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ABSTRACT. The dimeric structure of the members of the kinesin family of motor proteins determines the
individual characteristics of their microtubule-based motility. Crystal structurexctbeind kinesin dimers,

which move in opposite directions on microtubules, show possible states of these dimers with ADP bound
but give no information about these dimers in solution. Here, low-angle X-ray and neutron scattering
were used to investigate their solution structures. Scattering profil2sogbphila ncd281—-700 (NCD281)

and human kinesin-1420 (hKIN420) were compared with models made from the crystallographically
determined structures of NCD281 and rat kines#3I9 (rKIN379). From the low-angle region it was
found that the radius of gyratiorRf) of NCD281 is 3.60+ 0.075 nm, which is in agreement with the
crystallography-based model. Scattering by longetconstructs (NCD250 and NCD224) is also well fit

by the appropriate crystallography-based models. However, the med&uoéthiKIN420, 4.05+ 0.075

nm, is significantly smaller than that of the crystallography-based model. In addition, the overall scattering
pattern of NCD281 is well fit by the model, but that of hKIN420 is poorly fit. Model calculations indicate
that the orientation of the catalytic cores is different from that observed in the rKIN379 crystal structure.
Like the crystal structure, the best-fitting models do not show 2-fold symmetry about the neck axis; however,
their overall shape more resembles a mushroom than the “T"-like orientation of the catalytic cores found
in the crystal structure. The center of mass separations of the catalytic cores in the best-fitting models are
0.7—1 nm smaller than in the crystal structure.

Kinesin-like microtubule-based motors play diverse roles movement is directed toward the minus end. Isolated catalytic
in biology ranging from organelle transport (kinesin) to core domains from plus- and minus-end-directed motors
chromosomal segregation in meiosis and mitosis (nonclaretshare 41% sequence homology and similar crystal structures
disjunctional protein oncd) to the transport of substances (6, 7). They also display similar kinetic parameters for the
needed for neuronal cell differentiatiomunc 104). The ATPase cycle§, 9) and bind to microtubules with similar
mechanism by which such motors move along microtubule orientations {0—12). Recently, the crystal structures of
“tracks” while catalyzing the hydrolysis of ATP is largely truncated dimers of rat kinesin-B79 (rKIN379} (13) and
unknown (for recent reviews see refsand 2). Ncd and Drosophila ncd 281-700 (NCD281) %) have become
kinesin, the motors studied here, have two heavy chainsavailable, and they show remarkably different dispositions
which are composed of distinct structural regions. At the of the catalytic core domains. This difference has been
proximal end of the paired heavy chains are ta820 amino postulated to account for the differing directionality of these
acid globular “catalytic core” domains which possess ATP two motors b).
and microtubule binding sites. These catalytic cores are In an earlier neutron scattering study on microtubule-based
joined to a class-specific coiled-coil @0 amino acid motor proteins 14), we found that the solution structures of
“neck” domain @—5) which together with the catalytic core  the monomeric catalytic cores Brosophila ncdand human

domains may be direction and velocity determining. A
portion or all of the neck may be a coiled coil. The neck is,
in turn, joined to a long coiled-coil “stalk”. At the distal end

of the stalk, at least for kinesin, are two cargo-carrying light

kinesin were very similar. Herein, we report a study of the
solution structures of dimeric constructs of NCD281 and
human kinesin £420 (hKIN420) by low-angle X-ray and

neutron scattering. This method allows us to test whether

chains. These modules may be arranged with the catalyticthe crystallographic structures are valid in solution. A

core domain at the Niterminus (e.g., conventional kinesins)
or the COOH terminusncd) of the polypeptide chain. In

the former case, motor proteins move toward the rapidly

growing “plus” end of microtubules; in the latter case,
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rationale for such studies is that the contacts between motor

