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How signals between the kinesin active and cytoskeletal bind-
ing sites are transmitted is an open question and an allosteric
question. By extracting correlated evolutionary changes within
700+ sequences, we built a model of residues that are energeti-
cally coupled and that define molecular routes for signal trans-
mission. Typically, these coupled residues are located at multi-
ple distal sites and thus are predicted to form a complex,
non-linear network that wires together different functional sites
in the protein. Of note, our model connected the site for ATP
hydrolysis with sites that ultimately utilize its free energy, such
as the microtubule-binding site, drug-binding loop 5, and
necklinker. To confirm the calculated energetic connectivity
between non-adjacent residues, double-mutant cycle analysis
was conducted with 22 kinesin mutants. There was a direct cor-
relation between thermodynamic coupling in experiment and
evolutionarily derived energetic coupling. We conclude that
energy transduction is coordinated by multiple distal sites in the
protein rather than only being relayed through adjacent resi-
dues. Moreover, this allosteric map forecasts how energetic
orchestration gives rise to different nanomotor behaviors within
the superfamily.

Biological motors function by converting the chemical
energy of ATP hydrolysis into mechanical work in the cell.
Thus, molecular motors are free energy transducers, i.e. free
energy from the active site is redistributed through the motor
protein and ultimately produces a new protein conformational
state. Diverse microtubule (MT)-based? functions arise in part
from differences in their mechanotransduction cycle. For
example, members of certain kinesin families are capable of
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transporting cargo, whereas others modify the MT track
(reviewed in Ref. 1).

Our goal here is identification of key residues that choreo-
graph transduction between the active site and the microtu-
bule-binding site (see Fig. 1A). It is anticipated that this set of
residues couples components that catalyze the free energy-do-
nating reaction with the free energy-accepting ones that result
in directed motion. Furthermore, this wiring network should be
shared among kinesins and predict adjustment of mechano-
transduction between motor families. Such knowledge would
reveal mutations that can be used to systematically tune motor
protein function.

By definition, mechanotransduction is one form of allostery,
given that its quintessential property is long range communica-
tion. Long range effects in kinesin have been reported. In the
first type of study, allosteric mechanisms are inferred from
comparisons of well populated conformational states (2, 3) and
are primarily descriptive. In the second, molecular dynamics
calculations describe dynamic properties of motor proteins as
thermally stochastic and yet asymmetric (see Fig. 1B; reviewed
in Refs. 4—6). Theoretical treatments of allostery in other sys-
tems also show promise in uncovering fundamental principles
of energy conversion, such as the idea that energy storage and
transmission can occur in waves in secondary structures
(reviewed in Refs. 7 and 8). Recent models define allostery as a
thermodynamic phenomenon (9) and suggest that localized
protein nodes can harvest and concentrate most of the energy
at a few sites (Fig. 1C). This, in turn, would minimize energy
dissipation (10-13).

However, the above efforts do not provide biochemical evi-
dence of coupling, nor do they map a cascade of local induced-
fit events that sequentially propagate over a long distance, i.e. a
molecular wire (14, 15). To bridge this information gap, residue
co-evolution has emerged as an important principle in the
study of allostery. Statistical coupling analysis (SCA) identifies
allosteric pathways in a polypeptide chain (16, 17). By monitor-
ing amino acid distributions across a multiple sequence align-
ment, SCA identifies compensatory mutations that occurred
during the course of evolution within a given protein family.
Double-mutant cycle analysis showed that experimentally mea-
sured AAG,,;,,4ing for one PDZ ligand-binding site correlated
with SCA-derived AAG,,,, values. These data led to the conclu-
sion that (i) specific, distal residues in the protein were thermo-
dynamically and energetically linked and (ii) SCA could
uncover a network of linked residues that mediate an allosteric
response.
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Here, we use SCA to map a residue network for energy trans-
duction that evolves across kinesin isoforms. We tested
whether such identified residues, which are 7-30 A apart in the
motor domain, were thermodynamically coupled. Our mathe-
matical and experimental results provide new information
about the interrelation of energy from ATP hydrolysis to allos-
teric changes in this motor.

Results

We Lowered the Noise Typically Associated with Residue Co-
evolution Analysis by Rigorous Pruning of Kinesin Sequences—A
limiting factor in correlated mutation analysis, such as SCA, is a
low signal-to-noise ratio (18). The data input for SCA is a mul-
tiple sequence alignment (MSA), and statistical correlations
resulting from the analysis are dependent on the quality of this
MSA. Low signal may arise due to insufficient data. High noise
can arise from relatedness between sequences and errors in the
sequence databases themselves.

To address the above points, the sequence dataset first must
be large and varied to adequately reflect the evolutionary diver-
gence of the protein family (16). Database searches readily
yielded a large volume of kinesin sequences. At the initiation of
this study, >3000 sequences were reported. However, 40% of
sequences in public databases have either sequencing or anno-
tation errors (19-21). By their own record, no SCA study (sup-
plemental Table S1) described filtering of sequence entries for
errors; only removal of sequences with particular forms of
divergence (indels, or insertions and deletions) is documented.

We manually curated a kinesin sequence dataset that was
checked for duplications, fragmented sequences, or sequences
without a reference. Afterward, all redundant sequences, i.e.
=95% sequence identity, were removed. The final dataset (sup-
plemental Table S2) contained 726 motor domain sequences
from all known kinesin families (22-25), 78 taxa, and all super-
kingdoms. This edited dataset has a greater number of
sequences than found in most other residue co-evolution stud-
ies (supplemental Table S1).

For the Motor Field, Inaugural Usage of the SATé Algorithm
Improved Bioinformatic Organization of the Kinesin Super-
family—The curated dataset was used as input for SAT¢é, a max-
imum likelihood co-estimating algorithm (26) that performs
MSA and phylogeny calculations in tandem. This approach
evades errors in the starting alignment by constantly breaking
and reorganizing both. The algorithm outperforms traditional
two-phase methodologies (26-29). SATé produced a well
resolved MSA (supplemental Files S1 and S2) and phylogeny
(supplemental Files S3 and S4) for kinesin motor domain
sequences.

The reliable sequence alignment is necessary to compare
sequence changes across kinesin families and determine statis-
tical relationships. SATé was successful in this respect. A sam-
ple of the MSA is provided in Fig. 1D. The switch I active site
motif shown is strictly conserved (gray highlight) and contains
only two variable positions (NXXSSR); most alignment meth-
odologies are capable of resolving such conserved motifs. Adja-
cent to switch I in linear sequence is the 6 strand, which has
greater sequence variability. Only the first N-terminal residue
of B6 (His) is conserved across kinesin families. In comparison,

SASBMB

SEPTEMBER 30, 2016 +VOLUME 291 -NUMBER 40

Energetic Coupling between Distant Kinesin Residues

the commonly used Clustal is known to produce poor align-
ments and gaps in analysis of =100 sequences (supplemental
Fig. S1). Thus, we conclude that the above steps likely will
improve the signal-to-noise ratio in residue co-evolution
analysis.

