
used. Microtubules and ATP were added immediately prior to the com-
mencement of the assays by the addition of K612-BIO. All reported
activities were corrected for the rate of ATP hydrolysis by the microtu-
bules; this correction was always <20%.

Motility Assays—We examined microtubule gliding driven by K612-
BIO in two kinds of sample preparations. In the first kind, K612-BIO
was specifically bound to a streptavidin-coated surface. Acid-treated
(2.4 N~ HCI for 20 min, rinsed with H,0) borosilicate glass no. 0 cover
slips were rinsed in ethanol and dried. Flow cells of volume < ~10 nl
were constructed by using two thin lines of silicone vacuum grease to
form a channel between two of the cover slips. The cell was rinsed with
1 mg ml~! biotinamidocaproyl bovine albumin (Sigma), incubated,
rinsed four times with H,0, rinsed twice with 1 mg ml-! streptavidin,
incubated, rinsed three times with H,O, rinsed with 0.8 mg ml-! a-ca-
sein in motility buffer (50 mm imidazole-Cl-, pH 6.7, 50 mm KCl, 2 mum
EGTA, 4 mm MgCl,), incubated, rinsed once with 1 mg ml-! BSA in
motility buffer, incubated, rinsed once with 5.6 ng ml-! K612-BIO, 0.1%
Tween 20, 1 mg ml-! BSA in motility buffer, incubated for 3 min, rinsed
three times with 1 mg ml-! BSA, 2 mm ATP in motility buffer, and rinsed
with 0.072 or 0.018 mg ml~! microtubules, 2 mm ATP in motility buffer.
In control experiments, the H,O rinses after streptavidin addition were
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replaced with biotin-saturated H,O and the motility buffer was supple-
mented with 0.01 volumes biotin-saturated H,O in all rinses except the
final one. In the second kind of sample preparation, we examined mi-
crotubule gliding driven by K612-BIO bound nonspecifically to an un-
treated surface. A flow cell (prepared as described above, except that the
glass was not acid-treated) was rinsed with 28 ng ml-! K612-BIO in
motility buffer, incubated for 3 min, rinsed three times with 1 mg ml-!
BSA and 2 mum ATP in motility buffer, and rinsed once with 0.018 mg
ml~! microtubules, 1 mg ml-! BSA, 2 mm ATP in motility buffer. In the
preparation of both kinds of specimens, all rinses were 10 nl and all
incubations were 10 min unless otherwise specified.

The sample preparations were examined by video differential inter-
ference contrast microscopy as previously described (31, 32), and im-
ages were recorded and processed with the hardware used before (33).
Randomly chosen microscope fields were recorded on an sVHS video
recorder. Recorded video sequences were transferred without averaging
to the image processor for measurement of microtubule gliding veloci-
ties using custom written software. To estimate the mean surface den-
sity of moving microtubules, we randomly selected time points within
video recordings. At each time point, the number of microtubules mov-
ing in each field was determined by viewing a continuously repeating
loop of 40 frames (1.33 s) of recorded video centered at the selected time
point. The mean surface density of moving microtubules was calculated
by averaging such counts for several time points in two fields selected
at random in the sample and dividing by the area of the video field.
Image magnification was calibrated with a diffraction grating standard
(Ernest F. Fullam, 10380).

SDS-Polyacrylamide Gel Electrophoresis and Biotin Blots—10.5%
SDS-polyacrylamide gels (34) were stained for total protein with Coo-
massie Brilliant Blue R-250 or were transferred to nitrocellulose mem-
branes for detection of biotinated proteins. The membranes were
stained with an avidin/biotinated alkaline phosphatase complex and a
chromogenic substrate (Vectastain ABC-Alkaline Phosphatase and al-
kaline phosphatase substrate kit II, Vector Laboratories).

Densitometry—Reflected light densitometry on gels and blots was
performed with a Scanjet II (Hewlett-Packard) and Image 1.10 software
(National Institutes of Health).