1 Abbreviations: EM, electron microscopiy,, molecular weight;
mant,N-methylanthraniloylncd, nonclaret disjunctional protein from
Drosophilg Q, the momentum transfer, defined @= 4 sin 6/4,
where @ is the scattering angle andl is the neutron or X-ray
wavelength;Ry, radius of gyration; TLCKNo.-p-tosyl+.-lysine chlo-
romethyl ketone. We denote bacterially expressed kinesin reoad
constructs by originating species with a lower case character when
required, followed by NCD or KIN, followed by a numeral which
specifies the relevant terminal residue number. Thus rat kinesar2
is rKIN379 andDrosophila ncd281—-700 is NCD281, etc.
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cores of the dimer seen in the rKIN379 crystal structure are S-Sepharose HP column in series witlQeSepharose HP
tenuous and between nonconserved residues; it is possibleolumn equilibrated in buffer C containing 100 mM KCI
that packing forces in the crystal play a role in the observed and 1x protease inhibitors. After washing, the S-Sepharose
orientations of the catalytic cores. We find that the scattering HP column was disconnected and hKIN420 was eluted with
pattern for NCD281 can be well accounted for by the dimer a 0.1-0.4 M KCI gradient in buffer C. The final purification
crystal structure plus missing residues in the catalytic core step and storage were done asiiod The ATPase rate of
and neck; however, hKIN420 scattering cannot be fit in a hKIN420 was 0.03 s catalytic core* under the same buffer
similar way. We attribute this to a difference in the conditions as used farcd monomers and dimers.
orientation of the kinesin catalytic cores between solution  Biochemical Method#ATPase activities oficdand kinesin
and the crystal. dimers were measured colorimetricall{7{. Protein con-
centrations were determined spectrophotometrically using
EXPERIMENTAL PROCEDURES extinction coefficients calculated from the amino acid
Expression and Purification of Ncd Dimers. Drosophila composition {8) and including 1 mol of ADP per single
ncd dimers were prepared by a modification of the method chain. The following values were used #ft1%g; NCD224,
used previously for the purification @fie ncdcatalytic core 0.535 cm; NCD250, 0.566 cm!; NCD281, 0.605 cmt;
(14). The recombinant plasmid pHB40#d containing the hKIN420, 0.835 cm?.
truncatechcdgene E224-K700, D250-K700, or E281-K700 Scattering MeasuremenSamples were transported to the
was transformed into BL21(DE3)pLysE host cellsby; experimental site on ice in the 50% glycerol storage buffer
Induction was carried out with 0.2 mM IPTG. Frozen cell (see above) contained in a dialysis bag surrounded by storage
pellets were suspended in buffer A (10 mM PIPES, pH 7.2, buffer. After dialysis against the experimental solvent, the
80 mM NacCl, 2 mM MgC}, 1 mM EGTA, 1 mM DTT, and samples were spun at 245@0@r 90 min in order to remove
5x protease inhibitors) and lysed in the presence of 0.1% any remaining aggregates. Samples were maintained @t 4
Triton X-100 using 1 mg of lysozyme/mL with homogeniza- °C until being loaded into the scattering cells.
tion in a 40 mL Wheaton Dounce tissue grinder. (The 1 Neutron scattering measurements were carried out at the
protease inhibitor cocktail used throughout consisted of 1 Manuel Lujan, Jr., Neutron Scattering Center spallation
mg/L chymostatin, 1 mg/L leupeptin, 1 mg/L pepstatin, 1 source (LANSCE, Los Alamos National Laboratory, Los
mg/L aprotinin, and 5 mg/L TLCK.) Following incubation  Alamos, NM) on the LowQ Diffractometer and at the NIST
with 0.1 mg/mL DNase and 10 mM Mgg&for 20 min, the (Gaithersburg, MD) reactor on the 30m NG3 beamline.
cell lysate was centrifuged at 245@Dfbr 60 min at 4°C. Samples at each protein concentration were placed in 2 mm
Dimer protein was purified from the cell supernatant by path-length quartz optical cuvettes. The cuvettes were placed
gradient chromatography on Pharmacia S-Sepharose FHn automatic sample changers and held-ai6 °C through-
followed by passage througl-Sepharose HP in a buffer out the course of the measurements.
similar to buffer A but containing 12 mM Tris-HCI at pH X-ray measurements were carried out at the Stanford
7.6 and X protease inhibitors. A final gel filtration purifica- ~ Synchrotron Radiation Laboratory (SSRL, Stanford, CA) on
tion step was carried out on Sephacryl S-300 HR in 25 mM beamline 4-2 using a XeCQO, filled linear detector as
PIPES, pH 7, 200 MM NaCl, 1 mM Mggl0.5 mM EGTA, employed previouslyl(9). The X-ray energy was set at 8900
0.5 mM DTT, 20uM MgATP, and 1Ix protease inhibitors eV by a Si(111) crystal monochromator, and the sample-to-
(buffer B). Purifiedncddimers were dialyzed against buffer detector distance was 2.096 m. Routine position calibrations
B containing 50% glycerol and 0.1 mM MgATP and stored were made using a sealed cholesterol myristate sar2@je (
at —15 °C. The ATPase rate of aficd dimers in a 50 mM The sample was maintained at 186 in a 1.2 mm path-
Pipes, pH 7, 200 mM NaCl, 2 mM Mggll mM EGTA, 1 length (flat) cell having cleaved mica windows. Concentra-
mM DTT, 5 mM MgATP buffer at 25°C was 0.01 & tion series were run sequentially in the same cell, going
catalytic core™. This rate was 3 times thecdmonomer rate  progressively from the lowest to the highest protein con-
on a per-head basis. With 98%® present the ATPase was centration. Sample cross-contamination was prevented by
unchanged within error. washing the sample cells with many changes of buffer
Expression and Purification of Kinesin Dimer&. trun- between samples and by using different cells riod and
cated human conventional kinesin consisting of residueskinesin. The protein concentration of each sample was
M1—K420 was cloned into the pET17b expression vector determined after the measurement. Counting rates were
and expressed iEscherichia colistrain BL21(DE3)pLysE  always maintained below 15 000'so minimize distortion
(Shimizu, Thorn, Ruby, and Vale, manuscript in preparation). due to electronic pulse pileup and space charge effects in
Cells were grown overnight in TPM-ampicilliriL§) at 33 the detector. Analysis of (60 s) time dumps of scattering data
°C without chemical induction. Frozen cell pellets were revealed no detectable radiation or temperature damage for
suspended in buffer C (25 mM PIPES, pH 6.8, 2 mM MgCI  atleast 1200 s. Nevertheless, the total sample exposures were
1 mM EGTA, 1 mM DTT, and X protease inhibitors), 600 s or less for data included in this study. All scattering
containing 100 mM KClI, then lysed, and centrifuged as data for botmcdand kinesin dimer were accumulated during
described fomcd The cell supernatant was loaded onto a the same data collection period and as close in time as
phosphocellulose column (Whatman International Ltd.), possible.
prepared according to the manufacturer's directions, and Scattering Data Analysifkeactor neutron and X-ray data
equilibrated in buffer C containing 100 mM KCI. Following were reduced using the laboratory-developed programs
elution with a 0.1-1.0 M KCI gradient, fractions containing SCATMAN and SSRLANA, which corrected all scattering
hKIN420 were pooled and dialyzed against buffer C contain- curves for detector response and dead time. At the LANSCE
ing 100 mM KCI. The dialyzed pool was then applied to an spallation source, data were collected both as a function of
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position on an area detector and as a function of neutron  {5-4