In addition, the SAT¢ algorithm increased the evolutionary
resolution of kinesin clades in the phylogenetic tree (Fig. 1E and
supplemental Files S3 and S4). Tree branches (Fig. 1E) are
annotated with family number, mechanotransduction out-
come, and cellular function. SATé predicted 18 kinesin fami-
lies: the original 13 (22-25), 3 additions in Ref. 30, a new family
(Kinesin-20) from the chromista and protozoa superkingdoms,
and a novel orphan group (pseudoKinesin-21), currently
unique to fungal taxa. These expansions to the kinesin super-
family are due to the increased taxonomic diversity included in
our dataset.

Family member assignment in this SAT¢ tree is consistent
with prior phylogenetic models (22-25). Slight differences in
family member composition are attributed to our unrooted cal-
culations versus prior rooted assumptions. For example, two
kinesins differ in family assignment from prior analyses: Sac-
charomyces cerevisiae Smy1 and Drosophila melanogaster Nod.
ScSmyl has been used as a divergent root in some prior kinesin
phylogenies (24, 25), but not others. In our work, which incor-
porated extensive species and kingdom diversity, ScSmyl1 is a
kinesin-1, as in Ref. 22. DmNod is a second example of a kinesin
that has inconsistent assignment between phylogenetic reports;
it is a kinesin-4 here.

In the SATé tree (Fig. 1E), we observe novel correlations
between kinesin-MT interaction and clade organization. Our
dendogram has four distinct deep nodes, or clades, in the tree
structure (Fig. 1E, gray pie highlights). Kinesins capable of pro-
cessive motion and transport of cellular cargo reside in two
clades (Fig. 1E, blue and green); these clades include kinesins
that translocate to the plus ends of MTs (kinesin-1, -2, -3, -5,
and -11) and to the MT minus ends (kinesin-14). Motors that
modify MT tracks by elongation (kinesin-7), ambiguous molec-
ular means (kinesin-4), or depolymerization (kinesin-13 and -8)
occupy the remaining two clades (Fig. 1E, black and red).

To our knowledge, this segregation of processive transport
motors in distinct clades from motors that modify MT-track
dynamics is unique. Prior reports had either poor clade resolu-
tion or mixed kinesin families with disparate functions in a
clade. We emphasize that our kinesin tree is an outcome of both
data and algorithmic improvements. Long sought, robust asso-
ciation between sequence and function now is achievable with
current methods.

Allosteric Networks for Kinesin Energy Transduction, Micro-
tubule Binding, and Adenine Association Are Defined and Are
Interconnected—Using the above SATé MSA as the input, SCA
detected 65 intercorrelated kinesin residues, which is equiva-
lent to 18% of the motor domain residues (AAG,, = 1.0-2.4
kT* in Fig. 24, Table 1, and supplemental Table S2). Hereafter,
they are referred to as “SCA residues.” This result was consis-
tent with the observation that only a subset of residues (10—
30%) co-evolve within a polypeptide chain (31). We note that
SCA residues identified are not the same as residues that are
conserved (Fig. 2, white center circle).
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FIGURE 1. Kinesin structure, function, and sequence are linked. A, structural motifs identified within a kinesin motor domain (Protein Data Bank code 4HNA). Band
C, two models of free energy dissipation in motors are stochastic dissipation (B) or routed to a discrete set of residues within the motor domain (C). A 10 A scale bar is
shown to estimate relative distances. D, SATé sequence alignment of switch | loop and 36 strand. Sequence representatives from each kinesin family (designated as
families 1-11,13-16,and 19-21) are included and annotated with the NCBI Gl number. Strictly conserved positions are in gray, and SCA positions are in yellow. E, SATé
kinesin phylogeny in radial form. Provided are labels for kinesin family number, kinesin-MT interaction, and ascribed cellular roles, if known. Clades are highlighted in
gray; protein members and branches are blue and green for kinesin transporter clades and red and black for kinesin MT-modifier clades.

The clustered output matrix in heatmap form showed that
the majority of kinesin residues did not co-evolve (AAG,,,, =
0.6 kT*; Fig. 2A). A sample of residue correlations, using human
Eg5 (kinesin-5) residue numbering, is shown in Fig. 24 (inset).
Mutation of Eg5 residue 298 is statistically coupled to residues
228, 348, 264, and 137 (AAG,,,, = 1 kT*). On the other hand,
mutation of residue 298 is not statistically coupled to residues
144 and 204 (AAG,,,, < 1KT*).

SCA residues occupy three distinct regions in the clustered out-
put matrix (Fig. 2A, white boxes, and supplemental Fig. S2),
termed protein sectors (32). When shown on a crystal struc-
ture, SCA residues are found to form a contiguous surface
within the kinesin motor domain (Fig. 2B). We forecast that
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one sector is responsible for energy transduction (Fig. 2C).
Two other sectors may have roles in binding the adenine
moiety of ATP/ADP (Fig. 2D and Ref. 33) and the MT track
(Fig. 2E). Kinesin protein sectors are quasi-independent (32).
Co-sector residues link the individual sectors (34) and are
conduits for allosteric cross-talk between sectors. Thus, our
map contains three different allosteric networks for energy
transduction, MT binding, and adenine association/dissoci-
ation in the motor domain; following functional expectation,
they are interconnected by SCA.

We expected that the strict sequence conservation of active
site loops (33) would bar these switch loops from co-evolution
discovery. Switch SCA residues identified are known variable
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FIGURE 2. Our allostery wiring map consists of a network of 65 co-evolving residues in the kinesin motor domain. A, SCA output is a heat map
matrix with residues clustered according to the degree of coupling between residue positions shown on the x and y axes. Heat map legend denotes the
corresponding statistical coupling energies (kT*). Co-evolution was detected for residues within a range of 36 -86% identity. The inset is a zoomed view
of the indicated region with human Eg5 kinesin sequence residue labels. B, structural view of kinesin SCA residue side chains. SCA residues are shown
as spheres on a kinesin motor domain structure (Protein Data Bank code 3HQD). Secondary structure motifs are labeled in white. C-E, predicted energy
transduction sector (C), adenine-binding sector (D), and MT-binding sector residues (E) are shown as spheres on a clipped motor domain structure.