Non-denaturing Polyacrylamide Gel Electrophoresis—5% polyacryl-
amide gels were run under non-denaturing conditions (35) and stained
with Coomassie Brilliant Blue R-250. All samples were in 10-ul vol-
umes. Samples were incubated 30 min at 0 °C prior to electrophoresis to
allow the formation of the K612-BIO-streptavidin complexes.

Protein Concentration Assay—Protein concentrations were measured
using the method of Bradford (36). Assays were standardized with BSA.
BSA concentrations were determined assuming €2}, = 0.67 (37).

RESULTS

Expression and Purification of a Biotinated Kinesin
Derivative—In order to prepare a functional biotinated kinesin
derivative, we first tried to express in E. coli a recombinant
protein, K612-BIO, consisting of the head and a portion of the
rod domain of Drosophila kinesin fused to the biotin acceptor
domain of E. coli BCCP. Overexpressed K612-BIO was the most
abundant protein in the bacterial lysate, as judged by SDS-
polyacrylamide gel electrophoresis. However, most or all of the
protein pelleted upon centrifugation of the lysate, suggesting
that K612-BIO forms insoluble aggregates or that it binds to
insoluble material present in the lysate (38).

In contrast to the results obtained with bacteria, expression
of K612-BIO in Sf9 cells using the baculovirus expression vec-
tor system produces a high yield of soluble protein. Lysates of
Sf9 cells transfected with a recombinant baculovirus strain
directing the synthesis of K612-BIO contain as their most
prominent protein a species (Fig. la, lane LYS(pSK3)) at ap-
proximately the expected M, = 90,687 of K612-BIO. This pro-
tein is not detected in control lysates (Fig. 1la, lane
LYS(pVL1392)) from Sf9 cells transfected with a recombinant
baculovirus strain that lacks the K612-BIO c¢cDNA insert.
Nearly all of the expressed K612-BIO is soluble (Fig. la, lane
CLAR). Because of the large amount of K612-BIO present in
the clarified lysate, K612-BIO can be isolated free from most
contaminating protein in a single gel filtration step (Table I).
The product of this step (Fig. 1la, lane PUR) is ~75% pure as
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estimated from densitometry of the stained electrophoresis gel.

Biotination and Binding by Streptavidin—A nitrocellulose
blot stained for biotinated proteins shows that K612-BIO is
biotinated (Fig. 1b). Biotinated K612-BIO is present in the
lysate at a much higher concentration than any endogenous
biotinated proteins, and no contaminating biotinated proteins
are detected in the purified K612-BIO preparation.

The fraction of K612-BIO molecules that bind streptavidin
was determined by gel electrophoresis of K612-BIO/
streptavidin mixtures under non-denaturing conditions (Fig.
2). K612-BIO migrates predominantly as a single band. The
staining intensity in the K612-BIO band is diminished by >90%
when the enzyme is mixed with a 10-fold by weight excess of
streptavidin, demonstrating that essentially all of the native
K612-BIO molecules are biotinated. New bands are observed in
the mixture lane, consistent with the formation of at least two
distinct K612-BIO-streptavidin complexes. In control experi-
ments, the electrophoretic mobility of K612-BIO was not af-
fected by the addition of streptavidin that had been pretreated
with excess biotin (data not shown). The binding of K612-BIO
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Fic. 1. a, K612-BIO visualized by Coomassie Blue staining of an SDS
polyacrylamide electrophoresis gel. MW, 10-% x standard protein mo-
lecular weight. Expression and solubility: LYS(pVL1392), 0.13 nl of
lysate from Sf9 cells infected with recombinant baculovirus lacking the
K612-BIO ¢DNA insert; LYS(pSK3), 0.13 ul of lysate from Sf9 cells
infected with recombinant baculovirus containing the K612-BIO se-
quence from pSK3; CLAR, 0.13 pl of clarified LYS(pSK3). Supernatants
after sedimentation: PUR, 0.22 ng of purified K612-BIO plus 2 mm ADP;
+MT/ADP, 0.22 ng of K612-BIO plus 2 mm ADP and microtubules;
+MT /AMP-PNP, 0.22 ng of purified K612-BIO plus 2 mm AMP-PNP
and microtubules. b, K612-BIO visualized on a nitrocellulose blot
stained for biotinated proteins. LYS(pVL1392), 0.0025 pl of lysate from
Sf9 cells infected with recombinant baculovirus lacking the K612-BIO
c¢DNA insert; LYS(pSK3), 0.0025 ul of lysate from Sf9 cells infected with
recombinant baculovirus containing the K612-BIO sequence from
pSK3; PUR, 0.025 ng of purified K612-BIO. Arrows, K612-BIO.