time of flight after the initiating proton pulse. Sin€g the N ' '
momentum transfer, depends on both the wavelergtand
scattering angle @ via the relationQ = 4 sin (0)/A and \\_\
sincel depends on the time of flight, both parameters and .,
their precision must be taken into account when constructing __ Sog"=,
a histogram ofl(Q) vs Q (21). From convoluting model g “oq n RIS
scattering curves with experimental parameters, we found? 8o "
no differences in the expectéfR) vs Q using a bin width ~ % a
of 100 AQ/Q = 1.5% and 5% rms. Since the larger bins i
increased the statistical accuracyl @), the latter bin width e
was employed.

The radius of gyrationRy) was extracted from lov@ data
by means of the Guinier approximation:

1(Q ~ 1(0) exp-QRy/3) (1) 1078 L .
0 0.05 0.10 0.15 0.20

Herel(0), the scattering intensity extrapolatedQo= 0, is 02 (nm‘z)

proportlongl to the molecular We'g.ht times the protein Ficure 1: Guinier plots of X-ray scattering data by hKIN42Q)(
concentration@). Ry and|(0) were obtained by least-squares and NCD281 M) dimers with bound MgADP. The ‘solid lines are
fits to Guinier plots (In [(Q)] vs Q?). least-squares fits of eq 1 over the range 00?2 < 0.088 nm2,

Modeling of Scattering Datavlodeling of kinesin dimer ~ The solvent contained 50 mM Pipes, pH 7, 250 mM NacCl, 2 mM
structures was done as follows. The complete starting modelM3Clz 1 mM EGTA, 1 mM DTT, 0.1 mM ADP (hydrolyzed ATP),
was aligned so that the long axis of the neck was coincident %nLd apnrgt?hfﬁ&mgg rs(.)nTCheentl?laCii%ﬁSV%agog Csenmt[:f/%OLn was 24 ml
with the z-axis. For cases in which the starting model was a ' '

dimer, one catalytic core was deleted from the aligned PDB |51 y0lume of solvent and in addition allows for scattering
file. The origin of the coordinate system was then moved t0 o interface of water having a slightly different density
the G, of Thr*® of the remaining catalytic core, which is  han pylk solvent. Here 15 spherical harmonics defined the
located at the transition point between the neck and the ghape of the molecule. These programs were used either in
catalytic core moieties. A rigid-body rotation through Euler 5 giand-alone mode for direct comparison of scattering data
angles ¢, 01, 1) was then applied to atoms in the catalytic ith predictions from crystallographic dimer structures or
core only? The coordinate system was next moved back to 55 5 callable module of the larger least-squares modeling
the neck axis, and a second catalytic core was generated by, iine described above. Although all fitting was done in
a polar rotatlon(Qneck)_ of the atoms of the first catalytic COre  reciprocal space, scattering data and best-fitting model
around the neck axis. In one case the second catalytic Cor§ansities were also Fourier transformed to generate the
was generated usirec= 180" followed by rotations about  gisiripution of molecular chordsP[r)] for data and best-

the second pivot point through another set of Euler anglesﬁtting models using the program GNON2%).
(¢2. 62, 2). This increased the number of geometric

parameters specifying the model dimer from four to six.
Other fits were made with imposed 2-fold symmet6ye(x
= 18C; ¢1 = ¢, 01 = 02, Y1 = ) or by leaving the first
catalytic core fixed¢, = 6; = ;= 0) and rotating the other
or by only varying6neck

Global least-squares searches over a coarse grid wer
performed by exploring all of parameter space ifi 8teps. RESULTS
Minima were selected manually from a list of parameters
sorted by increasing,”. The parameters at these minima  Low-Q Data. Initial neutron scattering experiments on
were refined by rocking about these positions ifi $&ps,  samples in solvents containing 20800 mM NaCl indicated
moving to the new minima, and rocking again until no further that it was necessary to have at least 200 mM salt present to
improvement iny,” was achieved. The parameter step size maintain sufficient solubility at high protein concentrations.
was then halved and the process repeated. To minimizeSimilar results have been found by other%)( using
computation time, scattering curves were only calculated hydrodynamic methods. Typical Guinier plots for X-ray
when the modeR; was between 3.85 and 4.6 nm. Also scattering by hKIN420 and NCD281 (with bound MgADP)
scattering curves were not recomputed if the new model- in 250 mM NaCl are shown in Figure 1. The concentration
determining rotation matrices were identical to previous ones. dependencies of the observBg and 1(0)/C derived from
The final step size in all parameters was®2.5 such plots by fitting eq 1 are shown in Figure 2 for X-ray

Scattering curves were computed from the PDB files using (250 mM NacCl) and neutron (200 mM NaCl) scattering
the programs CRYSOL2Q) and CRYSON 24) for X-ray experiments. In contrast to X-ray data, neutron data for both
scattering and neutron scattering, respectively. These pro-ncdand kinesin show a positive slope s vs C. Further,
grams utilize a method which accounts for excluded molec- the slopes ofl(0)/C vs C are not equivalent for the two
proteins as they are in the X-ray data. The neutron and X-ray
2 The notation of Goldsteir2@) is used throughout for Euler angles.  data were taken with slightly different NaCl concentrations.

