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ABSTRACT. The kinesin family of motor proteins, which contain a conserved motor domait360 amino

acids, generate movement against microtubules. Over 90 members of this family have been identified,
including motors that move toward the minus or plus end of microtubules. The Kar3 protein from
Saccharomyces carsiaeis a minus end-directed kinesin family member that is involved in both nuclear
fusion, or karyogamy, and mitosis. The Kar3 protein is 729 residues in length with the motor domain
located in the C-terminal 347 residues. Recently, the three-dimensional structures of two kinesin family
members have been reported. These structures include the motor domains of the plus end-directed kinesin
heavy chain [Kull, F. J., et al. (199®Jature 380 550—-555] and the minus end-directed Ncd [Sablin, E.

P., et al. (1996Nature 380 555-559]. We now report the structure of the Kar3 protein complexed with
Mg-ADP obtained from crystallographic data to 2.3 A. The structure is similar to those of the earlier
kinesin family members, but shows differences as well, most notably in the length ofo#lix helix

which is believed to be involved in conformational changes during the hydrolysis cycle.

Molecular motor proteins utilize the energy from ATP domain of two plus end kinesins was replaced with the motor
hydrolysis to generate force and move on actin filaments or domain of the minus end kinesin Ncd, 8). The resulting
microtubules {). These fall into the superfamilies of chimeric proteins retained the plus end directionality of the
myosins @), dyneins 8), and kinesins3, 4). The known neck region, suggesting that a region outside the traditional
myosins are motors that move toward the fast polymerizing motor domain is a determinant of directionality.
and depolymerizing end of actin filaments. The dyneins  More than 90 kinesin proteins have been identified to date
are minus end motors that move toward the more stable,in nonmetazoan and metazoan organisms from the protist,
slow-growing ends of microtubules. Most of the kinesins fungal, plant, and animal kingdoms$, (10), leading to the
are plus end microtubule motors, but strikingly, some are expectation that these proteins will be found in all eukaryotes.
minus end motorsAj, like the dyneins. The plus- and minus  The kinesin proteins perform diverse functions in organelle
end kinesins show sequence homology in the motor domain,and vesicle transport, and chromosome and spindle motility
a region of the protein that contains an ATP-binding in dividing cells @). Genes for six kinesin proteins have
consensus sequencs @nd a proposed microtubule-binding  been identified inSaccharomyces cerisiae (10) and are
site 6). The motor domains of the plus- and minus end |ikely to encode the full complement of kinesin proteins. One

kinesins are highly conserved and shew0% sequence  of these is the gene for the C-terminal motor kinesin, Kar3
identity over an~350-residue region. Interestingly, the plus- (11).

and minus end kinesins differ in the location of the motor  The Kar3 kinesin protein is required for nuclear fusion

domain: The motor domain of the pIu; gnd kinesins is at o, karyogamy, during mating in yeast and also plays a role
the N terminus of the protein, whereas it is located at the C i, mitosis. kar3 mutants show a severe karyogamy defect
terminus of the minus end kinesins. ~ resulting in failure of nuclei in mating cells to fus&2).
Recent work has suggested that the directionality of kinesin pmitotically growing kar3 mutant cells accumulate large
motors resides in the neck region that lies |mm¢d|ately after pudded cells with short spindles and a single nucleus, typical
the motor domain of N-terminal motors and immediately of mitotic arrest {1). Expression of Kar3 in bacteria as a
before the motor domain of C-terminal kinesins. The motor fysjon protein with glutathion&-transferase (GSJ fol-
lowed by in vitro motility assays showed that Kar3 is a slow
T This research was supported in part by NIH Grants AR35186 (I.R.) microtubule motor protein with a velocity of-42 gm/min
and GM46225 (S.A.E.) and American Cancer Society Grant CB-47 and minus end polarity of movement on microtubul&3)(
(SAE). AM.G. was supported by NRSA Fellowship AR08422. The Kar3 motor also destabilizes taxol-stabilized microtu-
The X-ray coordinates have been deposited in the Brookhaven . N .
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on microtubule stability is likely to be important in vivo, T pe 1: X-ray Diffraction Data
where shortening of cross-bridged microtubules that lie
between the haploid nuclei of mating cells has been proposed

native TELA KirClse MeHgCl

to help move the nuclei together for fusiolBf. Kar3 may  resolution (A) 23 24 24 2.7
also regulate the length and number of spindle microtubules Rm¢"9¢ (%) s4 74 58 56

