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The human Eg5 (HsEg5) protein is unique
in its sensitivity to allosteric agents, even
amongst phylogenetic kin. For example, S-
trityl-L-cysteine (STC) and monastrol are
HsEg5 inhibitors that bind to a surface pocket
created by the L5 loop, but neither compound
inhibits the Drosophila Kinesin-5 homologue
(Klp61F). Herein we ask whether or not drug
sensitivity can be designed into Klp61F. Two
chimeric KIp61F motor domains were
engineered, bacterially expressed, and purified
to test this idea. We report that effector binding
can elicit a robust allosteric response,
comparable to HsEgS, in both motor domain
chimeras. Furthermore, isothermal titration
calorimetry confirms that the Klp61F chimeras
have de novo binding affinities for both STC
and monastrol. These data show that the
mechanism of intramolecular communication
between the three ligand-binding sites is
conserved in the Kinesin-5 family, and
reconstitution of a drug-binding cassette within
the L5 pocket is sufficient to restore allosteric
inhibition. However, the two compounds were
not equivalent in their allosteric inhibition.
This surprising disparity in the response
between the chimeras to monastrol and STC
suggests that there is more than one allosteric
communication network for these effectors.

The Kinesin-5 family of motor proteins plays a
conserved role in the morphogenesis of the mitotic
spindle. In particular, human Eg5 kinesin (HsEg5)
forms a homotetramer that is capable of
crosslinking adjacent microtubule bundles during
spindle formation, and is essential for mitotic
progression. High-throughput screens for small
chemical inhibitors of mitosis that may
subsequently be developed for anti-cancer
therapeutics have often yielded compounds that
target this kinesin in particular. At the time of

their discovery, these compounds represented the
only known antimitotic compounds that did not
directly affect cellular microtubule assembly or
function, and constituted an entirely new class of
potential anticancer compounds. Important for our
purposes, they also serve as tools to explore
fundamental questions about motor protein
function.

To date, small chemical inhibitors have been
discovered that bind to at least three different sites
within the motor domain of HsEg5 (1-4). The
most highly explored allosteric site is a single
pocket whose absolute location was defined by X-
ray crystallography [for examples, see (5-11)]. It
is formed by the a2 and a3 helices and capped by
the L5 loop. This L5 pocket is on the surface of
the motor domain and is approximately 12 A and
22 A from the nucleotide-binding site and
microtubule (MT)-binding site, respectively.

Interactions of the L5 loop are at the crux of
long-distance, allosteric communication with the
active site and the MT-binding site. The
biochemical role of the L5 loop has been
confirmed by kinetic —measurements and
mutagenesis efforts. Mutations throughout the
loop result in varying degrees of inhibition of basal
rates and MT-stimulated ATPase rates (3, 7, 12-
15). Not limited in its effects upon the orthosteric
site, the dihydropyrimidine derivative, monastrol,
has been shown to affect how the motor domain
interacts with microtubules. At the cellular level,
monastrol-induced inhibition results in catastrophic
disruption of the mitotic spindle (16, 17). More
detailed in situ experiments, however, reveal
frictionless motion along microtubules by
monastrol-HsEg5 in gliding assays/tug-of-war
experiments (18).

There are still outstanding unanswered
questions regarding this allosteric site in Kinesin-5
proteins. First, it remains unclear how the L5 loop
transmits the inhibitory signal or conformational
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change that affects the orthosteric and MT-binding
sites. Formally, three events in series are required
for allosteric inhibition in this model system:
binding of the small-compound, allosteric changes
in the L5 loop, and propagation of allosteric
signals to the distal sites. In crystallographic
studies of HsEg5*ADP complexed with monastrol
(7, 10) and other L5 pocket inhibitors [for
example, (19)], the wildtype Kinesin-5 motor
domain displays a similar conformer, irrespective
of the chemical nature of the allosteric drug.
Regardless, examination of co-crystal structures of
drugs complexed with HsEg5 do not reveal any
pronounced perturbation of the active site residues,
such as those of the P-loop, or Mg*" cofactor that
might explain the aborted catalytic cycle.

Second, no biochemical or biological action
has been ascribed or accepted for the L5 loop in
the motor domain. Current models suggest that
these inhibitors somehow drive the loop to trap
HsEg5 predominantly in an inactive ADP-bound
state (20, 21), with atomic contacts that vary by
inhibitor, and prevent the displacement of ADP
with ATP for a subsequent round of hydrolysis.
Multivariate analysis of HsEg5 solution structures
defined that the L5 loop may be acting in concert
with the core P-sheet to serve as a transducer
between the nucleotide site and the force generator
(13). A similar definition was proposed for
myosin motor proteins, for which this analogous
protein sector (22) is responsible for releasing
ADP from myosin (23).

Third, it is not understood why there is such
exquisite drug sensitivity for only some of the
Kinesin-5 proteins and not others. Although both
human and Xenopus Eg5 kinesin are sensitive to
L5 pocket inhibitors, other homologs, such as
KlIp61F in Drosophila, are not sensitive to drug
inhibition. Furthermore, drug-mediated inhibition
is abolished in HsEg5 chimeras formed by
replacing the endogenous L5 loop with roughly
cognate segments from either human kinesin heavy
chain (7) or Neurospora kinesin heavy chain (1).
This loss-of-function strategy does not provide
insight as to whether sequence alteration in L5
alone is responsible for loss of small-molecule
binding or results in sequence incompatibility
within an allosteric network between the surface
loop and the motor domain core.