For both X-rays and spallation-source-generated neutrons,
it was demonstrated by convolutio?l(, 25 of typical model
curves with experimental parameters that the use of experi-
mental data without convolution negligibly affected models
andRy. This was also true foR, determination by reactor-
egenerated neutrons.
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Ficure 2: Concentration dependence of scattering results from the 0 0.05 0.19 9.15 0.20 0.25
low-Q region (see Figure 1Ry and I(0)/C were determined by Q¢ (hm™4)

fitting Guinier plots (Figure 1) over the range 0.82Q? < 0.088
nm~2. Data points for hKIN4200) and NCD281 M) dimers are
shown. Straight-line fits to the concentration dependence were
weighted by counting statistics only. (a) Concentration dependence
of the observedr; determined from X-ray scattering data. (b) - " -
Concentration dependence of the obse8)IC determined from computed scattering curves from dimers consisting of the crystal-

) ; lographic NCD281 structures) with appropriate lengths of coiled-
X-ray scattering data. (c) Same as (a) but the data are from neutron™* :
scattering experiments. The 99% solvent used in neutron  COil rod added to yield the correddl,, NCD250 and NCD281

experiments contained 50 mM Pipes, pH 7, 200 mM NaCl, 2 mM intensities have been multiplied by 0.75 and 0.5, respectively, for
MgCl,, 1 mM EGTA, 1 mM DTT, protease inhibitors, and 0.1 mM display purposes. The increasing curvature at@with increasing

M is a result of the increasing maximum chodg,{«= 13.6, 18.3,
ﬁguirégygégggﬁr?ggy;éri(rﬂesnat? e as (b) but the data are from and 21.9 nm, for NCD281, NCD250, and NCD224 respectively),

which moves the true Guinier region to progressively lo@ér

. . . The protein concentrations were 102 mg/mL. The 99%
In addition to this fact, the observed slope differences could soh,e%t contained 50 mM Pipes, pH 7, 25ogmM NaCl, 2 m,\°,| I,%,%d

also arise from association effects induced bpDDespite 1 mM EGTA, 1 mM DTT, protease inhibitors, and 0.1 mM ADP
these differences in slope, kinesin amatidimers give almost  (hydrolyzed ATP).
the same extrapolated absoliRg values from X-ray and
neutron datd.Also, 1(0)/C values extrapolated 16 = 0 are can test models of the scattering molecule by computing its
virtually identical for both proteins in both neutron and X-ray Scattering pattern from a given structdre.
scattering experiments. Sincé0)/C is proportional to We have compared the computed scattering from the
molecular weight and since NCD281 and hKIN420 have crystallographically determined NCD281 structure (2NCD)
virtually the same molecular weights (but not the same massWwith our NCD281 scattering data and the computed scattering
distribution), this is the expected result. In particular, the from the crystallographically determined structure (3KIN)
invariance of the extrapolaté(D)/C indicates that the fitting ~ 0f rKIN379 with our scattering data from hKIN420. Because
region employed is adequate to determine the coRgaff of the 87% sequence identity of rat and human kine28), (
kinesin, which has a greater fraction of its mass in the neck it is likely that hKIN420 and rKIN379 have the same low-
plus stalk, and a great&,. Other experiments (not shown) resolution structure. Both rKIN379 and NCD281 crystal-
using myosin S1NI, = 131 000), sweet potatf-amylase lographic structures are missing portions of the stalk and
(M; = 201 000), and in some cases®(for neutrons) as  Some residues in the catalytic core domain. Thus, to more
standards gave the correct molecular weights of NCD281 accurately compute the expected scattering patterns, it was
and hKIN420 within an estimated error of 10%. necessary to add these residues to the structures.

In addition to comparing theRjs of hKIN420 and For ncd Qimers there are 38 missing residues in each of
NCD281, we have measured the scattering from NCD250 the catalytic cores of the crystal structure (2NGp;In the
and NCD224 (Figure 3), which amecd constructs having ~ ¢2S€ of NCD281 the;e missing resldues represent 9% of the
longer stalks. These molecules show significant curvature 0tal mass. The missing residues in loop 11 (residues-588
in the region where NCD281 is linear, indicating that their °97) and the C-terminus (residues 6720) are on opposite

true Guinier region, reflecting the increased occurs in a sides of the catalytic core. Their absence could affect the
lower Q? range. scattering pattern, as they might project out from the bulk

Fits to Scattering Patterns Using Crystallographic Results of each catalytic core’s mass. We performed model calcula-
. g rat g Lrystatiographi . " tions on NCD281 both with and without added catalytic core
For monodisperse particles, randomly distributed in solution,

scattering patterns are determined by the distribution of residues. For loop 11 half of the residues were added at each
; 9P o Dy the end; for the C-terminus, all were added to the last known
interatomic chords within the scattering particles. Thus, one

Ficure 3: Typical Guinier plots of neutron scattering bgddimers
having different lengths. The filled circle®) are scattering from
NCD224, the filled triangles&) are scattering from NCD250, and
the filled squares ) are from NCD281. The solid lines are

4By a spherical Fourier transformation of the intensity one can also
compute the chord distribution directly. However, technical limitations
on estimation of the magnitude of the maximum chd&@)( which is
a parameter in the transformation, dictate that fitting of models be done
in reciprocal space.