TasLe 1
K612-BIO purification
Clarified Purified
lysate protein
Total protein (mg) 19.8 2.1
Protein concentration (mg ml-') 20.8 1.0
Total ATPase activity® (umol min~!) 41.6 21.8
Specific ATPase activity® (umol 2.1 10.4

min~!/mg total protein)
a 25 °C, 2 mg ml~! microtubules, 0.1 mm ATP.
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Fic. 2. Non-denaturing polyacrylamide gel electrophoresis of
K612-BIO and K612-BIO-streptavidin complexes. PUR, 6.5 pg of
K612-BIO; SA, 63 ng of streptavidin; PUR/SA, mixture of 63 ng of
streptavidin and 6.5 pg of K612-BIO. Solid arrow, K612-BIO. Open
arrows, K612-BIO-streptavidin complexes.

to streptavidin was also confirmed spectrophotometrically by
monitoring the displacement of the reporter dye 2-(4'-hy-
droxyazobenzene)benzoic acid (39) from the biotin binding site
of streptavidin by K612-BIO (data not shown).

Nucleotide-dependent Binding to Microtubules—Kinesin
binds tightly to microtubules in the presence of AMP-PNP (1,
40) but dissociates in the presence of ADP (41). This behavior is
also shown by K612-BIO, which cosediments with microtubules
in the presence of the ATP analog AMP-PNP, but not in the
presence of ADP (Fig. la).

ATPase—Intact kinesin has a low basal ATPase rate; this
rate is stimulated 103-fold upon the addition of microtubules
(30). Like intact kinesin, purified K612-BIO has no detectable
ATPase activity in the absence of microtubules under the con-
ditions of our measurements (Fig. 3a). The ATPase activity
shows a hyperbolic dependence on microtubule concentration
(Fig. 3a) and on ATP concentration (Fig. 3b). Fitting these data
to the Michaelis-Menten equation gives Kg 5 microtubules = 0.61 %
0.08 (S.E.) mg ml~! and Kjs arp = 24 + 5 pM. Determination of
Vmax for several independent enzyme preparations gave values
in the range 9.6-15.3 nmol min~!/mg total protein. This range
corresponds to 19-30 s~! ATPase turnovers per head based on
the estimated purity (75%) of the enzyme preparation. These
kinetic parameters are similar to those found for intact kinesin
(42). The addition of a 10-fold by weight excess of streptavidin
over K612-BIO to the assay does not affect the rate of ATP
hydrolysis at 0.1 mm ATP, 2 mg ml~! microtubules (data not
shown). This observation suggests that the catalytic properties
of K612-BIO will not be altered upon binding to streptavidin-
coated surfaces.

Motility—To determine if we could study microtubule motil-
ity driven by K612-BIO molecules bound specifically to a sur-
face by their biotin moieties, we performed preliminary experi-
ments in which we nonspecifically adsorbed streptavidin to a
glass coverslip and then treated the surface with a solution of
K612-BIO. When the free enzyme was rinsed from the cell and
replaced with a solution containing microtubules and ATP, we
observed microtubule gliding. However, the gliding was also
seen in samples in which the streptavidin-coated surface had
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Microtubule Concentration (mg mi!)
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Fic. 3. K612-BIO ATPase activity at 25 °C. In a, ® indicates spe-
cific activity dependence on microtubule concentration at 0.1 mm ATP.
Line shows computer fit to the Michaelis-Menten equation with V., =
15.0 = 0.7 (S.E.) pmol min! mg~!, K{ 5 microtubule = 0.61 = 0.08 mg ml-'.
In b, @ indicates specific activity dependence on ATP concentration at 2
mg ml-! microtubules. Line, shows computer fit to the Michaelis-Men-
ten equation with V., = 13.6 = 1.1 pmol min~! mg~!, Kysarp =24 = 5
M.