Positions that co-evolve with the active site SCA residue GIn'%®
in circular inset with a white background.

positions (X) in the sequence consensus or are residues with
greater sequence variability than previously appreciated. SCA
detects co-evolution between motor domain residues and two
positions in the kinesin p-loop, GQTXXGK(S/T), and in switch
II, DXXGXE (underlined here; Fig. 34, in blue in WebLogos).
Our data suggest that active site motifs contain classically
defined, strictly conserved residues that are critical for active
site chemistry that generate catalytic free energy (2) and vari-
able SCA positions that communicate allosterically with the
rest of the motor domain.

Our SCA model links residues in the active site with the MT-
binding site, necklinker, and drug-binding L5 loop (Table 1 and
Fig. 3A). SCA residues are highly clustered in the MT-binding
site, including three helices that comprise the binding surface
(04, a5, and @6), as well as the surrounding loops. The first
residue in both the neck linker and L5 are identified by SCA;
additional residues in these loops are not easily detectable by
SCA analyses, as they are indels and highly variable. Thus, our
map of kinesin energetic architecture is complete for the core
motor domain but will not include residue positions, centrally
located in variable loops, that are potentially a significant, mod-
ular source of functional divergence.
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are shown in yellow. Kinesin residues that are conserved (blue, >90% identity) are shown

Higher Order Co-evolutionary Coupling and Large Inter-res-
idue Distances Were Common in the Kinesin Allosteric
Network—The number of statistical correlations per kinesin
SCA residue ranges from 1 to 17 (Fig. 3, A and B). Nine kinesin
positions are statistically paired to only one other motor
domain residue (Fig. 3B). The remaining SCA residues
co-evolve with more than one kinesin residue, with a mode of
three statistically correlated positions per residue. Eight resi-
dues are statistically correlated with at least nine other residues
and are classified as hub residues (Fig. 34, green lines). We con-
clude that higher order coupling is prevalent in kinesin SCA
residues.

Also, we determined the C_—C, inter-residue distances
between coupled SCA residues (Fig. 3C); they ranged from
those in close proximity to those that span the motor domain
radius. The shortest inter-residue C,—C,_, distances measured
(4-6 A) arose from nearest neighbors in the linear sequence
(residues i and i + 1) or as positional neighbors within a helical
turn (residues i and i + 4). We point out that inter-residue
distances >6 A are defined in this work as distal, as there is no
spatial contact in tertiary structure. There is only one excep-
tion: Arg>®/Glu®* (C,—C,, d;; = 11.9 A) participates in a direct
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TABLE 1

Kinesin residues in the SCA network

The residues listed are from human kinesins: Eg5 (K-5, GI 116242604), Kif5b (K-1; GI 417216), Kif2C (K-13; GI 20141607), and Kif18A (K-8; GI 66774137), i.e. Tyr*® is in
Kif5b, and Phe® is in Kif2C at the homologous coordinate 82 strand position. The number of correlations and subdivision into residues within a single sector and those
between sectors (co-sector) are listed. Energy transduction (ET), microtubule-binding (M), and adenine-binding (A) sectors are labeled. Positions mutated in i vitro studies
are indicated by /, identified polymorphisms are indicated by *, and/or those associated with disease are indicated by #. - indicates a gap in the sequence alignment.

SCA residue amino acid motor domain # coupled residues sector mutation reported
K-5 K-1 K-13 K-8 identity motif total  cosector sector ET M A co- in literature?
21 11 261 13 \% B1 3 3 v
24 14 264 17 R B1 (N-4) 3 3 v v
26 16 266 19 R - 4 4 v v
27 17 267 20 P 3 3 v v
32 2 272 25 E a0 3 2 1 v
66 46 309 74 Y,Y,EF B2 3 3 v
78 58 321 8 Q,Q,N,Q N 12 2 0 v
82 62 325 0 Y,Y,Y,F 6 4 2 v
97 77 340 105 Y,Y.G Y L3 4 4 v
98 78 341 106 N, N,K N 83 8 8§ v
100 80 343 108 7 3 4 v
106 8 349 114 Q,Q, QA : 7 1 6 v
112 92 355 120 T IPHIEY 1 1 v v
115 95 358 123 M L5 3 3 v
136 108 374 133 LLY,M 4 4 Vv v
137 109 375 134 P,P,A Y 5 9 9 v
138 110 376 135 R R ML a 7 2 5 v *
144 116 382 141 FFEFY 2 1 1 v *
160 134 401 159 L,Y,F Y B4 6 1 5 v v
165 139 406 164 N,L,N,N - 3 1 2 v v
166 140 407 165 E. D,G,E 5 3 2 v v
186 157 423 181 D,EEE bs 6 2 4 v %
204 173 439 197  V,V,V,P 1 1 v
217 186 452 210 03 5 1 4 v
228 197 463 221 M, M,A,M L9 11 1 0 v
237 206 472 230 S,S,A A 86 1 1 v
239 208 474 232 F 4 4 Vv
260 226 487 253 K 2 1 1 v
261 227 488 254 L L.F,M 67 1 1 v
263 229 490 256 L 2 2 v *
264 230 491 257  V,V,V.,1 6 6 v
269 235 496 262 S,S,N,S switch-II 3 3 v
271 237 498 264 N,K,R,R LT 2 1 1 v %
275 241 502 268 S, T,T,S 2 2 v
279 245 - 272 D,G,-G 7 7 v
281 247 509 274 R, V,T,R 3 2 1 v *
285 251 513 278  A,A,G,G 3 3 v
293 259 521 286 L,S,L,L o4 1 1 v
296 262 524 289 G,GKG 6 6 v v
298 264 526 291 V,V.C,V 17 1 16 v v
299 265 527 292 I 1 1 v
308 274 536 304 H,Y,HH LI12 3 1 2 v vi
311 277 539 307  Y,Y,EY 16 1 15 v
313 279 541 309 E,D,E,N 3 3 v v
315 281 543 311 K o5 5 5 v 4
318 284 546 314 R RQ,R 4 1 3 v v 4
319 285 547 315 LLV,L 1 1 v *
321 287 549 317  Q,Q,R K 2 1 1 v v
322 288 550 318 D 3 2 1 v
324 290 552 320 L,LFL L13 6 6 v
325 291 553 321  G,G,LG 11 11 v %
327 293 556 323 R,N,N,N 7 3 4 v *
330 296 559 326 T 3 2 1 v
332 298 561 328 LLMM b8 4 2 2 v
333 299 562 329 LV,LI 1 1 v
334 300 563 330 A, LAA 3 3 v
345 311 574 341 E,EY,D 11 11 v v
348 314 577 344  S,S,N,N 4 4 Vv *
349 315 578 345 T 8 4 4 v v
351 317 580 347 E L RK p 1 1 v v
352 318 581 348  Y,FY,Y ¢ 16 15 1 v
355 321 584 351 2 2 v v
356 322 585 352 A A, V,A 6 1 5 v
357 323 586 353 K 3 1 2 v v
359 325 - 355 LIL-1I necklinker 4 4 v vE
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FIGURE 3. Statistical correlations exist between multiple kinesin residues that are separated by large distances. A, number of co-evolving correlations for each
Eg5 residue in N- to C-terminal sequence order. Hub residues (=9 correlations) are in green. SCA residues within the active site sequence WebLogos are in blue.
Abbreviations: sw1, switch |; sw2, switch II; nl, necklinker. B, bar graph of the number of correlations per SCA residue. C, histogram of C—C,_, distances between coupled
pairs of residues. Intermediate statistical couplings (1-1.39 kT*) are in dotted gray; high coupling (1.4-2.4 kT*) is shown in black. D and E, structural view of SCA residues
correlated with Pro"*” (D) or (E) Val**® in a kinesin-5 crystal structure (Protein Data Bank code 3HQD). Overlaid concentric circles delineate C_-C,, distances of 4 A (pink),
10 A (white), 20 A (light gray),and 30 A (dark gray) from residue of focus. Side chains and C,, atoms are shown as spheres and sticks, respectively; dashed lines indicate that
two residues are statistically correlated. Residues are labeled with amino acid identity, Eg5 number, and secondary structure motif that they occupy.