0 regulate g p highest shefi(%) 74 137 175 135
during mitotic growth {1, 14, 15). no. of reflections 43898 63211 57073 27306

The structures of the motor domains of two kinesin family no. of independent reflections 22220 17212 19517 14591

_di ; ; .~ completeness (%) 93.2 95.0 92.3 93.1
members, plus end-directed human kinesin heavy chain highest sheli(%%) 847 872 829 851

(KHC) and minus end-directed Ncd, have recently been it cell dimensions

elucidated 16, 17). These structures demonstrate that the  a(A) 441 441 442 44.1
core of the kinesin motor domain is an eight-strangesheet b (&) 812 815 807 817
flanked on both sides by three-helices. The protein c(A) 483 484 483 = 485

. ] trequently in nucleotide.... (@9 _ 105.8 1057 105.8 105.5
C(_)ntf"“ns apb _OOp’ a sequence seen ireq y “Y%"heavy atom concentration (mM) 2.0 25 0.5
binding proteins 18). The structure around the P-loop iS length of soak 46h 16h 30 min
similar to that seen in a number of nucleotide-binding Rsc°(%) 166 147 219
proteins, including the G-proteins, p2tand transducir, phasing power 106 118  1.00

no. of sites 4 3 2

and the myosin proteind g, 20). ( \ o ; — -
; A : @ Rmerge= 2 (|[Inil—[1nl[)/Z 1ni x 100, wherdy; andly are the intensities
In this report, we present the three-dimensional structure of individual and mean structure factors, respectivejhe highest-

of the Kar3 motor domain complexed with M&DP solved resolution shell for native is 2-42.3 A, triethyllead acetate is 2.4
to a resolution of 2.3 A. There are several differences A, K.IrClsis 2.5-2.4 A, and methyl mercuric chloride is 2.7 A.
between the structures of the two minus end motors, Kar3 ¢ Rso = X (I|Fnl—|Fnl[)/Z|Fn| x 100, whereF, and F, are the heavy
and Ncd, most notably in the small three-strangesheet gt‘;.m ?j“d ”ar:i"e S"“Cturle fac;orhs, ?Speai"é“]he phasingf powe(’j.is. ded
: , . : . efined as the mean value of the heavy atom structure factor divide
at the N terminus of the motor domain and in the orientation by the lack-of-closure error. The anomalous signals were collected for
of several loops. Of the secondary structural elements, thethe TELA and KirCls data sets and were used in refinement of heavy
largest difference is in helixi4, which is much longer in  atom positions. The overall figure of merit for the data to 2.6 A was

the Kar3 structure than in either Ncd or KHC. 0.55.

METHODS 0.1 x 1.0 mm and a height of 0.5 mm to a maximum size
) o _ _ within 2—3 weeks. Kar3 crystallized in the monoclinic space

Protein Purification The Kar3 motor domain protein was groupP2; with the following unit cell dimensionsa = 44.1
expressed ifEscherichia colfrom the plasmid pMW/Kar3 R p =812 A c = 48.3 A, and8 = 105.8. There is one
(21). pMWI/Kar3 encodes residues 38829 of Kar3,  kar3 molecule in the asymmetric unit giving a Matthews
corresponding to the conserved motor domain (Lel’*® coefficient of 2.14 (42% solvent2f). The crystals were
was changed to Met during plasmid construction. BL21- yansferred to a stabilization solution containing 17% methy!
(DEB)pLysS host cells carrying pMW/Kar3 and pACYC184/  ather PEG 2000, 150 mM NaCl, 1.5 mM MgCL.0 mM
argu (22, 23) were induced by addition of 0.4 MM IPTG  App, 294 ethylene glycol, and 50 mM Hepes at pH 7.0. For
followed by growth at 18C for 6 h. Protein was purified  heavy atom derivative data collection, the crystals were
from cell pellets through the SP-Sepharose step, as describegansferred directly into the stabilization solution containing
(23). The purified protein was active in ATPase assays and compounds at the concentrations described in Table 1.
judged to be~95% pure by laser scanning densitometry of cyystals were mounted in quartz capillary tubes and chilled
a Coomassie Blue-stained SBfolyacrylamide gel. The {94 °C for data collection.
mass of the protein as determined by electrospray ionization pata Collection and Structure Refinemenbata were
mass spectroscopy was 38 91%:65.9 Da, in close agree-  colected with a Siemens Hi-star area detector with GuK
ment with the mass of 38 912.46 Da predicted from the yagiation from a Rigaku RU200 X-ray generator operating
amino acid sequence. at 50 kV and 90 mA with Supper long double-focusing

