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ABSTRACT. We have determined the X-ray structure of rat kinesin head and neck domains. The folding
of the core motor domain resembles that of human kinesin reported recently [Kull, F. J., et al. (1996)
Nature 380550-554]. Novel features of the structure include the N-terminal region, folde@estrand,

and the C-terminal transition from the motor to the rod domain, folded agtatoands plus an-helix.

This helix is the beginning of kinesin’s neck responsible for dimerization of the motor complex and for
force transduction. Although the folding of the motor domain core is similar to that of a domain of
myosin (an actin-dependent motor), the position and angle of kinesin’s neck are very different from those
of myosin’s stalk, suggesting that the two motors have different mechanisms of force transduction. The
N- and C-terminal ends of the core motor, thought to be responsible for the directionality of the motors
[Case, R. B., et al. (1997Tell 90, 959-966], take the form ofi-strands attached to the centfakheet

of the structure.

The movement of vesicles or organelles along microtu- head  neck stalkl stalk Il tail
bules is achieved by means of motor proteins such as kinesin |
or dynein (, 2). They possess a head domain that attaches
to microtubules and hydrolyzes ATP, leading to a confor-

mational switch that converts chemical into mechanical F'GURE 1: Bar diagram of kinesin domains. Rat kinesin contains
Th itch is t itted via flexibl d stiff | 955 residues. There are three major domains, the head3@),
energy. The swilch Is fransmitied via fiexible and Stlt IeVer 4 (330-910), and tail (916-955). The minimal motor domain

arms (“neck”, “stalk”) to the cargo (Figure 1). While asingle (head) is roughly globular, the rod is mostlyhelical coiled coil
head domain is thought to be competent for force generation,(shaded domains), and the tail is again globular. The rod can be

microtubule motor proteins usua”y have paired motor further subdivided into the neck (34(390) and stalk domains |

: . . “ » and Il, separated by nonhelical hinges around residues 390 and 580
domains, possibly because this allows them to *walk” along (a further gap in the coiled-coil prediction lies around residue 820).

the microtlibule surface without losing touch [as in the *hand- The prediction was calculated using the program Pairéd). (The
over-hand” model of movemen8)]. The general principle kinesin construct used in this study contains the head and the
of transmission of nucleotide-induced conformational changesbeginning of the neck helix.

is realized in a variety of ways, but often with similarities

. . . (11, 12. The two structures reveal a compact, triangular-
in underlying structures; examples are the actin-based mOtorshaped head with a centrlsheet sandwiched between
proteins (myosin) or signal transduction molecules (G-

. L T ; o-helices. The protein fragments contain 349 (kinesin) or
proteins) 4—6). Kinesin and kinesin-related microtubule P g ( )

. LT L ~ ...~ 366 (ncd) residues, of which about 88% could be traced.
motors prow.de an intriguing variation on the theme: Similar 14 rest was not visible because of intrinsic disorder (N-
motor domains can generate opposite movement, toward the, 4 c_terminal region, loop L11). The ATP binding site

anterpgrade or re_trograde end O.f microtubules. Exqmpleswas identified and showed a P-loop arrangement similar to
are different kinesin-related proteins such asesophila those of other nucleotide binding proteins such as the
ncd motor ). The basis for this difference lies in the head G-proteins or myosin 13-15), a feature that had been

domaln_ e)l’ spzcm(;alrlly n Conserveddsequences atthe N- or predicted from the sequencegj. The microtubule binding
C-terr.nma ends of the motor core .omam (0. ~ region is presently not well-defined but has been inferred
An important step toward elucidating the structural basis by arguments based on sequence conservation and effects
of microtubule motors was the recent X-ray structure analysis on motility and ATPase [e.g., loops EpB5—L8a around
of the human kinesin and thigrosophilancd motor domains  residue 150, loop L12 around residue 271%)[. A striking
feature is the similarity of both microtubule head domains
T This research was funded by grants from the Deutsche Forschungs—tO part of the actin-based mOt(.)r myosid, (18. The.
gemeinschaft (to E.-M.M.), the BMBF (to E.M.), a fellowship of the  COmMMonN structure covers a region where conformational
Friedrich-Ebert-Foundation (to S.S.), and grants from the National switches are likely to occur, but it does not allow an
Institute of Neurological Disease and Stroke (NS23868 and NS23320) extrapolation to the interface between the motor and its track

and the Welch Foundation (No. 1237) to S.T.B. . . . . - )
# Atomic coordinates have been deposited in the Protein Data Bank P€C@US€ myosin has an intervening domain which binds to

330 390 580 910 955

(accession code: 2kin). actin. Such a domain is not present in the microtubule
* To whom correspondence should be addressed. Phoré4g)- motors. In addition, the myosin structure revealsiamelical
(40)8998-2810. E-mail: mand@mpasmb.desy.de. tail stabilized by calmodulin-like “light chains”, whereas the
Max-Planck-Unit for Structural Molecular Biology. . . .
I University of Texas Southwestern Medical Center. a-helical neck or stalk domains of microtubule motors were