To distinguish between these explanations, we
chose a gain-of-function mutational approach. The

motor domain of Drosophila Klp61F is 59%
identical to HsEg5, contains a similar size L5 loop,
and is not measurably inhibited by either monastrol
or STC. Here we report that, consistent with the
lack of inhibition, Klp61F does not bind the
allosteric effectors with any measurable affinity.
We surmise that, if the pathway for allosteric
inhibition is conserved, then reconstitution of
effector binding to the L5 pocket of modified
KIp61F should confer druggability and result in
long-distance allosteric inhibition. On the other
hand, if drug binding to the L5 pocket of Klp61F
can be reconstituted without accompanying
allosteric inhibition, then it is probable that the
mechanism of allosteric inhibition is a unique
attribute to an ensemble of residues or contacts
found only within HsEg5.

METHODS

Motor Protein Expression and Purification.
The motor domain of HsEg5, as well as the
KlIp61F, Klp61F-L5 and Klp61F-L5-a3 constructs,
were expressed in BL21 (DE3) cell lines
(Invitrogen) and purified by cation exchange
chromatography as described in Wojcik ef al., (24).
The motor protein samples were estimated to be
>90% pure based on SDS-PAGE analysis.

The initial plasmid construct of the Klp61F
motor domain with C-terminal His tag was a gift
from Dr. Richard A. Walker (Virginia Tech). The
C-terminal 6X-His tag was removed from the
wildtype Klp61F motor domain expression
construct by inserting a TAG stop codon before the
tag sequence. We synthesized the Klp61F-L5
variant in which the native L5 loop (Met'" — Ile'*)
was replaced with the homologous HsEg5 L5 loop
(Met'" — Tle'*). We also synthesized the Klp61F-
L5-a3 wvariant further containing the K214A
substitution.

ATPase Activity Assays. Basal and MT-
stimulated ATPase activities of the motor proteins
were measured using a coupled pyruvate
kinase/lactate dehydrogenase assay (2, 25) in a 96
well  plate using a  SpectraMax 2E
spectrophotometer. Basal ~ATPase reactions
contained 2.5 uM motor, while MT-stimulated
ATPase reaction mixtures contained 50 nM motor
and 4 uM tubulin stabilized with 20 uM paclitaxel
(Calbiochem). To establish a threshold for the
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sensitivity of both the basal and MT-stimulated
ATPase assay, 2.5 uM BSA was substituted for
enzyme in mock time-course reactions. These
control reactions established a noise baseline and
never recorded a value in excess of 0.009
ADP/protein/s (average = 0.004 =+ 0.002
ADP/protein/s (n=6)). Inhibitor concentrations
were 0-200 uM for the basal and MT-stimulated
reactions. The potency of the inhibitors was
calculated in Igor Pro (Wavemetrics Inc.).
Different curve-fitting algorithms were tested and
the quality of the fits assessed by chi-square
analysis. The best curve fits typically resulted
from application of the Hill equation algorithm.
However, in the case of STC binding to HsEg5, a
classic ‘tight binding’ situation (12), the best fit
arose from a curve generated by the Morrison
equation (26), from which we calculated kinetic
parameters for this data.

Isothermal Titration Calorimetry. The
binding affinities of STC (Sigma, #164739) and
monastrol (Sigma, #M8515) for the motor proteins
were determined by  isothermal titration
calorimetry (ITC) using a VP-ITC apparatus
(MicroCal). Protein samples were dialyzed against
sample buffer [S0 mM Hepes (pH 7), 150 mM
NaCl, 2 mM MgCl,, 2 mM p-mercaptoethanol and
5% glycerol] prior to the experiment. STC and
monastrol were prepared as stock solutions of 50
mM in DMSO and thereafter diluted to desired
concentration in the sample buffer. The final
percentage of DMSO was kept below 3% for all
the experiments. The concentration of DMSO in
the syringe and the cell was kept constant by
adding equal percentage to the protein solution
before injection of the drug. All solutions were
degassed before loading to reduce the noise. For a
typical experiment, 10 ul of STC (300 uM) or
monastrol (1 mM) was injected into 1.45 ml of the
protein solution (25-50 uM) at 20° C. A total of 29
injections were carried out at 3-minute intervals for
each experiment. The heat generated by the
dilution of STC or monastrol into 1.45 ml of the
buffer was subtracted for baseline correction. The
binding affinities of the drugs for the motor
proteins were determined by plotting the best-fit
curve for the experimental binding isotherms using
Origin 5.0 software. For all our measurements, the
single-site binding model resulted in the best fit

compared to alternatives, including the two-
binding-site models.

RESULTS

Engineering an effector-binding pocket in
Klp61F. The only Kinesin-5 family member that
has been structurally analyzed by X-ray
crystallography is HsEg5. Therefore, we used a
homology-model approach to predict the
homologous L5 pocket residues for Klp61F and
design a chimeric binding pocket. The extensive
identity of pocket residues permitted good
alignment of KIp61F L5 pocket residues to those
of HsEg5 (Fig. 14). This alignment formed the
template for the construction of our Klp61F
chimeras.

To design the L5 pocket KIp61F chimeras, we
examined the residues in the L5 pocket of HsEg5
co-crystallized with either STC or monastrol. Our
criteria were that the residues must reside within 3-
4 R of either compound and must be predicted (27)
to participate in chemical interactions. Seven
residues within the L5 loop were all found to
interact with monastrol as well as STC (Table 1).