3 0n the basis of model calculations, the neutRgis should be about
0.07 nm lower than the X-ralgy's due to the contrast difference. This
assumes equivalent experimental conditions and little or p® D
exchange. This difference is within the error of the measurements.
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Table 1: Radii of Gyration of Kinesin andcd Dimers

Rgin vacuo Rghydraled dmax dsep
Ry X-rayst Ry neutrond crystal-based crystal-based crystal-based crystal-based
(nm) (nm) modeP (nm) modeP¢ (nm) modeP4 (nm) modeP (nm) 1P
NCD281 3.60+ 0.075 3.65+ 0.13 3.55/3.47 3.73/3.72 13.6/13.6 4.75/4.50 1.03/0.93

hKIN420 4.05+ 0.075 410+ 0.13 4.49/4.50/4.53 4.64/4.65/4.66 16.1/16.1/16.1 6.09/6.19/6.26 5.01/5.22/5.21

2 Includes results from experiments in addition to those shown in Figut&. vawis the electronidy, computed from the atomic coordinates
using all atoms in a given PDB file. The first values given are without readdition of the residues missing in the catalytic cores of the crystal

structure. The second values have residues readded at the available loop ends (and at the C-terminus for NCD281) as described in the text. For

hKIN420 the third set of values is derived when the loop 11 structure given i i®fincluded. This extended loop, whose structure was not
determined experimentally, is probably distributed about the given position in solution. Thus the structural parameters derived from iis inclusio
are likely an upper limit on what would be expecté€omputed from X-ray results using CRYSOL with a 0.3 nm water shell; best fits were
obtained using = 88 e/nn{ andra, = 0.158-0.165 nm.% dmax is the longest chord in the molecuRedsepis the center-of-mass to center-of-mass
separation of the catalytic cores.
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Ficure 4: X-ray scattering by NCD281 (as in Figure 1). (a) Plot of observed intensit.vEhe solid line is a fit computed from the
2NCD crystallographic structuré&) with added residues in the catalytic cores (see text) and the stalk. Open circles are data (as in Figure
1). The fitting range was 0. Q < 2 nnt%. (b) Guinier plot of the same data and model as in (a). (c) Chord distributR{ng pbtained

by Fourier transforming the scattering data in (a) and the calculated scattering by the crystallography-based structure (solid line).

residue. In addition, coiled-coil stalk residues were added (Table 1). This result does not depend significantly on
to give the appropriat®l,. As can be seen in Table 1, there whether the 17 missing loop 11 residues (4% of the total
was a relatively small effect on both the obsenRdand mass) in each of the 3KIN catalytic cores are readded at the
they,? values of thencdfits. The fits to the experiment&, end of the ends of the loop, are modeled using the loop
of NCD281 (Table 1, Figures 2 and 3) and scattering patternsproposed in the monomer crystallograpl8), (or are not
(Figure 4) are goody? ~ 1), and one can be confident that readded (Table 1). Thie(r) plots of kinesin (Figure 5c) are
the low-resolution solution structure resembles that obtaineddramatically different from those afcd (Figure 4c), reflect-

by crystallography when the missing residues in the stalk ing a greater separation of the catalytic core domains and
are included. We note, however, that the crystallographic the greater length of the molecule. The simplest interpretation
P(r) shows a small ripple which is not seen in the data. This of the difference between the hKIN420 data and rKIN379-
absence could be indicating that the average position of thederived model plots is that the catalytic core separatign
missing C-terminal residues is closer to the opposite catalytic (reflected in the bump near-& nm in Figure 5) is smaller
core than the last known C-terminal resiets® that the and the overall length of the molecule is shorter than that of
space between the cores is more nearly filled in. the model.

The fits to the longer ncd dimers (Figure 3), NCD250 and  Modeling the Structure of the Kinesin Dimehs the
NCD224, are also noteworthy. The fits obtained at IQw  scattering by thecddimers is well fit by models comprised
are good and indicate that the stalk portions of these of the crystallographic structure plus added stalk, such
constructs are well described by coiled coils of increasing models are likely to be accurate representations of the
length. This is in agreement with secondary structure structures ofncd dimers in solution. On the other hand,
predictions for coiled coils by the program COILS (and hKIN420 was poorly fit by the crystallographic structure of
COILS2) 9) which predicts that the region atdbetween rKIN379 plus added residues. There are a number of reasons
residues 200 and 340 is likely to be a coiled coil. why this could be so.

On the other hand, the fit of a model consisting of the  First, an examination of the crystal contacts for 3KIN
rKIN379 crystal structure plus missing core and stalk residues suggests that the packing of kinesin in the crystal could set
to hKIN420 scattering data (Figure 5) is pogri(~ 5), and the kinesin catalytic core orientation. Each catalytic core
the modelRy is much larger than experimentally observed makes three to four times as many contacts with symmetry-
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FicurRe 5: X-ray scattering by hKIN420. (a) Plot of observed intensityvd he solid line is a fit computed from the 3KIN crystallographic
structure with added residues in the catalytic cores (half of the missing residues added at each end of the loop) and the neck and stalk. Open
circles are data (as in Figure 1). The fitting range was<0.Q < 2 nnt 2. (b) Guinier plot of the same data and model as in (§)Cfeord
distributions P(r)] obtained by Fourier transforming the scattering data in (a) and the calculated scattering by the crystallography-based
structure.