® Abstract published iM\dvance ACS Abstract®ecember 1, 1997. not included in the initial structures.
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Table 1: Crystal and Data Collection Parameters

space group P212:2;
unit cell parameters a=71.556 Ab=73.674 Ac=74.128 A,

resolution range 4019 A
total observations 301422
unique reflections 32107
completeness 99.3%
Rsym 0.048
l/o(l) > 2 fraction 91.1%

supplemented with 50 mg/L ampicillin, were induced\ad,

= 0.6—1.0 with 0.4 mM isopropypB-p-thiogalactopyranoside
(IPTG) for 16 h at room temperature. Packed cells were
resuspended in 50 mL of lysis buffer (50 mM Pipes, pH
6.9, 1 mM EGTA, 1 mM DTT, 1 mM MgGJ, 0.5 mM
PMSF, 20uM MgATP), and lysates were prepared using a
French press cell. The expressed kinesin fragment was
purified by two ion-exchange columns (phosphocellulose and
MonoQ) using KCI to eluate the protein. Subsequently, the
kinesin motor domain-containing fractions were pooled,
concentrated using Ultrafree 30 concentrators (Millipore),
and applied to a gel filtration column (G200 Hiload 16/60,
Pharmacia) equilibrated with 20 mM Pipes, pH 7.5, 1 mM

FiGURe 2: Sequence of the rat kinesin head domain (354 residues, EGTA, 1 mM DTT, and 100 mM KCI. Peak fractions were
line 2) used in this study (Brady, unpublished) compared with the pooled, concentrated to about 25 mg/mL, and storeel74t

sequence of human kinesin (line 1, &%). Vertical bars indicate

sequence identity. Residues highly conserved in the kinesin family
are shaded1@?). The bar shows the secondary structure elements

(8 = B-strand,o. = a-helix, L = loop). The line below the bar
indicates motifs involved in nucleotide binding (NN4) and
microtubule binding (MT1, MT2). As a result of a nucleotide

exchange during PCR cloning, in the construct used for this study S :
Gly293 is mutated to Asp. This was detected in the electron densityWas 1.8 M lithium sulfate in the same buffer.

and confirmed by sequencing.

Starting from the cloned rat brain kinesin heavy chain

°C until use.

Crystallization. Crystallization was done by the hanging
drop method. The mother liquor (2£.) contained 9-14
mg/mL protein, 20 mM Pipes, pH 7.5, 50 mM KCI, 1 mM
EGTA, 1 mM DTT, and 0.9 M lithium sulfate. The reservoir
Crystals
appeared within 2 days at T€.

X-ray Data Collection. Screening for crystal quality was
done on a rotating anode X-ray generator (Rigaku RU200)

(Brady, unpublished) we have initiated a structure analysis equipped with an image plate detector (MarResearch,
of head domains of different sizes. A 354-residue construct fjampuyrg). Since the crystals were radiation sensitive, they
(Figure 2) remains monomeric in solution whereas larger \yere prefrozen in liquid nitrogen and exposed to X-rays in
constructs tend to dimerize. Both the monomeric and 5 siream of cold£190°C) nitrogen gas using 30% erythritol

dimeric head domains have been crystallize®).( In this  (sjgma) as a cryoprotectant. With this system the crystals
report we describe the structure of the monomeric rat kinesin jitfracted to a resolution of up to 2.2 A. Higher resolution

head refinedd 2 A resolution, whereas the structure of the data were obtained on synchrotron beamlines at DESY
dimer will be reported elsewhere. Overall, the structure of [Hamburg; wiggler beamlines BW7a and BW7b (EMBL)

the rat kinesin monomer is similar to that of the human . g\yg (MPG)]. Under these conditions the best diffracting
kinesin. Notable additional features are an N-terminal spots extended to a resolution of 1.7 A A complete data

pB-strand, two C-termingB-strands, and am-helix which

set was collected at 1.9 A resolution. The crystals belong

belongs to the neck region and projects away from the bulk 4, space group2,2:2; with a= 71.56 A b = 73.67 A.c =

of the head. The orientation of the neck is different from
the one expected from the “lever arm” helix of myosin,

74.13 A, anda. = 8 = y = 90°. Data reduction was
performed using the programs Denzo and Scalepagk (

suggesting that the two motors have different mechanismsThe gata collection statistics are summarized in Table 1.

of transmitting force.