STC binding to HsEg5 appears to be driven
primarily by hydrophobic interactions, with 12 out
of 19 contact residues oriented for hydrophobic
interactions to aromatic and nonpolar moieties of
STC, and four remaining contact residues in
position for predicted H-bond formation to the
cysteinyl moiety (Fig. 1 and Table 1). In contrast,
the monastrol-binding pocket is composed of a
subset of 15 residues out of the 19 that form STC
contacts. In this case, nine residues are predicted
to contribute to hydrophobic interactions with
monastrol and six are in favorable orientation for
H-bonding to the polar components of this effector.
Perhaps due to its mobility, all but two residues of
HsEg5 (Tyr’"' and Ala®"®) that form the closest
contacts or appear to contribute most to the
effector-binding environment in the co-crystal
structures are resident within the L5 loop.

Based on this analysis, we first opted to swap
the entire Klp61F L5 loop with that of HsEg5
(Met'"*-1le'*) to create chimera Klp61F-L5 (Fig.
1A, box). With the exception of Ala®"® in HsEg5,
contact residues outside of loop L5 are conserved
between HsEg5 and Klp61F. Thus, this chimera
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preserves the closest contacts and a majority of the
predicted pocket contacts.

Second, we opted to bring Klp61F-L5 pocket
residues into closer agreement with the predicted
HsEg5 drug-binding contacts by substituting Lys*"*
with the cognate residue, Ala®"®, in HsEg5. In
HsEg5, Ala®® contributes significantly to the
hydrophobic surface area of the pocket and
approaches to within nearly 4 A of STC, and 3.8 A
of monastrol (Table 1). Therefore, we generated
the substitution K214A in helix a3 of Klp61F-L5,
hereafter termed Klp61F-L5-03 (Fig. 14, asterisk).
This mutation assumes that there is conserved
rotational orientation of helix a3 in KIp61F, with
the same sidechains facing the L5 pocket as HsEg5
(Fig. 1B).

Monastrol and STC do not bind to wildtype
Klp61F motor domain. Under equivalent
conditions, we expressed and purified the wildtype
and two chimeric KIp61F motor domains with a C-
terminal breakpoint in an identical location as our
HsEg5 construct. Similar to other reported rates
(2), our wildtype Klp61F motor domain had lower
basal and MT-stimulated ATPase rates (Table 2)
than achievable with HsEg5 motor domain. We
confirmed, as had previously been shown (2, 7),
that wildtype Klp61F motor domain basal and MT-
stimulated ATPase activity is not detectably
inhibited by STC or monastrol (Fig. 24 and 34,
respectively).

To determine if KIp61F is simply refractory to
allosteric inhibition due to limited effector binding
activity, we explored whether these effectors
exhibit measurable affinity to wildtype KIp61F by
isothermal titration calorimetry (ITC). We find
that there is no detectable binding activity of either
effector to wildtype Klp61F motor domain over a
wide range of molar ratios and concentrations
(Figs. 4 and S1). The lack of any detectable
monastrol binding to wildtype Klp61F by ITC is
consistent with our earlier result utilizing
radiolabeled monastrol (2).

As a positive control for effector inhibition and
binding, we examined wildtype HsEg5 kinetics
and equilibrium dissociation constants. In our
hands, this motor exhibits basal and MT-stimulated
ATPase activity of 0.17 and 7.7 ADP/motor/s,
respectively (Table 2), in a range that is typical for
this enzyme. As expected (4, 12, 28), monastrol
and STC both inhibit HSEg5 motor domain basal
ATPase activity (Fig. 2B) with I1Cs, values of 4.9

and 0.9 uM, respectively, and MT-stimulated
ATPase activity (Fig. 3B) with ICs, values of 4.1
and 0.3 uM, respectively (Table 3).

Our ITC measurements detected a change in
enthalpy caused by the binding of either effector to
the L5 pocket of wildtype HsEg5 (Fig. 44 and 4B).
Based on this data, we calculated the Ky values of
monastrol and STC to wildtype HsEg5 in the
presence of ATP to be 8.1 uM and 81 nM,
respectively (Tables 4 and 5). Note that our
monastrol binding data and ATPase activity
measurements were performed with a racemic
mixture of monastrol. Although it is not known
whether both enantiomers of monastrol have
differing affinity for the wildtype HsEg5 allosteric
site, it has been shown that both can inhibit the
motor, while the (S)-enantiomer is a more effective
inhibitor than the (R)-enantiomer (4).

Our ITC measurements are on par with other
reports in the literature. Sheth et al (15) also
directly measured the Ky of racemic monastrol
with HsEg5°ADP (1.4 uM) and HsEgS<ATPYS
(2.0 uM) by isothermal titration calorimetry;
although the N-terminal portion of the human
Kinesin-5 motor domain was absent in these
experiments, the Ky values are in reasonable
agreement with our data derived from HsEg5 in the
presence of ATP. The Ky values reported by
Cochran et al. (29) are in closer accord with this
work, most likely due to examination of similar
protein construct. In contrast, there is no
detectable stereospecificity in the binding or
inhibition caused by S-trityl-L-cysteine or S-trityl-
D-cysteine (30). Overall, for HsEg5, the binding
reactions of both STC and monastrol have
comparable free energy changes, with AG values
of approximately -9 kcal/mol and -7 kcal/mol,
respectively (Tables 4 and 5).

The KIp61F chimeric enzymes retain
ATPase activity similar to the parent protein.
We examined the basal and MT-stimulated
ATPase rates achievable by both Klp61F chimera
constructs using an NADH-coupled assay and
found that the L5 loop substitution caused no
decrease in basal ATPase rates of the chimeras,
whereas the MT-stimulated ATPase rates
decreased approximately 20% (Table 2). The
additional substitution present in Klp61F-L5-03
resulted in no further statistically significant
change in activity.
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These data are consistent with efforts (7, 12)
that introduced eclements of the KlIp61F and
Neurospora KHC L5 loops into that of HsEg5.
Both of these constructs (7, 12) resulted in
approximately 50% reduction in basal ATPase
rates. These modifications also significantly
ablated drug-mediated inhibition of HsEg5 (7, 12),
which is in contrast to our current results below.

