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Determinants of Kinesin Motor
Polarity

Sharyn A. Endow* and Kimberly W. Waligora

The kinesin motor protein family members move along microtubules with
characteristic polarity. Chimeric motors containing the stalk and neck of the
minus-end-directed motor, Ncd, fused to the motor domain of plus-end-di-
rected kinesin were analyzed. The Ncd stalk and neck reversed kinesin motor
polarity, but mutation of the Ncd neck reverted the chimeric motor to plus-end
movement. Thus, residues or regions contributing to motor polarity must be
present in both the Ncd neck and the kinesin motor core. The neck-motor
junction was critical for Ncd minus-end movement; attachment of the neck to

the stalk may also play a role.

Most kinesins (/) move toward the unstable
plus ends of their filamentous tracks, the
microtubules, but some move toward the
more stable minus ends. What is the molec-
ular basis of directionality of plus- and mi-
nus-end kinesin movement? Chimeric motor
proteins consisting of the Ncd motor domain,
the region of the protein that binds nucleotide
and microtubules, joined to the neck and stalk
of kinesin heavy chain (KHC) move toward
microtubule plus ends, reversing the polarity
of Ncd (2, 3). This finding raises several
important questions about the kinesin motors.
Foremost, can the Ncd stalk and neck change
the direction of KHC movement? What are
the determinants of motor directionality?
Residues or regions of the protein must exist
that contribute to or define the direction of
motor movement. We examined the basis of
kinesin motor polarity by constructing chi-
meric motors consisting of the Ncd stalk and
neck joined to a KHC motor domain. The
chimeric proteins were expressed in bacteria
and assayed in vitro for directionality of
movement on microtubules.

The design of the chimeric NcdKHC pro-
teins analyzed in this study was guided by the
crystal structures of the Ncd and KHC motor
domains (4). The motor core (3, 5) refers to
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the region of the motor domain conserved
between Ncd and KHC, extending from the
start of strand B1 at the NH,-terminus to the
end of helix a6 at the COOH-terminus (4)
(Fig. 1). The neck of Ncd (residues 329 to
348) is defined as the region between the end
of the predicted a-helical coiled-coil stalk (6)
and the start of the first conserved structural
element, strand @1, of the Ncd motor core
(Fig. 1) (5). The neck of Drosophila KHC
(residues 327 to 337) is defined as the region
between the end of the last conserved struc-
tural element, helix a6, of the KHC motor
core and the beginning of the predicted
coiled-coil stalk (Fig. 1) (5). This definition
of the KHC neck differs from those of others
(7, 8), but it provides a working definition
that can be tested experimentally.

We constructed six chimeric proteins for
analysis, NcdKHC1-6 (Fig. 1) (9, 10) and
tested lysates containing the induced chi-
meric proteins in microtubule gliding as-
says for their ability to bind microtubules to
the cover slip surface and support micro-
tubule gliding (1/7). All the chimeric pro-
teins except NcdKHC3 showed this capa-
bility. NcdKHC3 bundled microtubules in
solution but did not bind microtubules to
the glass surface, which indicates that the
region missing from the chimeric protein,
the Ncd COOH-terminus, was needed for
this function. The Ncd COOH-terminus
was thus included in the other chimeric
constructs analyzed in this study, except

* Zufferey et al., J. Biol. Chem. 273, 6452 (1998)]. CcmE-
specific antiserum directed against the synthetic pep-
tide K'2°HDENYTPPEVEKAME'#4 was purchased from
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on the manuscript. Supported by a grant from the
Swiss National Foundation for Scientific Research.
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NcdKHCS6, in which the Ned COOH-termi-
nus was replaced by the KHC neck.

Polarity assays to determine directionality
of motor movement on microtubules were
carried out using axoneme-microtubule com-
plexes consisting of a microtubule with a
curved axoneme fragment at the minus end
(12). NcdKHC1 showed minus-end-directed
movement (» = 42) (Fig. 2) with a velocity of
1.4 = 0.18 pm/min (mean = SE; n = 26)
(Table 1). Controls with the same prepara-
tions of axoneme-microtubule complexes
showed only minus-end movement for Ncd
(GST-MC1) (13) and plus-end movement for
kinesin. Thus, the Ncd stalk and neck re-
versed the polarity of movement of KHC.
The gliding velocity of NcdKHC1 was about
10-fold slower than Ncd (Table 1).