MATERIALS AND METHODS

Cloning, Expression, and Purification of the Rat Brain
Kinesin Head Domain.Details of cloning, expression, and
crystallization are given elsewher&9j. Briefly, a pET
expression vector2Q) coding for the first 354 amino acids
of rat kinesin was constructed starting with a full-length rat
kinesin cDNA clone (coding for 955 residues; Brady,

Structure Determination.The structure was solved using
molecular replacement methods. Assuming one monomer
per asymmetric unit with a molecular mass of 39.7 kDa, the
Matthews parameteR8) wasVy = 2.46 A¥Da, correspond-
ing to a solvent content of 49.6%. An incomplete model of
the dimeric form of kinesin44) built from a 3.0 A MIR
map was used as a search model to obtain initial phases.
The search model consisted of residue®236, 263-274,
and 276-335. Some out of register errors could be corrected

unpublished). Due to bacterial processing, Metl is missing in the course of model building and refinement cycles. The
on the protein level. Rat brain kinesin is highly homologous program AMoRe 25) readily found a solution with a

to other mammalian kinesins, e.g., human kineg&it) (see
Figure 2). The protein was expressedBacherichia coli
strain BL21(DE3). Cells, grown in 10 L LB media

correlation factor of 50.5% and aR value of 41.9%.
X-PLOR (26) was used to perform rigid-body refinement.
This yielded arR value of 46.9% and aRy. value of 47.7%.
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Table 2: Refinement Statistics and Quality of Model

data used in refinement
resolution range 62 A
no. of reflections 25879

atoms in refinement
protein 2686
solvent 205 ’%‘
ADP 27 g
SO, 15 3

rms deviation ‘B
bonds 0.017 A =
angles 1.7

temperature factors @
overall 24.3
main chain 22.3
side chain 26.3
water 31.1
ADP 35.1
SO, 43.9

crystallographic residuals
Rvalue 19.4% i
Riree Value 25.4% -180

Phi (degrees)

The obtained map was interpretable, and side chains andricure 3: Ramachandran plot of the kinesin head domain generated
carbonyls were visible after the rigid-body step. In this initial With the program Prochecl8). 92.4% (281 residues) are in the
map the incomplete starting model could be extended by g most favored regions, and 7.2% (22 residues) are in additional

- L . . allowed regions. Only Lys274 in the poorly ordered loop L12 lies
few amino acids in the N- and C-terminal regions as well as j, 3 generously allowed region; none are in disallowed regions.

in the loops. Triangles represent glycines.

Refinement. Prior to refinement 10% of the data were
randomly chosen and omitted for the calculation of a fRee  in ref 11 (residue 349) corresponds to residue 351 of rat
value @7). A simulated annealing protocol {.x = 4000 kinesin. The first residue of the rat construct is absent due
K) (28) was used to remove possible model bias. Severalto cleavage during bacterial expressi@4)( As expected
cycles of simulated annealing refinement were carried out from the sequence homology, the parts visible in both the
until the crystallographic residuals reached= 28.8% and human and rat kinesin structures are similar as well. Figure
Rree = 35.5%. After each refinement cycle inspection and 4, panels a and b shows the molecule in our reference
manual rebuilding in B, — 2F. andF, — F. maps were  orientation where one observes the géisheet roughly face-
performed using the program Q9). It was possible to  on, and the helices1—a3 are in front of the centrgi-sheet.
remove out of register errors of the search model and to In this view the structure has a triangular shape, it resembles
identify a point mutation (G293D). Water molecules were a “flower bouquet” bound at the bottom. Figure 4c shows
introduced into the structure using ArBQ) and programs  a stereoview of the back side, after rotation by 1&bund
of the CCP4 suite31). The positions of the waters found the vertical axis, so that helicegi—a6 are in the foreground.
by Arp were checked, keeping only water molecules with Figure 5 gives a more detailed overview of the model. The
clear density in the B, — 2F. map and a signal height larger  reference view is shown magnified in Figure 5a, with
than 3 in the F, — Fc map. Further refinement using  structural elements labeled. The view of Kull et all)
X-PLOR yieldedR = 22.7% andRyee = 31.7%. One ADP  (their Figure 1) is generated by rotating Figure 5a abo@t 90
molecule and three SCentities were added. Two final  around the vertical axis so that the strands on the right are
refinement steps using the maximum likelihood procedure viewed roughly edge-on (Figure 5b). To facilitate the
implemented in the program Refma&2f were carried out,  comparison, we will adhere largely to the terminology of

resulting in final values oR = 19.4% andRyee = 25.4%. B-strandsg-helices, and loops introduced by Kull et al. (see
The refined model comprises amino acids2Z39 and 252 Figure 2).
351. Twelve residues, 24@51 (=loop L11), were not The structure can be described as @i protein (for