The basal ATPase rate of Klp61F chimera is
inhibited by STC, but not monastrol. Unlike
wildtype KIp61F, the basal ATPase rates of both
KIp61F chimeras (KIp61F-L5 and Klp61F-L5-a3)
were inhibited by STC (Fig. 2C and D, open
boxes). With ICsy values of 0.7+£0.2 uM and
1.3£0.7 uM, respectively, the degree of STC
inhibition is similar to that of HsEg5 under the
same conditions (Table 3). Of note, the Klp61F-
L5-a3 variant showed no significant change in
sensitivity to STC over Klp61F-L5, indicating only
minor involvement of residue 214 in affecting the
inhibition of the chimeras.

On the other hand, monastrol was unable to
measurably inhibit the basal ATPase rate of either
KIp61F chimera (Fig. 2C and D, filled black
triangles; Table 3), even at the highest inhibitor
concentrations. Alteration of the residue 214
sidechain did not affect these results. Note that
both effector compounds recorded a small increase
in ATPase activity at the highest inhibitor
concentrations, an effect that could also be
observed in control experiments performed in the
absence of enzyme and attributable to solubility
limits of the drug (data not shown).

STC and monastrol inhibit MT-stimulated
ATPase activity of the Drosophila chimeras. As
expected, similar to wildtype HsEg5, in the
presence of saturating levels of MTs (Fig. S2),
ATPase activities of both KIp61F chimeras were
similarly well inhibited by STC (Fig. 3), with an
ICso value of 0.5 uM for both Klp61F-L5 and
KlIp61F-L5-a3 (Table 3). Again, presence of the
K214A substitution resulted in no change in
sensitivity to STC inhibition.

Although monastrol failed to inhibit basal
ATPase rates of the Klp61F chimeras, we observed
clear inhibition of MT-stimulated rates (Fig. 3C
and D, filled black triangles). At higher
concentrations, monastrol elicited a maximum of
30% inhibition of ATPase activity of both
chimeras in the presence of saturating levels of
MTs. In addition, the ICsy of this reaction was

dependent on the concentration of microtubules
(Fig. 5): increasing MTs in these reactions
decreases the ICs, for monastrol.

Drug binding is reconstituted in both
Klp61F chimeras. The disparity between the STC
and monastrol sensitivity of chimeric Klp61F
ATPase activity is unexpected given the
overlapping binding site contacts between the two
inhibitors. In order to clarify the nature of this
disparity, we probed the binding activity of both
effectors by isothermal titration calorimetry.
Remarkably, STC exhibited tight-binding kinetics
with both KIp61F-L5 and Klp61F-L5-03 (Fig. 44)
with K4 values of 165 and 149 nM, which are in
good agreement with the Ky of HsEg5 for STC
(Table 4). In this case, presence of the K214A
substitution did not markedly affect the overall
binding affinity of STC to the chimera. We
observe that the chimeras effectively reconstitute
STC binding activity, and thereby modulate a
heretofore unobserved mechanism for allosteric
inhibition of Klp61F ATPase activity.

Monastrol binds to the chimeras, but only
inhibits MT-stimulated ATPase activity.
Surprisingly, although neither chimera showed any
measurable inhibition by monastrol in basal
ATPase assays, our ITC analysis found
unambiguous binding affinity to this compound.
With a monastrol-binding curve displaying its
expected weak-binding curve shape (Fig. 4B), the
K4 values for Klp61F-L5 and Klp61F-L5-a3 were
measured at 142 uM and 48.6 uM, respectively
(Table 5). Although substantially weaker, these Ky
values approach the wildtype HsEg5 values for
monastrol of 8 uM. However, in contrast to STC
binding, the K214A substitution has a major
impact on monastrol binding, with almost three-
fold greater binding affinity.

Based on the Ky values measured in the ITC
experiments, the molar ratios of drug to enzyme
utilized in the basal and MT-stimulated assays are
expected to bind a majority of the enzyme in the
activity assay. For example, at 2.5 uM enzyme
with a K4 of 48.6 uM (Table 5), 100 to 200 uM
monastrol would occupy 67-80% of Klp61F-L5-
03, whereas these concentrations of monastrol
would occupy 92-96% of HsEg5. The Ky of STC
binding to the KlIp61F chimeras are in the
nanomolar range (Table 4) and therefore would be
saturated at very low concentrations of STC.
Despite binding to a majority of the motor at
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equilibrium, monastrol causes little or no
measurable inhibition of ATPase activity.
Therefore, we are led to conclude that basal
ATPase rates of the chimeric Klp61F motor
domains are not inhibited by monastrol, despite
significant occupancy of the L5 pocket by
monastrol. Yet, in the presence of microtubules,
ATPase rates of the chimeric Klp61F motor
domains are inhibited by monastrol.

Overall, both KlIp61F chimeras show similar
effector-binding thermodynamics to HsEg5. The
ITC data found both effectors bound in primarily
enthalpy-driven reactions that overcome small
entropically unfavorable components, with good
agreement in the overall AG for the reaction in
each case (-5 to -7 kcal/mol).