interaction. The remaining residue pairs either do not have side
chains arranged appropriately for an interaction or do not have
compatible side chain groups.

Our measurements (Fig. 3C) showed that 90% of the statisti-
cal correlations between kinesin residue pairs are distal to one
another. For residue pairs with intermediate levels of statistical
coupling (AAG,,,, = 1.0-1.39 kT*), the frequency of C —C,_
inter-residue distances had a normal distribution (Fig. 3C, dot-
ted fill). Residue pairs with high co-evolutionary coupling
(AAGg,, = 1.4-2.4 KkT*) exhibited a bimodal distribution of
inter-residue distances: those separated by 4—16 and 2428 A
(Fig. 3C, black fill).

The relationship between number of and distance between cor-
related residues is illustrated using Pro'*” and Val**%, a pair of
co-evolving residues in our analysis. These two SCA residues are
located on opposite sides of the motor domain, separated by 30 A
(Fig. 3D, inset). Because each of these residues is a hub, there are 17
other residues that co-evolve with Pro'*” and/or Val**®, There are
two groups of residues that correlate with these hub positions. The
first group is a small set of residues proximal to Pro'*” or Val**%.
Proximal residues are nearest neighbor contacts separated by 4 -6
A (lle'*® and Arg'*® in Fig. 3D and Gly**® in Fig. 3E). Identification
of such residue pairs that are in the immediate environment is
consistent with expected local propagation of energy from a site of
perturbation. The second group of correlated residues is com-
prised of residues at distances =6 A. Correlated residues in the
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6—11 A range are not in direct contact with either Pro'*” or Val**®

(Phe*® and GIn”® in Fig. 3D and Leu?**, Gly**®, GIn**', and Tyr*""
in Fig. 3E).

Statistical Coupling, Predicted by SCA, Was Tested by
Mutagenesis of Residues Outside of the Active Site and Not in
Contact with Each Other—The majority of SCA and residue
co-evolution studies do not have experimental validation; these
include prior analyses of motor proteins (35, 36). Although
there is support that statistically dependent residues can be
distant in space (37-40), only 2 of the >30 published SCA
models (supplemental Table S1) provide experimental evi-
dence that co-evolving residues pairs are energetically coupled
(17, 41). Second, it is argued that energetic coupling is not a
unique property to co-evolving residues (42).

Thus, our next step was to determine whether the SCA resi-
due network maps a path for catalytic free energy transduction.
Practical considerations preclude testing a full map of all ener-
getic interactions in a kinesin. To experimentally test all residue
correlations predicted by SCA, 930 mutations and a minimum
of 34,000 assays would be required. Six statistically coupled
residue pairs, defined by SCA, and one negative control pair
(T100C/L263F) were chosen (Table 2). Testing of six coupled
residue pairs has a statistical power >95% and a p-value of 0.01.
Our negative control residue pair has an associated 90% statis-
tical power and a p-value of 0.05. The selected residue pairs had
awide range of C,—C,, distances (50% of the 10 bins in Fig. 3C)
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TABLE 2

Kinesin residues chosen for testing correlation between C_-C_ inter-residue distance and energetic coupling

Human kinesin 5 (Eg5) residue numbers are listed along with the secondary structure motif they occupy. The C,~C, distances were measured within Protein Data Bank
code 3HQD (2.2 A resolution; Ref. 2) in PyMOL. A statistical coupling energy is given for each tested residue pair, as determined by SCA. Interaction energy (CE ) Was

determined from experiment; NA, not applicable. # indicates the residue pair, Thr
values.

100_] 0,263

, served as a negative control, as confirmed by the low AAG,,,, and CE1;zr

DOUBLE MUTANT

TESTED # distance SCA
AMINO secondary intervening from Ca-Ca CYCLE ANALYSIS
ACID structure  residues in active distance AAGW # co- CETHF_:RM mode Of
motif linear site d; coupling evolving coupling non-addltlve.
PAIRS sequence (A) (A) energy residues energy thermodynamic
(KT*) (kcal/mol) coupling
MI115A L5 8.6 3 L
L263A 37 147 14.9 7.4 1.42 ) 2.2 antagonistic
M115] L5 8.6 3 -
L263F p7 L 14.9 7.4 1.42 ) -3.2 antagonistic
no additional
Q78A al 7.5 12
RI138A o 59 16.7 9.6 1.70 7 -4.3 effect of second
mutation on first
Y82F al 12.7 6 L
T100C B3 17 18.4 14.0 1.53 7 3.8 antagonistic
L160M B4 16.6 6 L
D279G ad 1138 163 26.9 1.04 7 2.8 antagonistic
P137A a2 15.6 9 partially
V298C a4 160 19.5 293 1.56 17 1.8 additive
e - 162 s 6.0 037 ; 08" NA

and vary widely in the number of residues to which they are
coupled (54% of the 13 bins in Fig. 3B). They also vary in their
location within the motor domain (Table 2 and Fig. 4B).
However, none are located within active site motifs, and
therefore, the experimental measurements that follow in this
work would not arise from binding substrate or product.
They also cannot be derived from changes in catalytic ability
in the active site.