visible, as well as the last three C-terminal residues {352 topology, see Figure 6). There is a cgtesheet of eight
354). The quality of the model was checked using the B-strands (strand$1—A8) sandwiched between sixhelices
program ProcheplGB) or with information extracted from (a1, 02, a3 in front of the core sheet4, a5, o6 in the
the Refmac logfile (see Table 2). A Ramachandran plot of 50k The sequence of the core strands is (from left to right)
¢,y angles is given in Figure 3; only one residue (Lys274) B2-B1-B8-B3-B7-B6-p4-B5. Six of them point “up” 62, A1,
Ii:_as in a gen_erously allowed region, and none are in 88, 3, f7, f4) and two point “down” 86, 85). The sheet
disallowed regions. contains a gradual twist so that the top of the strands on the
RESULTS left leans toward the observer in Figure 4b or Figure 5a,
and the ones on the right lean away. This twist is better
The domain composition of rat brain kinesin (Figure 1) is seen in the top view (Figure 5c¢). The structure contains three
similar to that of human kinesin2{), with 76% identity regions of short interruptefl-strands. The minor lobe at
overall, rising to 88% in the head domain. As shown by the upper left of Figures 4b and 5a is formed by the strands
the sequence alignment (Figure 2), rat kinesin contains two 81a,51b, andslc. This is the area where the corresponding
inserted residues (GIn43 in loop L2, Lys274 in loop L12) stalk of myosin would emanate (see below). Another set of
so that the last residue of the human kinesin construct usedshortf-strands is that g5 (upper and lower partfi5a and



16158 Biochemistry, Vol. 36, No. 51, 1997 Sack et al.




Head and Neck of Kinesin Biochemistry, Vol. 36, No. 51, 19976159

FIGURE 4: Stereoviews of rat kinesin. (a) Backbone @sitions in reference orientation (front view). Every 10th residue is marked with

a dot, and every 20th residue is labeled. The structure includes resi€@88 and 252-351. Residue 1 is missing due to bacterial processing,

and residues 246251 (loop L11) and 352354 are not visible due to disorder. (b) Ribbon representation in reference orienaBtands

are in light blue, andx-helices are in pinkd0—a3, a6), purple (3a), greend4, a5), or red (t7). Strands and helices are numbered as

in the text (the strand sequence is 2-1-8-3-7-6-4-5, from left to right). This view shows thg-sbezet roughly face-on. It illustrates the
topology of thes-strands, particularly the interactions between N-terminal and C-terminal stra®esth 59, f1 betweer32 andf8, 510

with 57). The bound nucleotide is centered at the top. It is surrounded by loops (purple) containing sequence motifs involved in nucleotide
binding and conformational switchind ?) (see also Figure 5). From left to right, they are at the upper end of stfHng3, 57, andf6,
containing motifs N4, N1, N3= switch Il and N2= switch |. The neck helix7 is in red and projects to the left at the bottom. Regions
thought to be involved in microtubule binding are colored green (on the back, loep3-7L8a = MT1, loop L12 and adjacent helices

a4 andab5 = MT2; see panel c). The coloring scheme is retained throughout the figures. (c) Ribbon representation of back side, i.e.,
reference orientation rotated by T8&bout the vertical axis. This view shows the presumptive interaction sites with microtubules (green):
loops L7—/5—L8a following strands4 on the left; loop L12 and adjacent helice4 anda5 in the center. Cartoons were created using
Molscript (65).

Ficure 5: Special views of the structure. (a) Reference view (as in Figure 4b), with structural elements labeled. (b) View as in Figure 1
in ref 11. This view is generated by rotating panel a by about &®und the vertical axis. Thus the right part of the core sheet is seen
roughly edge-on, and the neck helix points away from the observer. (c) View from top, i.e., reference orientation of panel a rotdted by 90
around the horizontal axis. Note that the presumptive microtubule interaction sites (greg#5tl78a, L12, and adjacent heliceg! and

a5) and the neck helix7 (red) lie roughly in a common plane on the back side of the core sheet (top in this view). (d) View from bottom,
i.e., reference orientation rotated b90° around the horizontal axis. This view shows the twist of the core sheet: the strands on the right
have the opposite inclination from the strands on the left.

B5b on the left of Figure 4c where one of the microtubule comparable to other nucleotide binding proteins, particularly
interaction sites is thought to occur. A third such region G-proteins {2). The analogous regions are termed N4, N1,
containss0, 59, andf10, the area of the N- and C-terminal N3, and N2 (from left to right in Figure 5, panels a and c).
ends of the head. They include highly conserved regions such as the beginning
The nucleotide binding site (ADP in our case) is seen at of loop L1 (N4) interacting with the adenine base (motif
the top center in Figure 4b. It is surrounded by several loops RxRP), the phosphate binding loop (P-loop, loop L4 or N1,
emanating from strangil, 53, 57, ands6 (from left to right, motif GxxxxGK), and two “switch” regions (switch I
colored purple). The chain folding around the nucleotide is N3 after 37, motif DLAGSE, and switch = N2 at the
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Ficure 6: Topology of secondary structure elements. The view of the @afeeet corresponds roughly to the front view of Figure 5a. The
nucleotide binding motifs NAN4 and the presumptive microtubule binding sites MT1 and MT2 are indicated.

transition fromo3a to36, motif SSRSH). A comparison of
the eight P-loop residues (GxxxxGKS/T) in kinesin and
several other nucleotide binding proteins [e.g., myo38),(
transducin 86), or p212s (13)] revealed virtually identical
Rositions of the €atoms (rms values between 0.15 and 0.45

).