In contrast to NcdKHC1, NedKHC2 in po-
larity assays moved only toward microtubule
plus ends (» = 10) with a velocity of 0.23 *=
0.04 pm/min (mean + SE; n = 10) (Table 1).
Changing three amino acids in the neck of
NcdKHC1 thus reversed the minus-end direc-
tionality of the motor and caused the mutant
motor to move with the same polarity as KHC.
A control with the same preparation of axon-
eme-microtubule complex showed only minus-
end movement of Ncd (GST-MC1). The glid-
ing velocity of NcdKHC2 was slow, >100-fold
slower than kinesin and about 6-fold slower
than NcdKHC1 (Table 1).

Like NcdKHC1, NcdKHC4 showed minus-
end movement on microtubules (n = 23) but
with a velocity of 0.57 = 0.08 pwm/min (mean
+ SE; n = 11) (Table 1). NcdKHC4 differs
from NcdKHCI by only a single amino acid
residue, Leu?* to Ala (L345A). The L345A
mutation in the Ncd neck reduced motor veloc-
ity two- to threefold compared with NcdKHC1,
but it did not alter the ability of the Ned stalk
and neck to reverse the polarity of KHC move-
ment. In contrast to NcdKHC4, NcdKHCS
moved toward microtubule plus ends [n = 22;
velocity = 0.23 + 0.04 wm/min (mean = SE;

= 9) (Table 1)]. The two-residue shift alone
at the neck-motor junction of NcdKHCS
thus reverted the minus-end movement of
NcdKHC1 to plus-end movement.

Polarity assays of NcdKHC6 showed mi-
nus-end movement of the chimeric motor on
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The Ncd stalk and neck thus reversed the
polarity of KHC movement, but mutating the
Necd neck reverted this effect, yielding a plus-
end motor. The amino acids that were mutat-
ed lie near the neck-motor junction, within
four residues of the start of strand B1 in the

microtubules (n = 12) with a velocity of 1.4
* 0.17 pm/min (mean * SE; n = 11) (Table
1). Replacing the Ncd COOH-terminus with
the Drosophila KHC neck thus reduced mo-
tor velocity about 10-fold compared with Ncd
(Table 1), but it did not alter motor polarity.

Table 1. Polarity of chimeric motor movement on microtubules. Axoneme-microtubule complexes
(Ax-MTs) gliding on motor proteins bound to cover slips were imaged by VE-DIC microscopy and scored
for polarity of motor movement. Plus-end movement is axoneme leading and minus-end movement is
microtubule leading. Velocities were determined by tracking complexes from videotapes. NcdKHC1-6
(Fig. 1) (9) and MC1 (73) were GST fusion proteins and kinesin was from bovine brain (Cytoskeleton,
Denver, Colorado). NcdKHC3 bundled microtubules in solution but did not bind microtubules to the cover
slip surface. ND, not determined.

No. of Ax-MTs
Motor Velocity
protein Plus-end Minus-end (m/min)
movement movement

NcdKHC1 0 42 14 =0.18(n = 26)
NcdKHC2 10 0 0.23 = 0.04 (n = 10)
NcdKHC3 ND ND ND
NcdKHC4 0 23 0.57 £0.08 (n = 11)
NcdKHC5 22 0 023+004(n=9)
NcdKHC6 0 12 14 £017(n=11)
Ncd (MC1) 0 177 152 =03 (n=52)
Kinesin 60 0 427 *21 (n=25)

Fig. 1. Native and chimeric A Polarity
kinesin motor proteins. (A]
e oA Nod g Tai [ SER TN coo Minus
nogaster KHC (DmkHQ) 1 157 329349 664 700 Yk
consist of a conserved mo-  DMKHC NH,[[istercore Stalk [ 1COOH Plus
tor core (Ncd, dark green; il e LT i
KHC, blue), stalk (gray), NedKHC1  GSTA BT 225 ) inus
and tail (white). The Ncd e e et L