DISCUSSION

The exquisite specificity of allosteric
inhibitors to the human Kinesin-5 protein has been
established for the last decade (17), a finding
remarkable given the overall sequence identity of
the kinesin motor domain and the large number of
protein members in the kinesin superfamily. The
study of allosteric regulation in other protein
families has yielded two developing schools of
thought. The first argument is that allosteric sites
are idiosyncratic features in individual family
members and thus homologous proteins can have
different allosteric mechanisms (31). The second
idea is that allosteric networks and control are
conserved features in protein families (32). The
fundamental question of whether site-to-site
communication is conserved is one of therapeutic
relevance, as allostery is a major consideration in
drug design not only for the human Kinesin-5
proteins, but for other protein families as well (33-
35).

Although the characterization of many
different small molecule inhibitors of HsEg5 has
generated a plethora of kinetic and structural data,
to date little is known about the detailed
mechanism of inhibition of this enzyme. On one
hand, structure-activity  relationship (SAR)
approaches to drug design have produced a
growing list of tight-binding effectors to the L5
pocket, but without concomitant insight for
modeling the chemistry of inhibition [for
examples, see (9, 36, 37)]. Despite recent progress

in resolving key catalytic intermediate steps
including a pre-hydrolytic state for HsEg5 (8),
structural and/or biochemical analyses have yet to
elucidate how the L5 loop participates in native
ATP hydrolysis or explain why L5 pocket effectors
halt catalytic progression (4, 7, 8, 12, 14, 15, 20,
21, 26, 30, 36, 38-41).

To attack the question of the mechanism of
inhibition, we chose a gain-of-function approach
with a related Kinesin-5, Klp61F, which is not
inhibited by STC or monastrol. This study has
similarities with other reports in the literature that
engineer new allosteric sites within proteins (35,
42). However, our work distinguishes itself by
testing whether the effectors fail to inhibit KIp61F
due to a lack of site-specific connections at the L5
pocket, or due to a pattern of intra-protein
interactions that are unique to HsEg5. A structural
comparison is difficult as there are no reported
crystal structures of Drosophila Klp61F motor
domain, and the network of atomic-level contacts
that mediate allosteric inhibition of HsEg5 have
not been identified.

We predict that if KIp61F retains a conserved,
intrinsic, allosteric network, then it should be
uncovered through simple reconstitution of the
effector-binding pocket. Hence, we opted to
substitute the entire L5 loop of HsEg5 into
Klp61F. We argue that this would minimize
disruption of native biochemical features of the
human L5 loop and preserve the noted overall
flexibility or mobility of the loop (7, 28, 43) that
would likely be affected by the alternative point
mutation strategy. Our results show that the
human L5 loop can, even without directed
optimization, produce coupled long distance
activities in the designed chimeric proteins.

We employed isothermal titration calorimetry
to directly measure the interactions of drug and
protein. Stoichiometric binding ratios, equilibrium
dissociation  constants, and thermodynamic
parameters were obtained for the effectors in
solution. These data were then correlated to the
effector-enzyme activity data to distinguish any
allosteric effects. These ITC data provide
unambiguous determination of the number of
binding site(s) of the effector to the Kinesin-5
macromolecule. The N values of HsEg5 and the
KIp61F proteins range from 0.89 to 0.93 (Tables 4
and 5), which indicate that the examined Kinesin-5
proteins possess only one binding site for these
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effectors. The correspondence between our
experimentally determined binding stoichiometries
in solution and the available crystal structures is a
valuable control for our analysis: it supports the
conclusion that the kinesin motor protein
preparations were of high and consistent quality,
and it eliminates the possibility that we are
observing spurious avidity effects. Moreover,
these consistent binding stoichiometries bolster our
argument that the Kkinetic rates are a clear
phenotypic measure of a ‘gain-of-function’ in the
chimeras.

In the determination of equilibrium
dissociation constants, both Klp61F chimeras
exhibited tight binding to STC with K, values in
the nanomolar range, irrespective of residue 214.
These ITC data, which closely parallel those of
STC binding to HsEgS, indicate robust
reconstitution of all critical STC-binding elements
in the chimeras, and classify the chemical nature of
the sidechain of residue 214 as a relatively
unimportant player in this regard. In the
measurement of the equilibrium binding strength
of monastrol, reconstitution of the HsEg5 effector
binding sites in Klp61F-L5 and KIp61F-L5-a3 also
restores affinity for this compound with Ky values
of 142 and 48 uM, respectively, albeit weaker
when compared with our K4 value of 8 uM for
HsEgS.

By measuring the thermodynamics of effector-
enzyme complex formation, insight is gained
towards understanding the physiochemical forces
that modulate complex formation. Our data
indicate that both STC and monastrol exhibit
similar binding thermodynamics across all the
motor domains tested (Tables 4 and 5), despite
variability in the absolute values of AH and AS that
are influenced by the sequence composition of the
protein and chemistry of the effector. Enthalpy-
entropy compensation plots reflect the changes
between these two thermodynamic parameters; our
plot of —AH versus —TAS for STC binding (Fig.
6A4) shows a linear relationship with a slope of
1.12. A comparable plot for monastrol binding to
Kinesin-5 motor domains (Fig. 68) shows a slope
slightly smaller than that for STC, but still greater
than 1. A slope greater than unity in enthalpy-
entropy compensation plots is associated with the
free energy of binding being predominantly driven
by enthalpy, whereas slope values less than unity
are linked with dominant entropy contributions

(44). Although the significance of such analysis is
debated [see (45-48)], we conclude from these
often-used analyses [discussed in (44, 47, 49-52)]
that the free energy of L5-directed inhibitor
binding is primarily enthalpic. Therefore, it is
probable that the increase in enthalpy and small
decrease in entropy that is characteristic for both
effectors causes the formation of a number of
hydrogen bonds and/or restricts the motional
freedom in the Kinesin-5einhibitior complexes.