The nucleotide base is coordinated by His94 forming a
stacking interaction with the purine ring and by loop L1
(nucleotide binding region N4). In N4 the second arginine
(Arg16) forms a hydrophobic contact with the base, similar
to the corresponding Asnl127 position in myosBB) or
Lys117 in p2%s(13). In kinesin the position of Argl6 is
additionally stabilized through a salt bridge to Glu22. A
hydrogen bond to the £»f the ribose is not observed. The

will not dwell on the similarities with G-proteins and myosin
in more detail; instead, we will concentrate on novel aspects
where the two structures differ.

The most prominent differences are at the N- and C-
terminal ends of the molecule which contain the residues
responsible for the directionality of the motor8).( The
regions are disordered in the structure of Kull et al. but
ordered in our case, i.e., the initial 6 and the final 24 residues.
This is presumably due to differences in the packing of the
molecules in the crystal lattice (see below, Figure 7). The
N- and C-terminal ends are most visible in the reference view
(Figure 4b) and are represented schematically in Figure 6.
The N-terminal 20 residues adopt an extended conformation
traversing the molecule from bottom to top. It contains a

conserved Prol7 shows a hydrophobic interaction with the short and a longef-strand 0 = Ala5—Cys7,51 = lle9—

purine ring as described 1), superimposing to the Pro128
of chicken skeletal myosinlg). The role of the conserved

Argl4 may be to shield the base against the solvent.

Interestingly, a salt bridge is formed between Glu237 and

Phel5) separated by a kink at Ser8. The lower R0} (
forms an antiparalle3-sheet with strangs9, linking the
N-terminal to the C-terminal region. The upper paiL)

has parallel strand interactions within the core sheet (between

Arg204, corresponding to Glu459 and Arg238 in the 32 andfs8).

MgADP-AIF, structure of myosin connecting N2 and N3
(35). This is in contrast to the MgADBeF structure of

myosin and the structure of human kinesin where a connec-

The second major difference is the C-terminal sequence
328—-354. Residues 328336 form twop-strands 9, 510)
interrupted by a kink at Ser332. The upper paf)(interacts

tion between Glu199 and Arg203 (corresponding to Glu200 with strand50 in an antiparallel fashion, as mentioned above.
and Arg204 in rat kinesin) is observed. These regions are The lower part £10) is connected to strangl’ of the core
thought to mediate conformational changes during the sheet (also antiparallel). Thus the N- and C-terminal ends

nucleotide hydrolysis cycle in G-proteins, myosin, and
kinesin (reviewed in refd, 5, and37).

of the head domain stabilize each other in a dual fashion,
directly via the 80—p9 interaction and indirectly via the

The folding of the core sheet and helices is surprisingly 310—/£7 connection to the core sheet.

similar to a domain of myosinl{, 12. Little experimental

From Ala339 on the C-terminal region becomesamelix

evidence is available for the interaction site with microtu- which projects away from the head domain. The direction
bules, but arguments based on sequence conservation, chargs the helix is roughly in the plane of the cqfesheet, across
distribution, and motility place the interaction sites at the the strands (i.e., parallel to the plane of the paper and

back of the molecule of Figure 4b, or the front of Figure 4c,
at loops L7L8a (terminating with the conserved motif
DLL), and at L12 [containing the conserved VPYRY]].

horizontal in Figure 4, panels b and c¢). The last three
residues (352354) are too disordered to be traced with

certainty. Helixa7 is clearly not part of the core but the

Because of the homologies of the two kinesin structures, we beginning of a separate domain. The structure agrees well



Head and Neck of Kinesin Biochemistry, Vol. 36, No. 51, 19976161

I II

FicUrRe 7: Packing of kinesin head domains in the crystal structure. (a, top) Two adjacent kinesin molecules are shown in ribbon representation,
illustrating how the N- and C-terminal regions of the left molecule are stabilized in the crystal since they “lean” against the protrusion
formed by regiom3—L9—0a3a and the end gf4—L7—[5. The neck helixx7 of molecule | is juxtaposed to helix loop L7 awnda of

molecule II; the N-terminus of | interacts with loop L9 of II; loop L8b of | approaches he®of Il. Additional contacts exist with other
neighboring molecules (not shown). Plot created using Molsc6B. (b, bottom) Stereo plot of electron density in the contact region
between the neck helit7 of molecule | (left) and the neighboring molecule Il. The left shows in yellow Trp342 and Tyr346 (neck helix

of molecule I). The right shows in brown His201 (heti8a of molecule II), Tyrl39, and Leul40 (loop L7). The density represenk a 2