Proteins from several SP-Sepharose chromatographicmirrors. Cooled wet crystals diffracted well to 2.3 A
experiments were pooled. ATP was added to the protein resolution (Table 1). Data were processed with XS, (
solution to a concentration of 1 mM to increase solubility, 26), merged, and scaled internally with XSCALIBRET].
and the protein was dialyzed against 150 mM NaCl, 1 mM |nitially, attempts were made to solve the structure by
MgClz, 0.2 mM NaN, 1 mM DTT, and 10 mM Hepes at  molecular replacement with the program AMORZB,(29)
pH 7.5 and #C. The protein was concentratedtd1 mg/  starting from either the KHC or Ncd motor domain as a
mL and rapidly frozen as pellets by dropping-38D uL search model6, 17). Search models included the entire
aliquots into liquid nitrogen. Freshly thawed aliquots were motor domain molecule and models from which noncon-
used for crystallization experiments. served side chains and presumed loops were removed.

Crystallization Crystals were grown by microbatch Although unique solutions were determined, attempts to build
experiments at room temperature. M@P was added to  and refine a model based on these maps proved unsuccessful.
the protein to a final concentration of 2 mM. Equal volumes Even when the model was pared back to a core consisting
of protein and precipitant were combined and were streak- of the central sheet and a few well ordered helices, the maps
seeded immediately from crushed crystals with a cat whisker. proved to be of insufficient quality to determine and refine
The precipitant solution consisted of 22% methyl ether PEG the structure.
2000, 100 mM NacCl, 2% ethylene glycol, and 50 mM Hepes  To obtain independent phase information, a search was
at pH 7.0. Crystals grew as thin pyramids with a base of made for isomorphous heavy atom derivatives. Three heavy



Crystal Structure of the Kar3 Motor Domain

Table 2: Refinement Data

total no. of atoms
no. of protein atoms
no. of solvent atoms
averageB-factof
averageB, protein
averageB, main chain
averageB, solvent
averageB, nucleotide
R-factoP
rms deviation
bond lengths
bond angles
trigonal planes
general planes
contacts

348A

40.4 R

259 A

17.5%

0.016 A
2.15

0.006 A
0.015 A
0.096 A

a AverageB-factors are reported for all non-hydrogen atofR-

factor = 3 (/|Fobd —|Fcaicd )/ 3 |Fobd x 100.
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function refinement30). The locations of the heavy atom
binding sites in the remaining two derivatives were identified
from difference Fourier maps starting with the phases
calculated from the lead derivative. The three derivatives
were refined with HEAVY, and MIR phases were generated
(30). Two maps were examined, a native MIR map that
was independent of the molecular replacement model and a
SIGMAA (31) map in which the phases calculated from the
molecular replacement core were combined with the MIR
phases. The native MIR map was determined to be of better
quality and was used for manually building the model with
the program FRODGC3Q) on an Evans and Sutherland PS390
instrument.

Protein phases were calculated once 139 residues had been
built into the MIR electron density map. This phase
information was then combined with the heavy atom phases

atom derivatives were identified (Table 1). A single major with SIGMAA weighting to give an improved electron
heavy atom binding site was identified readily by Fourier density map31). The model was subjected to its first round
techniques for the triethyllead acetate derivative from a of least-squares refinemer&3) once 208 residues had been
difference map calculated with phases from the molecular built. After 15 cycles, the crystallographisfactor dropped
replacement solution core sequence. From this major site,from 45.7 to 33.3% for the data to 2.6 A. This value was
an additional minor site was found by difference Patterson better than the value that had been obtained during refinement