related mates as with the partner catalytic core. The interchainSome improvement in the fit (not shown) was achievgd (
interactions in 3KIN appear to be primarily between the = 3.0) when the stalk was bent through an angle of*1s20
(nonconserved) charged surface residues®ynd Gl that its new long-axis position was almost parallel to a chord
(13). Also, other possible interchain interactions may occur between the centers of the catalytic cores. However, such
between the (partially conserved) Asp oneof the catalytic an extreme bend seems improbable based on the above-
cores and the (partially conserved) E3/n the neck region ~ mentioned shadowing work. In addition, the average intensity
of the other chain30). from a model in which the stalk beyond residue 375 pivoted

Second, the hKIN420 studied here is longer than that usedthrough all Euler angles with equal probability (segmental
in crystallographic studies and is from a different species. flexibility) was computed. Although this model gave an
The longer kinesin construct used here was chosen to mitigatémproved fit (not shown) to the longest chords compared to
concerns about the aggregation reported for shorter dimersthe unmodified crystal structure model, a good fit to the
(26, 31, and it is known (R. Vale, personal communication) overall scattering pattern was not achieved & 2.7).

that this construct exhibits “processivity” or the ability 1o Tg ynderstand what effect complete angular disordering
remain attached to MTs while exhibiting motility. Discount- (fy|| segmental flexibility) of the catalytic cores might have
ing the species difference, which seems likely to be negligible o the observed scattering, we computed (Figure 6) the
on the basis of sequence identity, there is a possibility that ensemble-averaged scattering pattern that would be obtained
the stalk of kinesin is bent or bends near residue 375. it poth catalytic cores were allowed to randomly pivot
Secondary structure predictions and peptide experiméhts (- hrough all (nondegenerate) orientations (six parameters). To
suggest that there is little or nohelix in the residue 370 eliminate the most severe overlap of the catalytic cores
383 region and perhaps somewhat bey’bhhh_wever, there  \ithout the necessity of the introduction of extra parameters
is no direct evidence of a bend or bending. Shadowing anq additional computation, dimer models were included in
micrographs 26_2) of native bovine kinesin only indicate a  he average only iflsep > 2.5 nm. While this approximation
bendable region about 35 nm from the near edge of thejs yndoubtedly simplified, it does demonstrate what might
catalytic cores. A bend located near residue 375 would be ) expected: the peak in th&(r) function near 3 nm is
about 8 nm from the near edge of the catalytic cores. Finally, j,creased somewhat while that near 6 nm is almost com-
the possibility exists that the catalytic cores are in some way pletely averaged out, and the overall fit is poor. Since the
disordered and this disordering is responsible for the differ- peak in the data near 6 nm (see Figure 5) is as strong relative
ence between the crystal structure-based model and experiz, o peak near 3 nm as in the crystal strucR(m, it seems
mental results. o unlikely that disordering would be the sole cause of the poor
We investigated the possibility that a bent stalk alone could ;.
account for our scattering data. Least-squares searches
allowing the stalk of the rKIN379 plus missing residues
model to bend at residue 375 through various Euler angles
to achieve a best fit to the scattering data were performed.

We found it more fruitful to reexamine the position of
the catalytic cores within the rKIN379 model. For this
purpose we searched the catalytic core positions in hKIN420
assuming only rigid-body rotations (see Experimental Pro-
cedures for details). The first model investigated used the
° Secondary structure predictions using COIRS)(ndicate thatfor oy stallographically determined kinesionomerstructure
human kinesin there is a valley in the probability of findingcehelix

near 375, but beyond residue 405 théelix probability becomes high ~ Of Sack et al. 83). We reasoned that since the monomer
again. structure was obtained from a crystal different from that of
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FiGUReE 6: Expected average scattering from KIN420 dimers whose catalytic cores have complete segmental flexibility (a) Plot of observed
intensity vsQ. The solid line was computed by averaging the scattering patterns from dimers generated as in Figure 5a but having all
possible (nondegenerate) catalytic core orientations subject to the constraint that the calgs had nm. This constraint minimized

overlap of the catalytic cores with each other. The open circles are data as in Figures 1 and 5. Data and model are normalized at the lowest
Q point. The scattering patterns used in the ensemble average were computed without correction for a solvent shell. (b) Guinier plot of the
same data and model as in (a). (c) Chord distributii{g)] obtained by Fourier transforming the scattering data in (a) and the calculated
ensemble-averaged scattering (solid line).

Table 2: Results of Modeling Kinesin Scattering with Crystallographic Difmers

$1/2 (deg) 6,/6, (deg) Yaly2 (deg) Bneck(deg) Osep(NM) Rg" 20 (nm) Rg™ereed(nm) %
Identical Catalytic Core Orientation (Sack et al. Monomer), Ghlyx Varies (One Parameter)
0/0 0/0 0/0 107.5 .29 4.27 4.50 2.75
One Catalytic Core Is As in Sack et al. Monomer, Other Catalytic Core Varies (Four Parameters)
0/-30 0/65 0-32.5 170 5.29 4.15 4.37 2.10
Strict 2-fold Symmetry about Rod Axis with Identical Catalytic Core Orientation (Three Parameters)
110/110 60/60 137.5/137.5 180 5.57 3.86 4.08 1.94
Identical Catalytic Core Orientation except No 2-fold Symmetry (Four Parameters)
90/90 42.5/42.5 205/202.5 117.5 5.35 3.94 4.10 1.22
Each Catalytic Core Pivots Independently about 2-fold Symmetry-Related Pivot Points (Six Parameters)
70/142.5 45/97.5 200/180 180 5.23 3.91 4.08 111

a All calculations were done with missing residues in the catalytic cores of the crystal structure readded with half placed at each end of the
known portion of the loop. The results were negligibly different when loop 11 o6nehs readded or there were no readditions.