— Fc map contoured atdl Figure created using 9).

with biochemical data showing that the motor domain of force transduction (as discussed later). These views also
comprises about 340 residues, followed by a rod domain with show the twisting of the central sheet as one traverses from

ana-helical coiled-coil structure (Figure 2). Thus, hediX left to right. The topology of the connections between
may be regarded as the beginning of the rod domain, S-strands andx-helices is summarized in the diagram of
specifically the neck. Figure 6, which emphasizes the connections of the N- and

The close apposition of the N- and C-terminal strands of C-terminalf-strands to the core sheet.
the head domain is remarkable. It explains why motor  Why are the N- and C-terminal ends of the head domain
domains of different kinesin family members can be placed visible in our structure but disordered and invisible in the
in different locations of the chain and yet retain their function model of Kull et al.? The likely answer is the packing of
[at the N-terminus as in kinesin, at the C-terminus like ncd, the molecules in the crystal, which is different in the two
or elsewhereq, 38]. The motor domain is “suspended”, cases. Figure 7a shows how two adjacent molecules pack
as it were, at thg0—/9 junction. against one another with complementary surfaces. The neck

Figure 5, panels ¢ and d, shows the structure in the helix a7 of the left molecule leans against loop +83a
perspective from the top and bottom, i.e., corresponding to and L7 of the right molecule, the N-terminal residues of the
the reference orientation rotated by’@6ward or away from left fit against loop L9 on the right, and loop L8b on the left
the observer around a horizontal axis. Both views show that approaches helix3 on the right. There are a number of
the microtubule interaction sites are clustered on one sideother contacts between these and other adjacent molecules
of the central sheet and that the neck hglixlies essentially ~ which are not shown here. The tight packing of the two
within the same plane. This has consequences for modelsmolecules is illustrated in the stereo plot of Figure 7b
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showing how Trp342 and Tyr346 of helix7 fit against
His201 (ina3a) and Tyrl39 and Leul40 of loop L7 in the
neighboring molecule.

DISCUSSION

Kinesin is a motor protein that pulls vesicles or organelles
along microtubules, derives its energy from the hydrolysis
of ATP, binds preferentially tg-tubulin, and steps along
microtubules in 8 nm intervals with pN forces, (2).

Three-dimensional image reconstructions revealed low-
resolution views of the kinestamicrotubule complex, both
of monomeric kinesin or ncdB@—41) and of dimeric forms
(42—44). The crystal structures of kinesin and ncd head
domains have been solved at high resolutibh, (L19. They
revealed a surprising similarity with G-proteins and myosin,
an actin-based motor protein. These features, their implica-
tions for nucleotide-dependent switching, and implications
for force transduction by lever arms have recently been
reviewed 4, 5, 379. As far as we can judge, our kinesin
structure is very similar to that of Kull et all{), and
therefore the comparison of the core domain with G-proteins
and myosin applies as well. However, the presence of

additional structural details in our rat kinesin structure ling”

Sack et al.

speaking, the heptads begin already at Leu335 so that the
observedx-helix lags behind the prediction by one turn. The
residues between Lys325 (the end of hel®) and Ala339
(beginning ofo7) are in extended g#-conformation, in good
agreement with spectroscopic observations on related pep-
tides @7, 48. In general, the coiled-coil potential of the
region 339-354 is rather weak, presumably because of the
unusual density of charged residues and the nonstandard
residues in heptad positions. This explains why constructs
of similar lengths do not dimeriz&, 49, 50. Dissociation
constants become low enough for dimerization (below
micromolar) only when the constructs reach lengths of 365
or more because the second half of the heptad region{355
370) has a more conventional leucine zipper-like appearance
(47, 48. In agreement with this, the longer construct rK379
forms a dimer in solution and in the crystalk9].

The initial direction of the neck helix is roughly parallel
to the plane of the adjacent core sheet of the motor domain,
in a direction across the strands (Figure 4b,c). However,
the connection to the bulk of the head @@ ands10 appears
quite loose so that it is conceivable that a change in direction
might take place at th810—a7 junction during the ATPase
cycle or the power stroke. This could explain the “swivel-
of kinesin motors attached to microtubulesl).

indicates that some elements diverge from both myosins and - yierotybule Binding Site It is interesting to consider the

G-proteins. These differences impose constraints on for-
mulating models for the mechanisms of force transduction.
In the following discussion, we concentrate on novel aspects
resulting from the parts of our structure that were not visible

previously, i.e., the N- and C-terminal regions of the kinesin

head.