Ficure 1: Stereodiagram of (A, top) the representative protein electron density and (B, bottom) the difference density foABE.Mg
Panel A shows a portion of the centfakheet 4 andp6) together with a portion g5 and the loop that interrupts this strand. The map
was calculated with coefficients of the fornF2— F. contoured at 16. Panel B shows the electron density for the nucleotide when
omitted from one cycle of refinement. The map was calculated with coefficients of theForiF. and is contoured at 300 Figures -4
were generated with the program MOLSCRIPL)
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Ficure 3: Ribbon diagram illustrating the active site, or P-loop,
of the Kar3 molecule and the interactions of protein with the
Mg-ADP molecule. The orientation has been rotatedB( in the
plane of the figure relative to the view shown in Figure 2. This
results in the strand#{, 33, 48, ands1 from left to right) pointing
down toward the bottom of the figure rather than up, as seen in
Figure 2. This view of the nucleotide binding pocket is commonly
used for the G-proteins as well as the myosins. The side chains of
Arg3%4 GIn*7s, Lys*80, Thr*8l, Phe®2 and Asf§%® are also included.

FiIGURE 2: Ribbon diagram of the Kar3 protein motor domain The Mg ion is shown in orange.
showing the core eight-strandg¢tsheet structure with flanking
a-helices. The nucleotide binding pocket is shown at the top of Glu*'?, Asrt6 Lys®™, Lys®80 LelP®4, Thi87, Lysb13 Argé44
the figure cpntaining a _molecule of MYDP (white_ atoms). Thga Lys55% Thre®9, Lysé70 Argt7d, Lys’S, Val’®, Asr'2L, and Sef?
two breaks in the protein model are illustrated with dashed lines. are disordered and have been built as alanine residues in the
current model. All of these residues lie on the surface of
the protein; many are on loops. Residues®@&pHisé’?are
poorly ordered in the crystal lattice; as such, an occupancy
of 0.5 was applied to this region of the protein during
refinement. Electron density for loops L1 and L1a is weak
but of sufficient quality to be built into the current model.
The predominant structural feature of the Kar3 motor
domain is a central, mostly parallel, eight-strangiesheet
(Figure 2). The strands have been numbered consecutively
final model contains 323 amir_10 acid residues and 105 Water];r;);?ert: ?:IeNsctr?k:Q:;nbL;/SF(I);ttthEi}clg r:r:glZBJ:VOI?iEPSIr}ngQILthgﬁd
mo!gcule? ('I_'alilhe 2). ": ]Ehe flngl m(()jdelll, 89 3nd 1t'1% O‘; tt?]e Ncd (16, 17). Within the sheet, the order of the strands is
residues lie in the most favored and allowed portion of the B2, B1, 8, i3, 7, 56, B4, and 5, with strands 5 and 6
Ramachandran plot as judged by PROCHEGH @nd TNT -, janteq antiparallel to the remaining strands. Near strand
(33). B2 is a three-stranded antiparallel sheet containing strands
RESULTS AND DISCUSSION Bla, ﬁlk_), and f1c. The plane of this sheet is ne_zarly
perpendicular to the plane of the central sheet. Stf#nis
Kar3 Structure The Kar3 structure was solved by a interrupted by loop L8 which contains a disordered region
combination of molecular replacement and phases from threeat residues Asg*—Gly>** followed by the two antiparallel
heavy atom derivatives. The C-terminal half of the Kar3 strands/$5a andf35b.
protein, residues Lé8—Lys’?°, contains the motor domain Threea-helices, also numbered from the N to C terminus,
of the protein and was used for crystallization. The final are located on each side of tifesheet. Helices1, a2,
model contains residues Gfy—SeP3 LelP*>—Sef3®, and ando3 are located on the same side of the sheet as the active
Aspf4-Ser?2. There are two disordered loops that were site, while the final three helices are on the opposite face.
not built into the model. The final model also contains a The first helix,al, contains a bend at Vf, whereg =
molecule of MgADP and 105 water molecules. The average —96° andy = —28°. Interestingly, Ncd accomplishes this
temperature factor for protein atoms is 38.8 for protein bend with a Pro residue at position 411®8). There is an
main chain atoms is 34.8%Awhile for solvent molecules is  interruption at the second turn of, where an insertion of
40.4 R (Table 2). Representative electron density is shown the sequence A&#-Pro-Gly-Asp-Gly-lle-lle introduces a
in Figure 1. B-turn into the helix. The helix resumes with residue®to
Several regions of the protein are poorly ordered in the and continues for 18 residues. Including the insertion, the
structure. The side chains of residues¥§d euf%®, Asp'%4, entire o2 helix is 30 residues long, and stretches 37 A,