the dimer structure, it might yield a better fit. This monomer  Another model (third entry in Table 2), in which the dimer
structure contains a short run of singlehelix belonging to catalytic cores were allowed to take any orientation about
the neck, and the entire monomer can be approximatelythe pivot point but were forced to have 2-fold symmetry,
aligned with one of the catalytic cores in the rKIN379 dimer produced a marginally better fit than the second model in
structure {3). After splicing the first of these cores onto Table 2. A significant improvement in the quality of the fit
the neck by aligning thet-helical portions, the position of  could be achieved when the 2-fold symmetry about the neck
the second was fit by allowing the polar anglgefy between axis was relaxed. It was then possible to achieve statistically
the first and second catalytic cores to vary. The best fit good fits either by rotating each catalytic core though
orientation @necx = 107.5; see Table 2) gave an improve- identical Euler anglesy(? = 1.22, fourth entry in Table 2,
ment over the crystallographic-based dimer structure anddata not shown), or by rotating each catalytic core indepen-
reduced they,2 from 5.2 to 2.75. In a related second model dently about the (symmetrically related) pivot points*=
(Table 2), one of the catalytic cores was a Sack et al. 1.11, last entry in Table 2, Figure 7). The mass distributions
monomer held fixed in the spliced position, and the other and overall appearances in these two cases are quite similar,
catalytic core (initially also a Sack et al. monomer) was although the catalytic core domains differ in orientation. The
allowed to rotate through all possible Euler angles about the results for the last three models, which used dimer catalytic
Thr338 pivot point as well as through all possibfgec. This cores, were independent of which catalytic core was used
improved the fit somewha(2 = 2.1). Replacement of the as a starting model. We conclude that for kinesin dimers a
spliced-on Sack et al. monomer by either of the catalytic 2-fold symmetry axis, like that observed foecd is untenable.
cores from the dimer crystallographic structure (3KIN) in In fitting scattering patterns, one must be concerned about
the above two models produced no significant change in thethe uniqueness of any modeling because of limited informa-
quality of the fits (not shown). tion content of the data. As the number of parameters



Structures of Kinesin antlicd Dimers Biochemistry, Vol. 38, No. 16, 19991945

100 . T T 1 L] 2.0 T T T T T T
Q) c)
Y
T
Q (-]
Su 15F b
-1
Aw 3 02 7
g R
= ‘ =
E n& 10} |
L 2
=
T 1072t
05F b
10_3 4 L L 0 1 L s 1
0 0.5 1.0 1 15 2.0 0 25 50 75 100 125 150 175
Q (m™) r (nm)

Ficure 7: Fits to hKIN420 X-ray scattering by a model in which catalytic cores are allowed to pivot independently about symmetry-
related pivot points (last entry in Table 2). (a) Plot of observed intensity.vEhe solid line is the best-fitting modeling result. (b) Guinier

plot of the same data and model as in (a).@bord distributions(r)] obtained by Fourier transforming the scattering data in (a) and the
calculated scattering by the best-fitting model (solid line).

Ficure 8: Models of the kinesin dimer structure. In these stereoviews the necks are aligned vertically and loop 12 is shown (red) on each
catalytic core. The stalk portions (beyond residue 370) have been deleted for display purpogesSry3apstructure (3KIN) of rKIN379.

(Middle) Best-fit model of hKIN420 obtained with identical catalytic core orientations but no 2-fold symmetry about the rod axis (the
next-to-last entry in Table 2). (Bottom) Best-fit model of hKIN420 obtained with each catalytic core pivoting independently about 2-fold
symmetry-related pivot points (the last entry in Table 2). The fit to the data is shown in Figure 7.

describing the model increases, the likelihood that a model rotate about the symmetric pivot points model (fit in Figure
is unique decreases. Generally, we have found that for a7). Although the lack of 2-fold symmetry about the neck
given model the fitting was robust and converged to the sameaxis is retained in these models, their overall appearance
final orientation independent of starting orientation. In one gjffers somewhat from the crystal structure. Viewed side-
instance we found a shelf in parameter space which gave 3on, the “T"-like (or even slightly “Y"-like) appearance of

statistically plausibley,? ~ 1.3) fit. This shelf was observed ; : :
; i the crystallographic structure is replaced by something more
in a fit that eventually converged j92 = 1.11 (the last entry nearl;?/ rese?nbl?ng the projectiog of a )r/nushroom? The

in Table 2). However, this model was discarded as untenable . . . - .
orientation of the putative microtubule binding site (loop 12,

because of the large overlap of one catalytic core with the ="'~ ) ) )
neck portion. residues 273278 of hKIN) determined by alanine scanning