Our last consideration was whether non-additivity is related
to choice of amino acid substitutions. Thus, we generated two
mutations per residue. One substitution was alanine, which
typically replaces the original residue with a smaller one and
minimizes the possibility of new interactions being formed.
The second substitution was a naturally occurring substitution,
culled from other kinesin motor domain sequences.

The established method for experimentally testing thermo-
dynamic coupling is double-mutant cycle analysis (Fig. 44 and
Refs. 17 and 43-45). If the change in free energy (AAG) for two
single mutants is additive and equal to that of the correspond-
ing double mutant for a residue pair, the residues are indepen-
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dentand therefore not coupled. However, if these are not equiv-
alent, the residues are thermodynamically linked.

Catalytic activity (46, 47) was our AG readout; our model
system was human Eg5 (Fig. 4B). This first assessment of ener-
getic linkages in the kinesin motor domain was performed in
the absence of MTs. However, we recognize that interaction
with the cytoskeletal track may be an important source of evo-
lutionary pressure on energy transduction. Mutations in Eg5
were generated and bacterially expressed (Table 2). T100A,
Q78N/R138L, and Y82A/T100A had solubility issues and were
not studied further. Wild type and mutant Eg5 proteins were
purified to near homogeneity, as is evident from denaturing
SDS-PAGE (Fig. 4C). In native gel electrophoresis, the 22
mutant proteins in this study had similar gel mobility to wild
type (Fig. 4C), suggesting that mutations did not result in sig-
nificant changes in the protein fold.

Substitution of SCA Network Residues Impacted Catalytic
Parameters—Both single-site and double-site mutation of
human kinesin-5 resulted in variable effects on ATP hydrolysis
activity (Fig. 4D). To determine how well kinesin mutants bind
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FIGURE 4. The allostery wiring map was experimentally validated in human kinesin-5. A, double-mutant cycle analysis scheme. B, statistically coupled
residue pairs chosen for mutagenesis. Eg5 residue side chains (spheres) and C —C,, distances are shown in Protein Data Bank code 3HQD; the AMPPNP molecule
is a visual reference to location of active site. C, purified motor proteins were analyzed by denaturing and native gel electrophoresis. Lane L, molecular weight
ladder; lane wt, wild type human Eg5 motor domain; lane 1, Q78A; lane 2, Q78N; lane 3, Y82A; lane 4, Y82F; lane 5, T100C; lane 6, M115A; lane 7, M115I; lane 8,
P137A; lane 9,R138A; lane 10,R138L; lane 11,L160M; lane 12,L263A; lane 13, L263F; lane 14,D279G; lane 15,V298C; lane 16, Q78A/R138A; lane 17,Y82F/T100C;
lane 18, T100C/L263F; lane 19, M115A/L263A; lane 20, M1151/L263F; lane 21, P137A/V298C; lane 22, L160M/D279G. D, ATP hydrolysis rate (k,,), nucleotide
affinity (K, arp), and catalytic efficiency (k.,/K,, arp) for wild type and mutant Eg5. Shown are averages of 2-7 measurements, and error bars represent standard
deviation. These data were used to calculate AAG of ATP hydrolysis. £, AAG for the double mutant is plotted against the sum of AAG for the corresponding two
single mutants for our negative control (@) and the SCA residue pairs (O). F, correlation between experimentally derived, thermodynamic coupling energy
(CErherm) @nd statistical coupling energy (AAG,,,,) calculated by SCA. G, CEqgry is plotted against C —C,, distance between a residue pair. For E-G, the black
dashed line indicates an additive relationship, and the red dashed line is fit to the experimentally derived data.

substrate and how quickly substrate is converted into product effects on the catalytic constant k.. Of our single-site muta-

once bound, ATP hydrolysis was measured as a function of
nucleotide concentration (z = 2-7; data not shown). For the
substitutions tested herein, 1242 assays were required. Non-
linear regression analysis (Equation 1 under “Experimental
Procedures”) was used to calculate k_, and K, ,p. Our k., an
K,,, arp values for wild type Eg5 (Fig. 4D, vertical blue dashed
lines) are comparable with other reports (46, 48).

Although all the SCA residues tested in this study were distal

from the active site (Table 2 and Fig. 4B), we observed a range of
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tions, four substitutions had increased k_,,, compared with the
wild type Eg5 k., (0.05 = 0.00 s~ *; Fig. 4D, vertical blue dashed
lines). The turnover numbers for Y82A (0.17 = 0.00 s~ ') and
T100C (0.17 = 0.01 s~ ') were 3-fold greater than wild type (Fig.
4D); the k_,, for L263F (0.49 + 0.04 s~ ') was 8-fold greater than
wild type. Ten single-site substitutions exhibited decreased k,,:
Q78N, Y82F, M115I, M115A, P137A, R138A, R138L, L160M,
L263A, and V298C. The rate for D279G was closest to wild

type. Four mutants (M115A, L160M, L263A, and V298C) had
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turnover rates that were approximately half that of wild type
Eg5. Y82F had the lowest measurable k_,, (0.004 = 0.001s™ '), a
15-fold decrease from its parent protein.

Of the double mutants, the lowest turnover rate was 0.005
s~ ! for Y82F/T100C. The highest was 0.51 * 0.03 s~' for
T100C/L263F (Fig. 4D). The k., for Q78A/R138A, P137A/
V298C, and M115A/L263A ranged between 0.02 and 0.03 s~ .
The M115I/L263F and L160M/D279G kinesin samples had
nearly wild type k_,, rates.

Despite the range of increased, neutral, and lowered ATP
hydrolysis rates observed above, mutation of residues distant
from the active site decreased the kinesin-5 efficiency in con-
verting substrates into products. Catalytic efficiency (k_,/
K., arp) was reduced for all substitutions except L263F (Fig.
4D). This was largely a result of increased values for the Michae-
lis constant for all substitutions (K, ,1p in Fig. 4D); mutation,
regardless of residue location or number per protein, resulted
in 2—4,000-fold reduction in nucleotide affinity. L263F and
M1151/L263F had similar K, ,p to wild type.

Wild type Eg5 had a specificity constant of 2.5 X 10° M~ 's ™.
The L263F single mutant exhibited a 10-fold increase in cata-
lytic efficiency (1.6 X 10° M~ ' s~ '), whereas the M1151/L.263F
double mutant retained a catalytic efficiency of 1.8 X 10° M~ "
s~ . Eleven substitutions resulted in 1000 -10,000-fold reduc-
tion in catalytic efficiency (Fig. 4D): R138L, R138A, P137A,
M115I, M115A, Y82F, Q78N, Q78A, P137A/V298C, M115A/
L263A, and Q78A/R138A.