attempts with the original molecular replacement solution.
Least-squares refinement and phase combination were re
peated as the model was completed. During this time, the
resolution was extended to 2.3 A. Water molecules were
built into the model at locations where electron density was
higher than 2.5 in the F, — F; map and where appropriate

stereochemistry was observed. Continued refinement and
model building against maps calculated with protein phases
reduced theR-factor to 17.5% against data to 2.3 A. The
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Ficure 4: Stereodiagram overlap of Kar3 and Ncd motor domains from two perspectives. Because thgsestresdlof the two proteins

is so similar, only the strands from Kar3 are depicted. The Kar3 proteitr&Zing is shown in red, thicker lines; the Ncd protein is shown

in blue. The upper figure shows the “front” of the protein, the side of the main sheet on which the nucleotide binding site is located. The
lower figure is a view from the “back” side of the centfakheets.

reaching from the P-loop (see below) to the end of the longesttions with the phosphate portion of the nucleotide. An

strands of the central sheet. oxygen on thex-phosphate forms a hydrogen bond to the
Active Site of the Kar3 Motor DomainThe active site  amide nitrogen of PH&. Onep-phosphate oxygen interacts
of the Kar3 motor domain (Figure 1B) contains MdP with the amide nitrogen of Gfy”. The remaining oxygen
where the P-loop wraps around the phosphates of theon thep-phosphate that does not coordinate the*Mign
substrate (Figure 3). The P-loop, loop L4, follows @ interacts with both the amide nitrogen and the side chain

strand of the central sheet and precedesotbérelix. The  amino group of Ly$°. There are also several well-ordered
Mg?* ion is complexed by six oxygen atoms: a substrate Water molecules present in the region of the phosphate
oxygen on thed-phosphate, the side chain oxygen of Fhr groups.

and four water molecules. Thé @nd 3 hydroxyls of the Comparison of the Kar3 Motor Domain to Ncd'he Kar3
nucleotide point toward the solvent. A pocket for the adenine protein is structurally very similar to the Ncd protein (Figure
ring is formed by the side chain of PHi& the side chains of  4). The amino acid sequences of the motor domains of the
Arg®**and Pré%, and the side chains and main chain atoms two proteins are 46% identical. Alignment of the 204
of Asp*6—Asn*8 The adenine ring is stacked against the homologousx-carbons showed that the proteins have an rms
side chain of PH&2 There are no direct hydrogen bonding deviation of 1.0 A. This alignment demonstrates that the
interactions from protein to the adenine and ribose portions main secondary structural elements are well conserved
of the nucleotide. By contrast, there are numerous interac-between the two proteins. The eight strands of the central
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Ficure 5: Amino acid alignment of Kar3 and Ncd motor domains.

A structure-based alignment is shown which demonstrates the major
differences in the lengths of secondary structure elements and

adjoining loops. Ther-helices are shown in gray, while tfiesheets
are shown in black. The residues which are disordered in the two
structures are underlined.

fp-sheet superimpose very well. Of the main secondary
structural elements, the only features that differ are helices
a3 ando4. Thea4 helix is much longer in Kar3 than in
Ncd (Figure 5) or KHC. The region preceding this helix in
Kar3 is disordered, whereas in Ncd, there is an antiparallel
loop, loop L11, composed of strangga andf7b. This
section of Ncd, loop L11 and helix4, has been proposed
to undergo movement during ATP hydrolysis, on the basis
of the similarity in their positions to the “switch II” region
of G-proteins and the poor packing of helix4 (16).
Although a portion of the Kar3 protein is disordered in this
region, it is clear that there will not be a loop similar to that
seen in Ncd since the extended N terminus of ddehelix
in Kar3 corresponds to the residues that form Igaip in
Ncd. Human KHC contains a shar#t helix, similar to that
of Ncd. This may be relevant to the slower velocity of Kar3,
compared to those of Ncd and KHC.

The small three-strandedisheet 51, near the N terminus
of the motor domain also differs between Kar3 and Ncd.
While the strands are in similar positions, the loops between

Gulick et al.

the relative orientation of this domain. The loop L1a joining
Blatoflb is much longer in Kar3 than in Ncd. By contrast,
loop L2 joining f1b to Slc is longer in Ncd than in Kar3
(Figures 4 and 5). This has the effect of rotating this domain
in Kar3 so that it is farther away from the6 helix. In Ncd,
this domain nearly forms a lid that folds over heti6.