Figure 8 shows the rKIN379 crystal structure, the model Mutagenesis34) is now somewhat different in the two

having identical rotation of the catalytic cores (fit in Figure models from those of the crystal structurearticularly in
6) and the model in which the catalytic cores independently the best-fitting model (Figure 8, bottom).
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DISCUSSION controversy. Three-dimensional image reconstructions of
. . kinesin dimer constructs bound to microtubules originally
_ We have found that the structure of NCD281 in solution jyicated that one kinesin catalytic core was bound and one
is well described by the crystal structure plus missing residues,, o5 free and partially disordered@, 3. This view has

in the stalk and catalytic core domain despite some uncer-yecantly heen challenged by new binding studies measuring
tainty about how to readd the missing residues in the catalyncthe stoichiometry of kinesin dimers ta—g tubulin in

core. In addition, scattering by the longer constructs, microtubules§7) as well as supporting STEM, cross-linking,
NCD250 and NCD224, is well fit at low@ by similar models scattering, and imaging studie®7( 3§. These more recent

having longer rigid coiled-coil stalks. Kinesin, on the other (oquits indicate that each catalytic core domain binds

hand, is not well fit by the rKIN379 crystal structure plus jyentically toa—g tubulin dimers and that the mass assigned

missing residues. This poor fit is not due to missing residues yqyiously to the free catalytic core may actually arise from
in the catalytic core domain, as the number of such residues, portion of the neck of kinesin. At the same time others

is small. The measure, (4.05+ 0.075 nm) is much smaller —(5g) *ising the original interpretation of three-dimensional
than the prediction from the crystal-structure-based model image reconstructions, have suggested how the crystal
(Rg™erat¢= 4.63 nm). Modeling of wide-angle data indicates |,qraphic kinesin dimer structure can be fit into cryo-EM
that the separation of the catalytic cores istlthm smaller  yensity maps of kinesin dimers bound to microtubules. This
than in the crystallographic structure. Although we cannot iing indicates that the microtubule binding site of kinesin
rule out some contribution of bending of the stalk to the lack 5 |gcated on the side of the catalytic core domain opposite

of agreement between the crystal-based structure and thg.q, that found by alanine scanning mutagene3#.(The
data, it is unlikely to be the sole source. somewhat different views of the kinesin dimer structure
We note that the models employed here do not take into presented herein admit that fits to EM data using the original
account intramolecular disorder but rather assume a mono-interpretation may be possible without conflicting with the
disperse ensemble of independent scatterers. However, inesults of the alanine scanning. Alternatively, it is possible
general, solution scattering reports an ensemble average ofhat the fitting by Kozielski et al. may have been fortuitous.
the shapes of the scatterers. Thus, if there is large-scalewe are currently investigating this issue. However, we note
disorder, such as Segmental erXIblllty of the kinesin CatalytiC that a”gnment of the left-most core of either of the two best-
cores as found for the head (S1) moieties of myo8#),(  fitting models with the left-most core of 3KIN (in Figure 8)
the modeling of the data by simple static structures is indicates that the coiled-coil neck portion seems to more
approximate. As discussed above, our scattering data indi-easny clear the surface of MTs (s86) if we assume that
cated that the catalytic cores are not fully disordered. the |eft-most head binds in the original monomad (12,
Evidence has been presented for some flexibility in fluores- 34) orientation. The second (presumably unbound) head will
cence depolarization experiments using mant-nucleotide pe somewhat more steeply inclined to the neck axis so that
fluorophores bound to dimeric kinesi@). There, the ratio  the cores will form arrowheads pointing approximately in
of the observed rotational correlation time of the kinesin the plus direction. The lack of 2-fold symmetry seen here
dimer to the kinesin monomer is 3:5.5. (For myosin this  (and in the crystal structure) suggests that location of the
ratio is near 2.) If the catalytic core domain contained a ynbound head near an upstream binding site, as seen in the
completely immobile fluorophore, and the catalytic core earlier electron microscopy, is a property of the structure of
domain of kinesin were a rigid body loosely tethered by a the free kinesin- ADP dimer. Further large-scale conforma-
long chain to the remainder of a very large body, this ratio tional changes may not be needed to achieve the bound state
would be 1. Thus, the fluorescence depolarization data alsogeen by electron microscopy.
indicate that there is a significant restriction of the rotational |n summary, the scattering results presented here show
mobility of the catalytic core domain in the dimer. However, that the crystallographic structure of thed dimer is close
at present it is difficult to quantitatively estimate the degree tg that which would be found during the part of the ATPase
of restriction, and this issue remains an open question.  cycle when ncd (with bound ADP) is detached from
Since scattering data do not give atomic resolution microtubules and free in solution. The kinesin dimer solution
information, it is difficult to reliably assign corecore or structure does not fit the crystallographic structure (when
interchain core-neck interactions for kinesin. While it is  stalk residues are added). The most likely cause of this
tempting to assign a source of cefeore interactions to  discrepancy is that the catalytic cores are closer together and
interactions between N-terminal residues or interchain-eore oriented somewhat differently in solution. Nevertheless, some
neck interactions to N-terminaheck residues, there could of the central differences betweecd and kinesin dimers
be other interactions near the top of the structure (as viewedfound by crystallography are retained. The catalytic cores
in Figure 8) or further down along the neck. For example, in kinesin are not tightly bound to the neck, and their
the putative microtubule binding site (loop 12; cyan in Figure orientation lacks 2-fold symmetry about the rod axisntul
8) of one catalytic core might interact in a switch-like fashion dimers the situation is reversed. This major structural
with residues on the rod (see particularly Figure 8, bottom difference betweencdand kinesin may be associated with
structure). Such bonds could be either weak or strong. the difference in the directionality of their moveme®} 6n
However, core-core interactions and/or interchain cere  microtubules and the ability of kinesin, but nutd, to exhibit
neck interactions would have to dominate intrachain interac- processivity 40).
tions in order to break the 2-fold symmetry otherwise
imposed by the parallel coiled-coil neck. ACKNOWLEDGMENT
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