- : . GSTH : oo )
ggcgk ;f,dggge?pflere;ﬁzﬁj i N194-34§i K11-326 N664-700 i

345

and the DmKHC neck is NGdIGHCS - OIS il ND
defined as residues 327 to S Agas oo
337 (red) (see text). Ncd- N194-348  K13-326 N664-700
KHC1 consists of GST NcdKHC5 GSTA i) B ] Plus
fused to Ncd residues 194 N194-346  K11-326 N664-700
to 348, followed by KHC NcdKHC6  GST Minus
residues 13 to 326 and e ki i Plus
Ncd residues 664 to 700 ey / N333-663 K324-928 '
(brown). NcdKHC2-5 are B B1
mutants  of NcdKHC1. ey TVMDLRG NERVEERT = 35

NcdKHC2 contains a mu-
tation in the Ncd neck,
L345A, and a two-residue
shift in the neck-motor
junction. NcdKHC3 is the
same as NcdKHC?, but the
Ncd COOH-terminus is
deleted and a Gly is added.
NcdKHC4 has the L345A
mutation of NcdKHC2 but
not the two-residue shift, and NcdKHCS has the two-residue shift but not the L345A mutation.
NcdKHC6 consists of the Ncd stalk, neck, and motor (residues 209 to 663) followed by the Drosophila
KHC neck (residues 327 to 340). The ncd-Nkin hybrid (2) consists of the Ncd neck and motor (residues
333 to 663) joined to the Neurospora KHC, Nkin, and neck and stalk (residues 324 to 928). ncd-Nkin
residues are renumbered from (2) to fit our definition of the Nkin neck (residues 324 to 342) and Ncd
motor core (5). NcdKHC3 did not bind microtubules to the cover slip in motility assays. ND, not
determined. (B) Neck-motor junction sequences. Sequences at the neck-motor junction of NcdKHC1
and three mutant NcdKHC motors are shown together with Ncd and KHC (boldface). Residues that
form strand 1 of the motor core are shaded blue. NcdKHC2 and NcdKHC4 contain residue L345A, and
the NcdKHC2 and NcdKHC5 neck-motor junctions are shifted by two residues compared with
NcdKHC1. NedKHC2 differs from NcdKHC1 by three residues, NcdKHC4 by a single residue (L345A),
and NcdKHC5 by two residues, all within the Ncd neck. Numbers shown for the NcdKHC proteins refer
to DmKHC residues.

M
NcdKkHC1 TVMDLRGNIKVVCRFR 20
NedKkHC2 T v M
NcdKHC4
NcdKHCS

o
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RDSITKVVCRTR 20
TV MDARG NEHE NN RE R 20

TVMD

i
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motor core (Fig. 1). Of these residues, L345
lies in a heptad repeat with hydrophobic ami-
no acids in positions 1 and 4, characteristic of
« helices and a-helical coiled coils, that ex-
tends through the Ncd neck to the start of
strand B1. This heptad repeat is not part of the
predicted coiled coil of the stalk but is present
in the region of Ncd that we define as
the neck (5). The L345A mutation alone in
NcdKHC4 reduced motor velocity two- to
threefold but did not revert the motor to
plus-end movement. Thus the heptad repeat
of the Ncd neck may be important for Ncd
neck function as it affects motor velocity, but
a change of L345A did not revert the polarity
of motor movement.

The two-residue shift at the neck-motor
junction of NcdKHCS resulted in slow plus-end
movement instead of the minus-end move-
ment of NcdKHC1 and NcdKHC4. Thus the
neck-motor junction is critically important
for the minus-end movement of NcdKHC1
and NcdKHC4, and the neck residues imme-
diately adjacent to the neck-motor junction
are required for the minus-end movement.
The simplest interpretation of the plus-end
polarity of NcdKHC2 and NcdKHCS is that
the mutational changes in the Ncd neck pre-
vent the neck from functioning properly, per-
mitting expression of plus-end polarity deter-
minants present in the KHC motor core.
These inferred plus-end determinants result
in very slow movement of the NcdKHC2 and
NcdKHCS5 motors on microtubules.