Most Tested Mutations Were Allosteric and Introduced
Energy Barriers to Kinesin ATP Hydrolysis—Using the deter-
mined catalytic efficiencies above, we then calculated the
change in free energy for generation of single-site mutations
(AAG,,) and for double mutations (AAG,, v, in Equation 2 under
“Experimental Procedures” and in Fig. 4D). One double mutant,
M115I/L.263F, had a AAGy; s of 0.2 keal M™%, or effectively 0.
One single substitution, L263F, had a AAG, of —1.1 kcal M~ " (Fig.
4D). Thus, L263F is a facilitating mutation that decreased free
energy barriers for catalysis, compared with wild type kinesin-5.
Our results demonstrate that distant residues remote from the
active site can have marked effects on catalysis.

Double-mutant Cycle Analysis Validated Thermodynamic
Linkage for SCA Residue Pairs—In Fig. 4E, we show a scatter
plot for changes in free energies of catalysis for double mutants
against the sums of free energy changes for two single mutants.
Data points that fall on the dashed black line would be additive
and thus not thermodynamically linked. Non-additive pairs
may fall above or below the 1:1 dashed black line.

For our negative control (residues not predicted to co-evolve
by statistical methods), the catalytic effect of the double muta-
tion T100C/L263F is not appreciably greater than the sum of
the effect of single mutations (Fig. 4E, filled circle). Fig. 4E
shows that the thermodynamic coupling energy (CE 1 rrn) for
our negative control, T100C/L263F, is 0.89 kcal M L Coupling
energies smaller than 1-1.5 kcal M~ " are essentially additive, if
experimental error is considered (49). For kinesin residue pairs
that were statistically predicted to co-evolve, the sum of the
constituent single mutation effects was larger than the effect of
the double mutant (Fig. 4E, open circles). The quantitative
interpretation is that all six tested SCA residue pairs are non-
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additive and thus energetically coupled. For one pair of
residues, we confirmed thermodynamic linkage with both
substitution strategies (M115I/L263F and M115A/L263A).
Moreover, our experimental data showed that non-additive
effects followed a linear relationship, with the sum of AAG,,
and AAG,,, being 2.0 kcal M~ ' greater than AAGy; ., (Fig. 4F,
red dotted line).

For kinesin-5, there is a direct relationship between pre-
dicted, statistical residue linkages and thermodynamic cou-
pling in experiment. In Fig. 4F, we show that there is a linear
correlation in this system between statistical coupling energy
(AAG,,,,) and experimental, thermodynamic coupling energy
(CE 1iermm OF the interaction energy of the double mutant com-
pared with its single point counterparts; Equation 3 under
“Experimental Procedures”). The more strongly statistically
correlated residue pairs are also the most energetically coupled
residue pairs. We conclude that thermodynamic linkages
between kinesin residues were accurately predicted by SCA.

Residue Pairs, Even Separated by 30 A Distances, Were Ener-
getically Coupled—Double-mutant cycle analysis can be used
to measure the strength of the intramolecular pairwise interac-
tions. We investigated the correlation between non-additivity
and the spatial distance between mutation sites. CErerap
or the strength of the intramolecular interactions, slightly
decreases as inter-residue C_—C,, distance increased from 7 to
30 A (Fig. 4G). It is notable that even for d; =30 A, the coupling
energy was still significant. Our experimental data provide sup-
port for long distance energetic coupling in the kinesin motor
domain. Thermodynamic linkages are not simply due to near-
est neighbor interactions.

Discussion

For the First Time, Our Phylogenetic Tree Partitions Clades
into Accepted Kinesin-MT Functions—Current phylogenetic
efforts in the literature have exploded because of the availability
of computational power and access to enormous amounts of
genomic data. Overall, there are three trends in such studies.
The first is application of multiple data sources to address a
given phylogenetic question; however, such sources often
are conflicting, and each has its own level of sequence error.
Second, different inference techniques, with independent
strengths and handicaps, are employed. Third, algorithms
based on either probabilistic or combinatorial methods can
provide supporting or conflicting statistical values for nodes of
a given tree topology.

Frequently missing in such efforts is evidence of whether
these outcomes provide meaningful representations of protein
sequences. Derived from maximum likelihood techniques,
our tree has a unique topology that correlates kinesin function
with sequence organization. This improvement is nontrivial,
because this phylogenetic inference model is built from a
large sequence dataset of 78 individual taxa, nearly doubling
the prior number of taxa evaluated. Such tree and sequence
alignment outcomes exceed sole reliance on measures of sta-
tistical support (i.e. bootstrap proportions, Bayesian poste-
rior probabilities).

Improvements in bioinformatics models and phylogenetic
methods have far-reaching impact. First, success of statistical

SASBMB

VOLUME 291+-NUMBER 40+SEPTEMBER 30, 2016



coupling analysis or any other residue co-evolution study is
absolutely predicated on the sequence input being robust. Our
extensive efforts in sequence validation and multiple sequence
alignment were critical in obtaining a molecular network map
of kinesin allostery that had faithful agreement between calcu-
lation and experiment. In addition, robust phylogenetic infer-
ence models allow tracing of ancestral states, a future focus of
our work.

Three Intramolecular Communication Pathways Are Con-
served in the Kinesin Superfamily—We discovered an allosteric
network of residues with high statistical free energy (AAG.,,);
they are organized in a continuous path across the kinesin
motor domain (Fig. 2B). Our work showed that statistical free
energies of five pairs, or ten residues, in the network model were
correlated with free energy of catalysis in one kinesin: thermo-
dynamic coupling between altered kinesin residues (CEriierm
or energy linkage) was directly measured and found to be non-
additive. Most reported double-mutant cycles make use of only
one set of mutants. For example, statistical free energies of PDZ
domains were tested with thermodynamic free energies of res-
idue interactions for one residue position of one of the PDZ
domains. Our work confirms that the SCA-identified commu-
nication pathway is based on energetic coupling of catalytic free
energy. Our work also shows that energetic coupling is a unique
property to co-evolving residues.

Our data support the conclusion that thermodynamic cou-
pling across long distances dominates how energy is transduced
to different motor domain sites. Several studies in the literature
support our findings. Long range non-additivity is expected in
allosteric proteins (50) but also is common in many protein
classes (51). In addition, energy in a protein can jump from site
to site, covering large distances (52). A complex arrangement of
interactions between distant amino acids is prevalent. How-
ever, neither our data nor the data in Refs. 16 and 17 provide a
structural mechanism for coupling or the time scale of commu-
nication propagation.