We find that these thermodynamic terms are
correlated with the level of disorder within the
protein matrix. For HsEg5+STC and
HsEg5emonastrol, both crystal structures [e.g.
PDB ID 3KEN (13) and 1X88 (7)] and FT-IR
measurements (13) detect an overall increase in
ordered secondary structure in the enzyme upon
drug binding that correlates well with our
measured net decrease in entropy. Based on their
thermodynamic similarities, we suspect that
effector-binding elicits parallel structural changes
in the Drosophila Kinesin-5 chimeras as those that
occur in the human isoform.

A major conclusion of our work is that the
long-distance allosteric network detected originally
in HsEg5 is conserved in Klp61F. We surmise that
the network(s) of amino acid residues involved in
allosteric communication between the L5 loop, the
active site, and the MT-binding site are therefore
well conserved across Kinesin-5 family members.
Given that the Klp61F and HsEg5 motor domains
are 59% identical, it is unclear whether the
conserved allosteric network is based on a shared
network of identical residues. Alternatively, it is
possible that higher order structural elements are
conserved which are not predicated on specific
amino acid identity, but that retain allosteric
signaling capability (13). Distinguishing these
models awaits detailed elucidation of the nature of
the Kinesin-5 allosteric networks.

A second major conclusion is that simple
reconstitution of effector affinity to the L5 pocket
is not sufficient to cause inhibition of
mechanochemistry. In both chimeric motor
domains, the gain of STC binding capability
correlates with robust inhibition of basal and MT-
stimulated ATPase activities. In contrast, binding
of monastrol to either KIp61F chimera elicits no
measurable inhibition of basal ATPase rates and
yet exhibits moderate inhibition of MT-stimulated
ATPase rates.
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Why is there a difference in the allosteric
responses of the chimeras to monastrol and STC?
There are two possible explanations, which are not
mutually exclusive: these compounds are not
synonymous and the residue network for allosteric
communication may not be the same for monastrol
and STC. Our working model is that monastrol
and STC elicit inhibitory responses through
different pathways that are contingent on their
different modes of contact to the L5 pocket.

Without an available Klp61F crystal structure,
we can only surmise that chimeras suffer from a
missing or broken element that is critical for the
transmission of the monastrol inhibitory effect to
the basal ATPase engine. As there are differences
in the overall secondary structure of HsEg5 bound
to monastrol and HsEg5 bound to STC (13), it is
possible that the chimeras can access the analogous
latter state upon STC binding, but not the former.
This would imply that the two effectors operate
through at least partially different allosteric
communication networks to affect inhibition.

Consistent with this hypothesis, adding a third
allosteric  effector,  microtubules, to the
chimerasmonastrol ~ complex permits some
stimulation of monastrol-bound motor ATPase
activity over basal, albeit at clearly inhibited
levels. We conclude that, although the mechanism
of inhibition of the chimerasmonastrol basal
ATPase activity is broken, the complex
nonetheless remains competent to interfere with
MT-stimulated cooperativity in elevating ATPase
activity levels. Supporting this view, our data show
that the two inhibitors result in different long-
distance inhibitory effects on our chimeras.

A third key observation, which is related to the
prior point, is the existence of a conserved
communication linkage between the L5 loop and
the MT-binding pocket. Reconstitution of drug-
mediated inhibition in Klp61F chimeras provides
direct support for this model. In addition, we
observe that mutations in the L5 loop of both
chimeras mediate changes in the K,, of the distal
microtubule-binding site (Fig. S2). This behavior
correlates with our finding that the fractional
occupancy of the microtubule-binding site affects
the ICsy of monastrol-mediated inhibition of the
Drosophila chimeras (Fig. 5). Together, these data
provide the first direct support for interdependence
and cooperativity of the L5 loop with the
microtubule-binding site of kinesins.

Our formal kinetic evidence has support in the
literature. It has recently been shown that the
closure of the HsEg5 L5 loop is correlated with
flexing of the central beta sheet in the motor
domain (13) and with neck linker positioning (53).
Therefore, it is possible that the linkage between
the L5 loop and neck linker is driven by the
cooperativity we observe between the L5 loop and
microtubule-binding site. The cooperativity across
this 22 A distance may be mediated, or
communicated, through the central beta strands of
the motor domain.

The fourth significant observation in this work
is deciphering the initial atomic-level step of
Kinesin-5 inhibition: residues in helix a3 are key
to the disparate effects of STC and monastrol.
This idea is supported by data herein on KIlp61F
residue 214 and data from other laboratories on
Val’"’ of HsEg5. Homology models predict Lys*"*
of Klp61F should occupy the same position within
helix a3 as Ala®"® in HsEg5 (see Fig. 14). Our
KIp61F-L5-a3 ITC experiments register a large
positive effect by the K214A substitution on
monastrol affinity, but no detectable effect on STC
affinity (Fig. 4). Since HsEg5 Ala*"® is positioned
3.8 and 4.0 A away from the monastrol methyl
sidechain and STC, respectively (Table 1), it is
unlikely that the K214A substitution introduces a
sidechain  capable of  significant  direct
contributions to the affinity for either inhibitor in
the chimera. However, in light of the large
contribution by HsEg5 Ala*'® to the hydrophobic
surface within the L5 pocket (Table 1), it is
possible that this residue-position acts as a
hydrophobic ‘gatekeeper’ for monastrol in both
HsEg5 and Klp61F-L5-a3, and facilitates entry of
the nonpolar effector into the binding cavity while
excluding water (see Fig. 1B).