Relationship between the Motor Domain and Rod Domain
of Kinesin. Previous biochemical and electron microscopic
studies have subdivided the kinesin domains into “head”
(residues +340), “rod” (residues 346910), and “tail”
(residues 916955, the C-terminal end in the case of rat
kinesin). The head constitutes the minimal microtubule and
ATP binding unit, but it cannot generate movement in vitro
without at least some rod-like attachmei®).( The rod
domain is largelya-helical and forms a coiled coil, in

disposition of the presumptive microtubule binding regions
of the kinesin head (MT1 and MT2, green) compared with
the force-transducing stalkc{, red). No canonical micro-
tubule binding sequence or motif has emerged from studies
of microtubule binding proteins in general. However, the
presence of highly conserved sequences in kinesin family
motor domains that are not involved in nucleotide binding
or hydrolysis has been used to identify candidate sequences
(12, 17. By sequence conservation, these potential micro-
tubule interaction sites are in the region oft#5—L8a and

L12. These motifs form a patch on the upper part of the
back side (green in Figure 4c). Remarkably, the C-terminal
helix a7 lies in the same rear plane of the molecule, about
3 nm lower (compare top or bottom view of Figure 5c,d). If
the upper patch was attached to the microtubule surface, the

agreement with predictions from the sequence and electronpeck helix would run along the microtubule surface as well.

microscopy 45). It is convenient to subdivide the rod into
three parts (Figure 1): the neck, residues-3390, con-
necting the motor domain with the first hinge (around 380
390), stalk | (396-580), and stalk 1l (586910).

This is at odds with what one would expect for a lever action
where the force transducer would need to point away from
the microtubule surface. This orientation is the case for
myosin and indeed for most models proposed for kinesin

The structure presented here extends to residue 351 (thenovement. The observation implies either that the micro-
last three residues are disordered) and therefore covers theubule binding surface of kinesin is different from that

head-neck junction. We can therefore ask, how do the

predicted by sequence conservation or alternatively that the

earlier conclusions (based on methods such as biochemistryC-terminal helix has a different direction in the crystal
spectroscopy, or directed mutagenesis) compare with thestructure than during actual movement. To point away from

actual structure? Is the neck really helical? What is its
orientation relative to the motor domain?

The polypeptide chain emerges from the core of the head
domain ing-strandsf9 and$10 and helixa7 (Figures 4b
and 5a). Bothp9 andf10 are connected to othgrstrands
of the core headf9—/£0, andf10—/7). If we define the
neck as the region where the chain loses its immediate
contact with the bulk of the head, this means that the
transition zone between head and neck is in the regior-336
340, just preceding.7. The neck helix starts at Ala339,
and the region 339354 covers roughly the first half of the
stretch Ala339-Trp370, which has a predicted coiled-coll
structure because of the heptad repeat).( Strictly

the presumed microtubule interacting surface, the helix would
have to swing by about 90so that it would point toward
the observer in the reference view (Figures 4b and 5a).
Suspension of the Head on the Kinesin Rod and Motor
Directionality. One of the puzzling features of kinesin-like
motor domains is that they can be integrated at different
points of the chain and yet retain their directionality of
movement 8). This implies that the directionality is
determined at or near the motor domain and does not result
from the arrangement of head and rod. The structural basis
for this is evident from the model where the entrance (N-
terminal) and exit (C-terminal) from the motor domain are
closely associated; in fagt;strands30 andp9 interact with
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Ficure 8: Comparison between myosin (PDB entry 2mys,I8fand kinesin and relationship witl-helical tails. The common structure
elements are color coded as in Figure 4. The light chains are omitted from the myosin structure. The view is roughly &8 iheef
orientation of kinesin is similar to that in rdfl (see Figure 5b). The-helical tail of myosin (red) points to the left in the plane of the
paper, emanating from the globular domain at the upper left side, roughly where kinesin has its minor lobgsastands 1a, 1b, and

1c. In the same orientation, the neck helix of kinesin emanates from the lower right and points roughly perpendicular to the plane of the
paper, rotated by about 96rom the myosin stalk. The position of the actin filament would be vertical and on the right of the myosin
structure, whereas the direction of the microtubule is unknown.