Replacing the COOH-terminus of Ncd,
the 37 amino acids that extend beyond the
motor core, with the KHC neck in NcdKHC6
reduced motor velocity about 10-fold com-
pared with Ncd, but motor polarity was not
reversed. NcdKHC6 resembles ncd-Nkin (2)
(Fig. 1), the chimera of Ncd and Neurospora
KHC, in that both hybrid proteins contain the
Ncd motor flanked to either side by the Ned
and KHC necks. Both necks may not be
complete, however, as ncd-Nkin lacks four

Fig. 2. NcdKHC1 moves toward microtubule
minus ends. An axoneme-microtubule complex
gliding on NcdKHC1 bound to a cover slip is
moving with the microtubule end of the com-
plex leading, indicating that the chimeric motor
moves toward the microtubule minus end. The
gliding velocity was 1.01 pm/min. (Right) The
curved axoneme fragment is indicated by an
arrow. An asterisk is adjacent to a fixed point
on the surface. Time is in minutes and seconds.
Bar = 3 pm.
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residues of the Ncd neck by our definition (5)
and NcdKHC6 lacks four residues of the
KHC neck according to the dimer KHC crys-
tal structure in which the coiled coil begins
four residues COOH-terminal to the start of
the heptad repeats (8). The hybrid proteins
also differ in that NcdKHC6 has the Necd
stalk at the NH,-terminus of the motor,
joined to the Ncd neck, whereas ncd-Nkin
has the KHC stalk at the COOH-terminus,
joined to the KHC neck (Fig. 1). Strikingly,
NcdKHC6 is a minus-end motor and ncd-
Nkin is a plus-end motor (2). Thus an intact
neck, or the attachment of the neck to the
stalk, may be important for motor polarity
rather than simply the neck and neck-motor
junction.

The NcdKHC1 motor was slow compared
with Ncd (Table 1), suggesting that the neck-
motor junction, or another aspect of the cou-
pling of the motor to the stalk and neck, is
imperfect. NcdKHC2 and NcdKHCS5 were
even slower than NcdKHCI, suggesting that
the Ncd neck or neck-motor junction may affect
motor velocity. The neck of myosin, a molec-
ular motor with structural similarity to kinesin
and Ncd (4), has been shown to contribute to
motor velocity (/4),-although the effects of the
myosin and Necd necks on motor velocity may
differ. Our results indicate that polarity deter-
minants, residues or regions that contribute to
the direction of motor movement, are present in
the Ncd neck and the KHC motor core. Neck
residues immediately adjacent to the conserved
motor core are critical for Ncd minus-end
movement and attachment to the stalk may also
be important.
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Characterization of an
Ammonium Transport Protein
from the Peribacteroid
Membrane of Soybean Nodules

Brent N. Kaiser, Patrick M. Finnegan, Stephen D. Tyerman,
Lynne F. Whitehead, Fraser }. Bergersen, David A. Day,*
Michael K. Udvardi

Nitrogen-fixing bacteroids in legume root nodules are surrounded by the plant-
derived peribacteroid membrane, which controls nutrient transfer between the
symbionts. A nodule complementary DNA (GmSATT) encoding an ammonium
transporter has been isolated from soybean. GmSAT1 is preferentially tran-
scribed in nodules and immunoblotting indicates that GmSAT1 is located on the
peribacteroid membrane. ['*C]methylammonium uptake and patch-clamp
analysis of yeast expressing GmSAT1 demonstrated that it shares properties
with a soybean peribacteroid membrane NH,™ channel described elsewhere.
GmSAT1 is likely to be involved in the transfer of fixed nitrogen from the

bacteroid to the host.

Many legumes form a symbiotic relationship
with N,-fixing bacteria called rhizobia, which
enables the plants to grow on soils depleted of
combined nitrogen. Differentiated rhizobia,
called bacteroids, are housed in specialized or-
gans (nodules) on the legume roots. Within the
infected cells of nodules, N,-fixing bacteroids
are enclosed by the plant-derived peribacteroid
membrane (PBM), which segregates the bacte-

roids from the plant cytosol and controls nutri-
ent exchange between the symbionts. The or-
ganelle-like structure consisting of PBM, bac-
teroid, and the intervening peribacteroid space
(PBS) is known as the symbiosome (/). In
soybean, NH, " is probably the main form of
nitrogen exported from the symbiosome (2) and
analysis of PBM isolated from soybean and pea
has identified a monovalent cation channel with
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