Interestingly, we note that the V210A point
mutation within helix a3 in the HsEg5 allosteric
site (54) mimics the negative response of our
Drosophila  chimeras to monastrol, while
maintaining sensitivity to STC. Therefore it is
possible that Val*' is an element of the inhibitory
network of HsEg5 that is unique to monastrol. In
addition, various inhibitory molecules, such as
gossypol (55), biaryl compounds (3), and
benzimidazole derivatives (56) have been
identified that only inhibit HsEg5 MT-stimulated
ATPase activity similar to chimerasmonastrol.
Together, these effectors may target the same
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element of the allosteric network linking the
microtubule-binding site to the L5 loop.

Lastly, we conclude that, as the mechanism for
allosteric inhibition in HsEg5 is conserved in
KlIp61F, it may also be conserved in other kinesins.
For example, recent cross-linking and mutagenesis
analysis suggests that allosteric inhibition of
human Kinesin-7 family member, CENP-E, by
GSK923295 also occurs within the corresponding
L5 pocket (57). Furthermore, allosteric inhibition
may be reconstituted in all kinesins either through
targeting the corresponding L5 pocket by small
chemical effectors, or modeling the corresponding
L5 loop after that of HsEg5. Although more work
remains to fully understand and harness these
principles, this approach may open the door to the
design of kinesin-based molecular machines that
can be selectively regulated in the cell by synthetic
small molecule effectors.
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Table 1. Summary of the monastrol and STC binding pocket residues in HsEg5: distance from
effector and bond predictions. Data were derived with LPC software (27). Two crystal structure
datasets were utilized for this analysis. PDB ID 1X88 (58) was used to assess the monastrol binding
pocket, and PDB ID 3KEN (13) was used to assess the STC binding pocket interactions.

MONASTROL-BINDING POCKET STC-BINDING POCKET
Distance Surface Predicted Distance Surface Predicted
Residue (A) Area Interaction Residue (A) Area Interaction

(A? H-bond Phob (A?) H-bond Phob

a2 helix (N-terminal to L5 loop)

112  Thr 3.6 21.8 +
L5 loop L5 loop
116 Glu 2.8 56.6 + + 116 Glu 3.2 65.9 + +
117 Gly 3.6 8.8 117 Gly 2.7 329 +
118 Glu 2.7 35.6 + 118 Glu 3.6 37.6
119 Arg 3.3 42.1 + + 119 Arg 3.7 38.6 +
127  Trp 3.7 33.4 + 127  Trp 4.1 224 +
130 Asp 3.3 9.9 130 Asp 4.8 1.6 +
133 Ala 3.2 26.8 + 133 Ala 3.8 21.8 i
a2 helix (C-terminal to L5 loop) a2 helix (C-terminal to L5 loop)
136 lle 3.7 37.2 136 lle 4.1 191 i
137 Pro 3.5 26.9 + 137 Pro 34 294 +
p4 strand
160 Leu 4.8 13.7 +
a3 helix a3 helix
211 Tyr 3.5 48.9 + + 211 Tyr 34 44
214 Leu 3.7 50.5 + + 214 Leu 3.4 62.4 +
215 Glu 4.0 20.9 + 215 Glu 3.6 36.8 +
217 Gly 5.5 0.2
218 Ala 3.8 24.8 + 218 Ala 4.0 35.3 +
221 Arg 5.9 0.6 + 221 Arg 3.6 21.3 +
222  Thr 5.6 1.4 +
239 Phe 5.6 0.9 239 Phe 5.2 0.4
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Table 2. Basal and MT-stimulated ATPase rates for wildtype and modified Kinesin-5 motor
domains. Data are averaged values for three replicates obtained from three independent enzyme
preparations. Standard errors are also reported. Klp61F-WT exhibited a higher basal and MT-stimulated
ATPase rate than the chimeras (unpaired T-test, p<0.001), whereas the fold-increase upon MT-
stimulation was indistinguishable among the KIp61F constructs (15-fold, unpaired T-test, p<0.05).

Rate of ATP hydrolysis (ADP motor™ s™)

Motor Domain

Basal MT-stimulated
HsEg5 0.17£0.05 7.69+0.17
KlIp61F-WT 0.05+0.01 0.66 =0.02
KlIp61F-L5 0.04 £0.01 0.51 £0.02
Klp61F-L5-03 0.04 £0.01 0.53 £0.02
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Table 3. Basal and MT-stimulated ATPase assay ICs, values for Kinesin-5 motor domains treated
with either monastrol or STC. These median inhibitory concentration values were obtained from the
data curve fits to the Hill equation as shown in Figures 2 and 3. We find no significant differences in the
response of the chimeras to either monastrol or STC (Wilcoxon signed rank test, (alpha=0.05)). Standard
errors are reported.

Motor Monastrol ICsy (uM) STC ICsy (uM)
Domain

Basal MT-stimulated Basal MT-stimulated
HsEg5 4.9+0.6 4.1+0.4 0.9 + 0.05 0.3+0.02"
Klp61F-WT n.d. n.d. n.d. n.d.
Klp61F-L5 n.d. 44+09 0.7+0.2 0.5+0.03
Klp61F-L5-03 n.d. 6.7+1.9 1.3+£0.7 0.5+0.06

* Morrison equation was used to obtain IC50 value for HsEg5 treated with STC in the presence of
saturating MT.

n.d.= not detectable
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Table 4. Isothermal titration calorimetry data of STC binding different Kinesin-5 motor domains
in the presence of ATP. Data include the calculated number of binding sites (N), enthalpy (AH) and
entropy (AS) values, and Ky. Averaged data are shown and were obtained from 3-5 replicates per
Kinesin-5 protein. Furthermore, a set of replicates was obtained for 3 independent enzyme preparations.
In all cases, except Klp61F-WT, the overall AG for the binding reaction was approximately -9 kcal/mol.