one another. Moreover, helix7 extends away from the  microtubule surface (since it runs parallel to the rear surface).
head. Thus the arrangement appears like a motor buddinglf one views a microtubule from outside, with plus end down,
off from its support line (the rod). The loose nature of head the orientation of the bound kinesin would correspond
neck interaction explains why the motor must be capable of roughly to the reference view of Figure 4a. Conversely, if
determining directions by itself, independently of where it we view the microtubule in standard orientation (plus end
is suspended. up), the view of kinesin would be that of Figure 4a rotated
A recent analysis9) has shown that the determinants for by 180 in the plane of the paper. Thus the neck helix would
the directionality lie in conserved residues close to the appear at the upper end of the molecule, pointing to the right
entrance and exit to the motor core, behind helx for (counterclockwise along the microtubule surface). The latter
kinesin E25KxIxxxxxVN 334 in the rat kinesin sequence) or orientation would be consistent with the image reconstruc-
before the equivalent @81 for ncd. This corresponds to tions of microtubules decorated with kinesin or ncd dimers
B-strand 39 for kinesin orB0 for ncd (which would be  which show the neck={junction between the two heads)
preceded by the equivalent of the neck helix). It is tempting pointing to the right at the upper end of the bound head,
to speculate that the conserved strands mediate an interactioseen in front view 42, 43.
between their adjacent neck helices and the body of the motor Models of the Leer. Perhaps the most intriguing aspect
domain which determines the directionality. of the kinesin structure is its similarity with part of the
Relationship of the Crystal Structure with Image Recon- myosin structure. In the case of myosin there is considerable
structions. Several groups have recently presented 3D image evidence suggesting how the nucleotide-dependent confor-
reconstructions of microtubule walls decorated with either mational changes might be transmitted into the swinging of
monomeric kinesin or ncd head3%-41) or with dimeric the a-helical tail, the “lever arm”. Crystal structures of
heads 42—44). Some reconstructions revealed projections myosin with different nucleotide analogs representing dif-
or spikes extending from the main body of the kinesin head ferent states are available (reviewed in f@&nd37). They
and away from the microtubule surface and were consideredsuggest how the opening and closing of the nucleotide
as the initial part of the neck moving in a lever-like fashion, binding pocket could lead to a rotation of arhelix which
reminiscent of the lever of myosin (e.qg., Figure 4 in46j. in turn controls the lever. Moreover, the velocity of myosin
This interpretation is not easily reconciled with the orientation is directly proportional to the length of the lever arB2(
of the neck relative to the presumptive microtubule binding 53). Since the structure of the kinesin head can be
surface observed in the X-ray structure. The binding loops superimposed with the nucleotide binding domain of myosin,
of kinesin cover the back surface of the molecule, and the it is tempting to speculate that tleehelical lever arm would
neck helixa7 lies roughly in the same plane (Figure 5c,d). be in a corresponding position. This analogy has been
Given this arrangement one could imagine the neck to projectdescribed in more detail in recent reviews (8.
tangentially away from the microtubule surface, but not  When one superimposes the kinesin structure with myosin
radially away from it. (15) (Figure 8), the surprising result is that the neck helix of
A more detailed picture emerged from the comparison of kinesin is in the opposite position of what one would expect
microtubules decorated with ncd and the X-ray structure of from the analogy with myosin. Moreover, it runs in a
ncd @4). The image reconstruction showed the rear surface different direction relative to the core of the domain, roughly
(green in Figure 3) apposed against the microtubule surface,at right angles. In the representation of Figure 8, the myosin
loop L11 wrapping around the protofilament and loops L6 rod would project roughly from the minor lobe (upper left)
and L10 pointing away from the microtubule surface. If we in a horizontal direction, i.e., in the plane of the paper. By
rotate our observed structure into an equivalent orientation, contrast, the C-terminal helix of kinesin is on the lower right
we find that the neck helix is also tangential to the and points roughly into the plane of the paper. The clear
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difference between the structures suggests that the mecha- 8.

nism of force transduction is different as well.

In the case of kinesin there are at least three missing
links: (1) Myosin has an extra domain connecting the
nucleotide binding domain to the actin filament; this domain
is largely absent from kinesin, and thus we do not know
whether the kinesinmicrotubule orientation is comparable
to the myosin-actin orientation. (2) The structure of actin
is known 64) and has been fitted into the structure of the
actin filament B5), allowing one to model the myosiractin
interaction. By contrast, the structure of tubulin or micro-
tubules is only beginning to emerdesj so that the kinesin
tubulin interaction will remain a matter of speculation for
some time. (3) The kinetics of the myosin and kinesin power
cycles are very different: myosin spends most of the cycle
detached from the actin filament, is not processive, and does
not need to be since there are many other myosins in the
neighborhood which sustain movement (for a discussion see
refs57—59). Kinesin, on the other hand, works processively
and may require dimers for thi$@. Thus the current
thinking is dominated by “hand-over-hand” or similar models
(3). When translating this into the structure, one is con-
fronted with the difficulty that kinesin is really too small to
walk in 8 nm steps along microtubules with ease, and
solutions such as unwinding and rewinding the coiled coil
for every step seem hard to prove at this point.

The evidence that kinesin does not have a lever homolo-
gous to that seen in myosin makes the situation even more
complex. If the neck remains close to the microtubule
surface, as suggested by its position relative to the other
microtubule binding elements, we may have to consider
different kinds of models which do not require extensive
levers. One simplification would be to discard the assump-
tion that two heads are an absolute necessifter all, single-
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shown to work 61). The second would be to assume
substeps smaller than 8 nm (following the observations in
refs 62 and 63). The third would be to allow a type of
crawling or worm-like motion on the surface without a
swinging lever. Such models will obviously depend on
further insights in the structure of kinesin dimers and how
they interact with microtubules. Regardless, the configura-
tion of the neck region seen in this structure indicates that
modeling mechanisms of force transduction by analogy with
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