been pretreated with excess biotin prior to the addition of
K612-BIO. This suggests that some or all of the observed mo-
tility arises from nonspecifically adsorbed enzyme. To eliminate
this nonspecific binding, we adopted a protocol in which we
saturated residual nonspecific protein binding sites on the
streptavidin-coated surface with a high concentration of carrier
protein prior to the incubation with K612-BIO (see “Materials
and Methods”). In such samples, we observed a high surface
density of moving microtubules (1.6 + 0.16 (S.E.) x 1072 pm~%;
Fig. 4a). Pretreatment of such samples with excess biotin prior
to the addition of K612-BIO almost completely abolished mo-
tility; the mean surface density of moving microtubules was
reduced 29-fold. This experiment demonstrates that essentially
all of the motility seen in the samples without biotin treatment
is due to K612-BIO that is bound specifically to the streptavi-
din-coated surface. Samples with specifically bound K612-BIO
exhibited a distribution of microtubule gliding velocities (Fig.
4b) with a mean of 7.5 + 1.3 (S.D.) x 10? nm s~'. A similar value
(8.4 = 0.7 x 102 nm s~!) was obtained from K612-BIO that was
nonspecifically adsorbed to a glass surface.

DISCUSSION

This work is the first reported use of animal cells to express
a cloned kinesin ¢cDNA. This method has two advantages over
bacterial expression. First, the baculovirus expression system
used here produced milligram quantities of soluble K612-BIO.
In contrast, bacterial expression produced little soluble K612-
BIO although the protein was expressed at high levels. Bacte-
rial expression has failed to produce fully soluble product in
previous studies of kinesin constructs that contain a substan-
tial portion of the rod domain (9, 43). Second, kinesin deriva-
tives expressed in eukaryotic cells may have functionally im-
portant post-translational modifications that are missing in
bacterially expressed enzymes. While such modifications may
be present in the purified K612-BIO, our inability to produce
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Fic. 4. Microtubule motility driven by K612-BIO at 2 mmM ATP. a,
mean = S.E. surface density of moving microtubules on streptavidin-
coated glass with specifically bound K612-BIO (-BIOTIN; a total of 65
moving microtubules observed in 10 time points) or in a control sample
in which the streptavidin-coated glass was saturated with excess biotin
before the addition of K612-BIO (+BIOTIN; a total of 2 moving micro-
tubules observed in 9 time points) at 0.072 mg ml-! microtubules, 25 °C.
b, distribution of gliding velocities for microtubules driven by K612-BIO
specifically bound to streptavidin-coated glass at 0.018 mg ml-! micro-
tubules, 26 °C. Inset, distribution of gliding velocities for microtubules
driven by K612-BIO nonspecifically adsorbed to glass at 0.018 mg ml-!
microtubules, 26 °C.

sufficient soluble bacterially expressed enzyme precluded di-
rect comparison of the functional properties of K612-BIO de-
rived from E. coli with that from Sf9 cells. To our knowledge,
the work presented here is also the first use of an animal cell
expression system to prepare biotinated fusion proteins. The
DNA sequence that directs synthesis of the biotin acceptor do-
main of K612-BIO is from a bacterial gene. Nevertheless, K612-
BIO is efficiently biotinated by the Sf9 cells. Recognition of the
bacterial biotin acceptor domain by eukaryotic cells is undoubt-
edly a consequence of the high sequence similarity between
such domains in enzymes from phylogenetically diverse species
(20). Previously, a fusion protein containing a bacterial biotin
acceptor sequence was shown to be post-translationally biotin-
ated in yeast cells (13, 44).