N AH° AS° K4
Motor Domain
kcal/mol cal mol" K uM
HsEg5 0.93 £0.05 -14.8+1.3 -17.9+4.7 0.08 £0.01
Klp61F-WT n.d. n.d. n.d. n.d.
KlIp61F-L5 0.92 £0.04 -12.7+£ 0.6 -122+2.1 0.17+£0.01
Klp61F-L5-03 0.89+£0.11 -11.3=+0 -7.2+0.1 0.15+£0.01

n.d.= not detectable
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Table 5. Isothermal titration calorimetry data of monastrol binding different Kinesin-5 motor
domains in the presence of ATP. Data include the calculated number of binding sites (N), enthalpy and
entropy values, and Ky Averaged data from three replicates each from three independent enzyme
preparations are shown. The AG values for the monastrol binding reaction of HsEg5 and Klp61F-L5 are
both approximately -7 kcal/mol, while AG for monastrol binding to Klp61F-L5-a3 is approximately -5
kcal/mol.

N AH° AS° K4
Motor Domain
kcal/mol cal mol" K™ uM
HsEg5 0.89+£0.02 21.4+£1.38 -49.5+6.2 8.1+0.5
Klp61F-WT n.d. n.d. n.d. n.d.
KlIp61F-L5 0.9* -129+23 -20.3+10.2 1423 +11.7
Klp61F-L5-03 0.9* -13.5£1.9 -29.7 £7.8 486+ 1.2

n.d.= not detectable
* although the ITC algorithms found the best fit to the single-site model in these cases, the weak binding curve
necessitated fixing N=0.9 to calculate the associated thermodynamic parameters.
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FIGURE LEGENDS

Figure 1. Alignment and spatial location of residues, comprising the L5 binding pocket of HsEgS5 to
cognate sequences from Klp61F. (A) Sequence alignment of the L5 region of HsEg5 to Klp61F.
Identical residues are shaded in grey. Residues shaded in yellow mark the L5 loop. Open triangles mark
residues within HsEg5 in close contact to STC, and filled black triangles mark residues within HsEg5 in
close contact to monastrol. (B) Overview of the location of the STC-binding site within HsEg5. STC
(magenta) is surrounded by a cartoon view of HsEg5 with the L5 loop in yellow. Contact side chains for
STC are shown in stick view, with Ala218 of helix a3 in orange. This PyMol-generated image is derived
from PDB ID 3KEN (13).

Figure 2. Normalized rates of ATP hydrolysis for wildtype HsEg5 and D. melanogaster homolog
Klp61F as a function of allosteric effector concentration. Basal ATPase rates (ADP/motor/sec) for (A)
HsEg5, (B) wildtype Drosophila Klp61F, (C) Klp61F-L5, and (D) Klp61F-L5-03 were measured in the
presence of either STC (open squares) or monastrol (filled black triangles). The averages from 2-10
measurements and standard errors are normalized against the parent kinesin motor. The monastrol
inhibition curves exhibited by Klp61F-WT and both chimeras are indistinguishable [Wilcoxon signed
rank test (alpha=0.05)]. In contrast, the STC inhibition curves exhibited by Klp61F-L5 and Klp61F-L5-
a3 are indistinguishable from one another, but are significantly different from that of Klp61F-WT
[Wilcoxon signed rank test (alpha=0.05)].

Figure 3. Normalized MT-stimulated rates of ATP hydrolysis for wildtype HsEgS and D.
melanogaster homologue KIp61F as a function of allosteric effector concentration. Steady-state, MT-
ATPase rates (ADP/motor/sec) for (A) HsEg5, (B) wildtype Drosophila Klp61F, and (C) Klp61F-L5, and
(D) Klp61F-L5-a3 were measured in the presence of either STC (open squares) or monastrol (filled black
triangles). 4 uM taxol-stabilized microtubules were present in each assay. The averages of 3-10
measurements and standard errors are normalized against the parent kinesin motor, which has a rate of
100%. All the inhibition curves exhibited by the KIp61F chimeras are significantly different from the
corresponding traces exhibited by Klp61F-WT [Wilcoxon signed rank test (alpha=0.05)].

Figure 4. ITC analyses of STC and monastrol binding to Kinesin-5 motor domain in the presence
of ATP. Shown are heat evolved upon (A) STC or (B) monastrol binding to HsEg5, Klp61F-WT,
KIp61F-L5, and Klp61F-L5-a3. Data are plotted versus molar ratio of effector/motor. Shown are
representative traces from experiments performed in triplicate of three independent enzyme preparations.

Figure 5. Fractional occupancy of the microtubule-binding site impacts the efficacy of allosteric
monastrol-based inhibition of Klp61F-L5. In the presence of saturating ATP, the monastrol 1Csy for
KlIp61F-L5 decreases with increasing microtubule concentration. In the presence of 1 uM taxol-stabilized
microtubules, Klp61F-L5 motor domains are not inhibited by monastrol. However, the monastrol I1Cs is
39+ 10 uM and 5 + 2 uM in the presence of 3 uM and 5 uM tubulin, respectively. The Wilcoxon signed
rank test confirmed that all three datasets are significantly different from one another (alpha=0.05).

Figure 6. Enthalpy-entropy compensation plots for the binding of allosteric effectors to Kinesin-5

motor domains. The plots for (A) STC and (B) monastrol binding have slopes of 1.12 and 1.04,
respectively. Motors shown include HsEg5 (square), Klp61F-L5-a3 (circle), and Klp61F-L5 (triangle).
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