Another difference between the Kar3 motor domain and
the motor domains of both Ncd and KHC is the length of
loop L5 that interrupts helixx2. In Kar3, this loop is six
residues long, Le®¥—Gly**®. In Ncd, the loop is two
residues longer, encompassing X8pGly*52 This inter-
ruption of the helix appears to be functionally important, as
suggested by thecc? mutation in this region of Ncd which
changes GHKf6to Arg and causes a complete loss of protein
function 35). There is no homologous residue in Kar3,
which is missing the conserved glycine at the base of loop
L5 toward the N terminus (Figure 5). In human KHC, the
L5 loop is even longer, GRi—GIly'%. In the three current
models for kinesin protein motor domains, in which the
protein is in the ADP conformation, the axis of th& helix
is nearly straight; if the six-residue loop L5 in Kar3 were
replaced by two alanine residues, this region of the protein
would form a quite natural helix. Itis tempting to speculate
that this region of the protein must undergo a conformational
change associated with the hydrolysis cycle. Loop L5 forms
part of the entrance to the nucleotide-binding cleft. The
openness of the entry to the cleft could help regulate binding
of ATP and release of ADP and ®llowing hydrolysis.

It has been noted that the main structural features of KHC
are very similar to secondary structure elements of myosin
(17). Interestingly, the myosin proteins contain an inter-
rupted helix motif similar to that noted above for heti2
in the kinesin proteins, however not at the homologous helix.
In myosin proteins, the interrupted helix is on the lower
domain of the 50 kDa region of the protein rather than the
helix which follows the P-loop of the protein. In the
Dictyosteliummyosin motor domain, S1dC, this helix runs
from residue AspP®to ValP3*with the interruption occurring
at residues GR}°—Gly5?4(36). The myosin interruption loop
contains an interesting Pro-Pro sequence in which the first
Pro residue is in the cis conformation, &%Arg-GIn-cPro-
Pro-Gly?4,

The orientation of the3 helix is different among the three
kinesin family members. Similarly, loop L9, which connects
a3 toa3a, is altered among the three structures. In the three
proteins, the lengths of loop L9 are the same but the
orientations of these residues are quite different. In Kar3,
loop L9 turns toward the active site, allowing the side chain
of Asr®®3, and possibly the carbonyl oxygen of Afg to
participate in the hydrogen bonding network near the
phosphates of the substrate. By contrast, the L9 loops of
Ncd and KHC are positioned farther away from the active
site such that the protein atoms are ovel away from the
substrate. This results partly from the orientation of helix
o3 and partly from the path that the L9 loops take after
terminating the helix. Thei3a helix ends at S&#-Ser-Arg,
the sequence analogous to the switch | element in the
G-proteins 20). On this basis, it is likely that this region is
important for observed differences in the nucleotide hydroly-
sis rates of the three proteins.

Mutations Identified in the Kar3 Protein A number of

the strands are different lengths in the two proteins, changingmutations in the&kar3 gene have been identified genetically
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Table 3: kar3 Mutants

structural
amino acid  element
mutant change affected phenotype
kar3-894 N378K neck region missense suppressor of
cin8ts kipAA (38)
kar3-891  S462L al missense suppressor of
cin8ts kipAA (38)
kar3-1 G479E L4 (P-loop) semidominakar3
karyogamy mutanti(2)
kar3-893 E521D p4 missense suppressor
of cin8ts kipJA (38)
kar3-899 R550S p5a missense suppressor
of cin8ts kipJA (38)
kar3-8912 T558A A5b missense suppressor
of cin8ts kipJA (38)
kar3-898 N650K o4 dominant missense
suppressor of
cin8ts kip1A, recessive
karyogamy and meiotic
mutant @8)
kar3-897  V659L ad missense suppressor
of cin8ts kip1A (38)

(Table 3). The originakar3-1mutant was shown to contain
a single point mutation, G479E, in the P-loop region of the

Biochemistry, Vol. 37, No. 7, 1998775

the Ncd model into electron density maps determined by
cryoelectron microscopy of Ncd-decorated microtubudié. (
The two methods independently gave very similar results.
The microtubule binding site lies on a patch of electropositive
residues located on several loops on the side ofitebeet
composed primarily of the C-terminal helices. The interac-
tion residues come from four secondary structural ele-
ments: (a) the L7/L8 loops, (b) loop L11 and the N terminus
of helix a4, (c) loop L12 and the start of helix5, and (d)
the a6 helix and the L2 loop. The final interaction was only
noted in the cryo-EM reconstruction and was suggested to
be relevant to the minus end specificity of NetD). The
availability of a second structure of a minus end specific
protein now allows further analysis of these results.