We also provide new information on the energetic value and
mechanism of kinesin epistasis. Free energy departures from
additivity measure the amount of cooperativity or anticoopera-
tivity between the effects of the two measured residues. Mech-
anisms for five possible interactions that beget non-additive
relationships have been proposed (44). One set of mutants,
P137A and V298C, exhibited a partially additive interaction
(Table 2). Antagonistic, non-additive interactions were defined
for four mutant pairs: Y82F and T100C, L160M and D279G,
M115A and L263A, and M1151/L263F. For Q78A and R138A,
the second mutation had no additional effect on the first muta-
tion. None of our double-mutant pairs exhibited a synergistic
interaction. Thus, only cooperative interactions were detected
in the kinesin residue pairs tested. From Fig. 4E, we can esti-
mate that the free energy of Eg5 catalysis has a cooperative
contribution of ¢*° for our energy transduction residue pairs.
We speculate that higher order coupling within the allosteric
residue network underlies the cooperative effect across many
residues, not just the tested residue pair. Lastly, our data argue
that catalytic energy distribution in kinesin is not stochastically
routed through the protein matrix.
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In the Kinesin Motor Domain, the Intramolecular Residue
Network for Energy Transduction Has a Unique Architecture
That Allows Amplification to Multiple Sites—Energy dissipa-
tion in the kinesin motor is localized to discrete residues, both
proximal and distant. We postulate that, even if only a few res-
idues at the active site are energetically coupled, there are mul-
tiple destination sites for energy distribution, leading to signal
amplification not only to the MT-binding site but also other
sites. Conversely, signals from the surface of the motor domain
can be reversed to the active site, which may serve as an efficient
energy-accumulating center.

Our allosteric model provides a framework for kinesin
energy transduction to localized nodes in the motor domain.
For example, release of the hydrolysis product is essential for
establishing a conformational cycle in which energy is con-
verted to work; it may be triggered by changes in the ionic
interaction with the B-phosphate, such as Lys*!! in the p-loop
(2). However, the exact nature of this signal is unknown.

Our energy transduction model points toward the adjacent
Thr''? and GIn'°® as conduits for energy transfer in the motor
domain (Fig. 34, WebLogo). Active site SCA residues are pre-
dicted to allosterically communicate with amino acids at a dis-
tance from the switch loops. Thr''? is energetically coupled to
one residue, Lys®'; GIn'® is coupled to six residues in the
energy transduction sector (Fig. 2C, yellow residue). Further-
more, Ser®*® in switch II is coupled to three residues.

Such coupling connects the active site with the MT-binding
site, as well as the transducer and necklinker. The transducer,
comprised of L5 and the central 3-sheet, is proposed to relay
information between the active and polymer binding sites via
correlated conformational changes in both kinesins and myo-
sins (46, 53—55). The necklinker is a flexible element that pro-
pels a motor head forward during processive stepping (56 —58).

Improved Understanding of Allostery and Energy Transduc-
tion in Kinesins Has Broad Implications for the Mechanisms of
Non-canonical Kinesins—An important issue is whether the
estimate of the statistical energies in one kinesin is transferable
to another kinesin. Using our allosteric map, we compared the
residue networks for two representatives in the kinesin super-
family. First, the mechanotransduction map of human kine-
sin-1 (Kif5b) was compared with that of human kinesin-5 (Eg5),
two motors that are capable of processive motion, albeit to dif-
ferent extents and for different cellular purposes. Of the 65 SCA
positions, 5 have a change in amino acid identity between these
two motors (Fig. 5A4); only 8% of the SCA positions are diver-
gent and 92% of the SCA residue positions are identical
between kinesin-1 and kinesin-5. Divergent residues are in 34
and the MT-binding site (L11/a4, o5, a6, and L7).

However, when we compare two motors at opposite ends of
the mechanotransduction spectrum, the results are different.
Between kinesin-1, a processive cargo transport motor, and
kinesin-13, a non-processive MT-depolymerizing motor, 20
SCA positions have differing residues (Fig. 5B). This sequence
divergence only occurs in the energy transduction sector; resi-
dues in the microtubule- and adenine-binding sectors are the
same in human kinesin-1 and kinesin-13. Divergent SCA posi-
tions are found in the MT-binding site (along the length of a6,
and clustered in a4 and «5), active site (switch II), various loops
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FIGURE 5. Our kinesin mechanotransduction wiring map predicts residues that give rise to different nanomotor behaviors. Co-evolving SCA residues
that are divergent in amino acid identity between (A) human kinesin-1 (orange; Kif5b, Protein Data Bank code 1BG2) and human kinesin-5 (white; Eg5, Protein
Data Bank code 1116) and (B) human kinesin-1 (orange; Kif5b, Protein Data Bank code 1BG2) and human kinesin-13 (blue; Kif2C, Protein Data Bank code 2HEH).
In both panels, the motor domain structures are aligned in the insets for orientation purposes. Residue number is listed alongside the corresponding secondary
structure motif. A residue label with a horizontal strike out indicates a position that was unresolved in the crystal structure.

(L13, L3, and L9), the a1 and a2 helices, and B-sheet (83 and
[34). Divergence in energy transduction may be correlated with
the different cellular functions of kinesin-1 and kinesin-13.
We submit that this work is significant on several fronts. This
effort to advance our understanding of mechanotransduction
provides practical rules for the rational engineering of motor
function: prior rational design studies have tested 24 residues in
our SCA network and measured perturbation to kinesin func-
tion (Table 1). A second possible avenue of use is prediction of
which residues distal from the drug-binding L5 loop will confer
resistance upon mutation. Lastly, it is our aspiration that it will
assist us in defining the molecular basis for disease-causing
mutations. Human polymorphisms are an in vivo test of our
allosteric network. Disease-related SCA residues disrupt both
network and cross-talk between allosteric networks and ulti-
mately result in irreparable defects to mechanotransduction.