Intact kinesin « subunits form a dimer containing an o-hel-
ical coiled-coil rod and two globular heads (14, 15, 52). The
position of the head/rod junction in the sequence is not pre-
cisely known, but is thought to be between 350 and 450 amino
acids from the N terminus of the a subunit (8, 9, 16). K612-BIO
includes the 612 N-terminal amino acids of the kinesin a sub-
unit. Since it contains >160 amino acids of the rod domain, it is
expected to form dimers. Surprisingly, sedimentation equilib-
rium, sedimentation velocity, and diffusion coefficient measure-
ments indicate that this protein forms a single, higher molecu-
lar weight species, probably a tetramer.? From the appearance
of rotary-shadowed K612-BIO molecules in the electron micro-
scope, we believe that the tetramers result from self-associa-
tion of dimers at their rod ends. It is unlikely that the biotin
acceptor domain alone is responsible for the formation of tet-
ramers because a proteolytic fragment of BCCP similar to the
domain used in K612-BIO is itself monomeric (45, 46). Also,
there is no evidence that the binding of K612-BIO to strepta-
vidin affects the aggregation state of the protein. The formation
of the tetramers could be due to exposure of hydrophobic resi-
dues due to misfolding of K612-BIO near the junction of the
kinesin and BCCP sequences. Nevertheless, all characterized
functional properties of K612-BIO are similar to those of intact
kinesin and also to those of previously studied kinesin o chain
derivatives.

2 K. Shearwin, E. Berliner, H. K. Mahtani, and J. Gelles, unpublished
data.
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Fig. 4b reports the velocity of microtubule gliding driven in
vitro by K612-BIO attached to a surface using the biotin-
streptavidin interaction. Stewart et al. (8) observed that the
addition of an antibody against glutathione S-transferase
stimulated microtubule gliding by kinesin/glutathione S-trans-
ferase fusion proteins. However, it is unclear whether the
stimulation arose from specific binding of the fusion protein by
the antibody. The data of Fig. 4 allow us to directly compare the
velocities of microtubule movement driven by a kinesin deriva-
tive when it is specifically and nonspecifically bound to a sur-
face. In vivo, kinesin is thought to drive the anterograde fast
transport of axonal organelles (47, 48) at velocities up to 1.5 pm
s~! or more (49, 50). This velocity is higher than the velocities
reported for intact kinesin and for kinesin fragments in motil-
ity assays based on nonspecific surface adsorption of enzyme (8,
9, 40). Previously, it was hypothesized that the lower velocities
in such assays might be explained by partial inhibition of the
kinesin as a result of the nonspecific surface adsorption. How-
ever, our results show that, at least for K612-BIO, the velocity
of kinesin-driven microtubule gliding is similar when it is spe-
cifically attached and when it is nonspecifically adsorbed.

Kinesin and its derivatives are inactivated to varying extents
by nonspecific adsorption to surfaces. Pretreatment of a surface
with carrier proteins largely eliminates inactivation of intact
kinesin but not of K447-SP, a derivative that unlike K612-BIO
lacks most of the rod domain (2, 3, 51). Specific attachment of
such a derivative using the biotin/streptavidin methods de-
scribed here results in greatly reduced inactivation.? Eliminat-
ing or limiting enzyme inactivation is essential to establish
that microtubule movements observed at high enzyme dilution
are driven by single enzyme molecules (51).

We now know of many cellular enzymes with a head domain
structurally similar to that in one of the three canonical cyto-
skeletal motor ATPases myosin, dynein, and kinesin. However,
relatively few of the motor homologs have been shown to drive
movement in vitro. In some cases, failure to observe movement
may be caused by enzyme inactivation due to surface adsorp-
tion or by adsorption of enzyme molecules in orientations that
cannot interact with F-actin or microtubules. Enzymes that
show no activity in motility assays based on nonspecific adsorp-
tion may produce movement in an assay like that described
here in which the tail of the enzyme is linked to a protein-
coated surface by a specific, stable chemical interaction.
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