As noted above, the overall secondary structure of Kar3
is very similar to both Ncd and KHC. Many positively
charged residues are conserved, and the electropositive nature
of the interface is intact in the Kar3 protein. The L12 loop
of Kar3 is three residues longer than both Ncd (Figure 5)
and KHC. This insertion, however, occurs at the start of
loop L12 so that the residues which are involved in
microtubule binding for KHC, Ty¥*—Arg?®4 are conserved
in location like the residues from Kar3, H{$—Tyr82

protein (L1). This results in a semidominant karyogamy Although portions of loop L11 are disordered, from the

phenotype. Substitution of glutamic acid for glycine adjacent
to the catalytic lysine in the nucleotide-binding cleft of the
motor is likely to cause the motor to fail to bind to ATP.
Gly*™ adopts a conformationy(= 105> andy = 37°) that

modeled portions, we can see that L11 of Kar3 is more
similar to KHC than to Ncd. This suggests that this region
of the microtubule binding domain is not specific to the
minus or plus end specificity of the motor.

is unfavorable for other amino acids, suggesting that the Gly The L11 loop of KHC has been hypothesized to bind in

to Glu mutation perturbs the secondary structure in this
region. The mutant protein is thought to interfere with wild-
type protein by binding to microtubules in rigat).

During mitosis in yeast, two counteracting forces have
been proposed to act on the spindle pole bodiés §7).

the groove between protofilaments of the microtubdi@.(
The difference between Kar3 and Ncd in this region may be
relevant to the ability of Kar3 to destabilize microtubules
(13). The shorter length of L11 in Kar3 may result in the
motor core binding deeper into the groove between protofila-

The Cin8/Kipl kinesin proteins are thought to produce an ments. This could cause the protofilaments at the microtu-
outward force on the spindle poles that is opposed by Kar3. bule ends to separate when the motor is bound to the
Elimination of Cin8 and Kipl activity results in the rapid microtubule, leading to the loss of curled fragments from

collapse of the mitotic spindle with the previously separated
poles being drawn togetheB?). The effects of thein8/
kipl mutations can be suppressed by a deletiorkaf.
Additionally, a number of point mutations kar3 have been
identified that suppress th&n8/kipl mutations (Table 3).
These mutations all map to the Kar3 motor domain, but do
not simply represent inactivation of Kar3 function as the
cells, with the exception dfar3-898 do not exhibit defects

in karyogamy and meiosis. This suggests that either the

protofilament ends.

The L2 loop of Ncd was suggested to be involved in minus
end specific contacts because this loop is 10 residues longer
in Ncd than in KHC 40). In Kar3, this loop is intermediate
in size between the loops of KHC and Ncd (Figures 4 and
5). Together with the changes in hetid described above,
this may play a role in the slower gliding velocity of Kar3

when compared to that of either KHC or Ncd.

mutations have mild effects on Kar3, so that they do not ACKNOWLEDGMENT

dramatically alter the ability of Kar3 to function in essential

The authors gratefully acknowledge R. J. Fletterick and

cell processes, or the mutations cause a gain of function thaty b v/ale for the coordinates for human KHC and Ncd

allows the Kar3 to complement the missing Cin8/Kipl
activity (38). This second possibility is supported by the
dominant nature of several of the mutations (Table 3). In
either case, the regions of the protein identified by these
mutations, namely the neck regiom}, 54, 55a, f5b, and
a4, are undoubtedly important for function of Kar3 and other
kinesin motor proteins. The neck region may determine or
bias the directionality of motor movemer, ).

Microtubule Interactions of the Kinesin Motor Proteins.
Very recently, the regions of the kinesin motor proteins that
interact with microtubules have been identified. The im-

motor domains, and helpful and stimulating discussions.
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