Experimental Procedures

Sequence Identification and Curation—A normal mode
query of the SMART database for motor domain sequences
from all members of the kinesin superfamily resulted in 3127
sequence hits. From this search, 1808 kinesin motor domain
amino acid sequences that represent the entire superfamily
were evaluated in this study. Misannotated sequences, frag-
ments, and duplicates were removed to obtain a final dataset of
unique, annotated sequences (supplemental Table S2). In the
first check, sequences lacking a publication reference or cross-ref-
erence to NCBI were removed (n = 468 eliminated sequences).
Second, sequences that were fragmented, incomplete at either the
amino end or the carboxyl end or whose record was removed from
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NCBI were deleted from the dataset. Third, sequences were
checked for duplications to remove syntenic homologs and other
potential sources of noise. Using an in-house MATLAB (Math-
works) algorithm, the pairwise identity was then determined for
each of the sequences, and those with greater than 95% identity
were removed from the database (n = 525). The resulting data set
contained 726 curated and unique kinesin sequences.
Computational Algorithms: SATé and SCA—The MSA and
unrooted phylogeny were co-calculated in tandem using SATé
version 1 (26, 59). The Holder laboratory (Kansas University)
provided a software expansion that allowed amino acid
sequences as input for SATé analysis. Parameters for SATé
were: maximum subproblem size, 20% of data set; merger algo-
rithm, OPAL (60); tree estimator, RAXML (61); number of
CPUs used, 2; alignment algorithm, MAFFT (62); break strat-
egy, centroid; and iteration limit, 20 after best maximum likeli-
hood score. Run time for the SATé output was 70 days, and the
maximum likelihood score was —302211. Phylogenies were
visualized with Dendroscope (63). Rapid bootstrapping was
conducted on the SATé output alignment using RAXML-
HPCv8.2.8 (61, 64) on the CIPRES Science Gateway v3.3 (65)
with 1000 iterations. Bootstrap confidence values were mapped
onto the SATé tree using TreeGraph2 (66), and bootstrapped
values =80% were annotated using iTOL v3.2.2 (67). Four sup-
plemental files are provided. Supplemental Files S1 and S2 are
the original and annotated SATé MSA files, respectively. Sup-
plemental Files S3 and S4 are the original and annotated SATé
phylogeny files. The SCA code was obtained from the Ranga-
nathan laboratory and run with MATLAB; the input for SCA
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was the SATé-derived multiple sequence alignment of 726
kinesin motor domain sequences.

Structural Analyses—The crystal structures of kinesins
(kinesin-5, 1116 and 3HQD; kinesin-1, 1BG2; and kinesin-13,
2HEH); (2, 68, 69) were obtained from the Protein Data Bank
and studied using PyMOL (Schrédinger). The criteria for resi-
dues that are nearest-neighbor, or in contact with one another,
were defined as C,~C, d; < 6 A, anfi residues that are long
range, or distal, are defined as dij = 6 A. A threshold value of 4
A would be sufficient to eliminate residues interacting directly
via van der Waals-like potentials. However, in a double-mutant
protein, the new two residues might be in contact, depending
on size differences in amino acid sidechains and relative orien-
tations of their bonds. The value of 6 A was chosen to ensure
that the two residues are in contact neither in the wild type nor
in the double-mutant structures.

Site-directed Mutagenesis, Bacterial Protein Expression, and
Protein Purification—Wild type, human Eg5, encoding resi-
dues 1-369, in pET21d plasmid (Novagen) with a His, tag
served as the template (46, 70). Sixteen Eg5 single point
mutations were generated for this study: Q78A, Q78N,
Y82A,Y82F, T100A, T100C, M115A, M1151, P137A, R138A,
R138L, L160M, L263A, L263F, D279G, and V298C. None of
these residues are in the active site. Only one residue, Met''®,
contributes to the known allosteric loop 5. Thus, none of the
chosen residues play a role in substrate binding, product
release, or positioning of ligands. As such, perturbation of
these residues tested their participation in distal (allosteric
or indirect) effects on kinesin function.

Also generated were nine Eg5 double mutants: T100C/L263F,
M115A/L263A, M1151/L263F, P137A/V298C, Q78A/R138A,
Q78N/R138L, Y82A/T100A, Y82F/T100C, and L160M/D279G.
Mutagenic primers (Integrated DNA Technologies) were
designed in the 5'-3" and 3’-5" directions. Double mutants
were generated using two rounds of mutagenesis. Following
mutagenesis by PCR using Phusion polymerase (New Eng-
land Biolabs), template DNA was digested with Dpnl (New
England Biolabs) at 37 °C, and unmethylated DNA was
transformed into JM109 cells (Promega). All mutations were
confirmed by DNA sequencing.

WT and all Eg5 mutants were expressed in BL21-Codon Plus
(DE3)-RIL (Stratagene) in LB medium under ampicillin selec-
tion. Expression was induced at Ay, .., between 0.4 and 0.7
with 0.5 mm isopropyl B-p-thiogalactopyranoside. The cells
were grown for either 5 h at 25 °C or overnight at 18 °C. The
cells were harvested and pellets stored at —80 °C. The pellets
were resuspended in 50 mm HEPES (pH 7.5), 75 mm NaCl, 1 mm
PMSF, 0.1 mMm MgATP, 1 mMm DTT, 0.04 mg/ml DNase, and 0.6
mg/ml lysozome; the cells were lysed using an Emulsiflex
(Avestin). Purification of WT and most mutant Eg5 proteins
was performed by cation exchange chromatography. Protein
was eluted with 250 mm NaCl as previously described (46).
Final protein samples (>90% purity) were stored in 50 mm
HEPES (pH 7.5), 125 mM NaCl, 0.1 mm NaATP, 0.1 mm
MgCl,, 0.5 mm DTT, and 10% (v/v) glycerol. One exception
to the purification strategy was M115A/L263A, which was
purified by nickel affinity chromatography with a gradient
elution (protein was eluted with 170 mm imidazole). The
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final protein sample was stored in 90 mm HEPES (pH 8.0), 45
mM NacCl, 0.9 mm NaATP, 1.8 mm MgCl,, 0.9 mm 2-mercap-
toethanol, 153 mMm imidazole, and 10% (v/v) glycerol. All
protein samples were flash frozen and stored at —80 °C. Pro-
tein concentration was determined by Bradford assay (Coo-
massie Plus protein assay reagent; Thermo Scientific) with
BSA as the standard. Concentrations ranged from 0.7 to 4.0
mg/ml or a purification yield of 3—-20 mg/liter.

Samples were analyzed by SDS-PAGE using NuPage Novex
4-12% Bis-Tris gels (Invitrogen) and, under native condi-
tions, using native PAGE Novex 4—16% Bis-Tris gels (Invit-
rogen). For denatured samples, SDS sample buffer was added
with a final concentration of 62.5 mm Tris, pH 6.8, 10% glyc-
erol, 100 mm DTT, 1.2% (w/v) SDS, and 0.01% (w/v) bro-
mphenol blue. Samples were then boiled at 100 °C. Native
samples were prepared in 1 X NativePAGE sample buffer and
G-250 additive (Invitrogen).

ATPase Activity Assays—Steady state kinetics of Eg5 were
monitored using a NADH coupled enzymatic assay (46, 71) in a
SpectraMax M2e spectrophotometer (Molecular Devices) in
96-well plate format (47). In measurements of basal ATP hy-
drolysis rates in the presence of saturating 1 mm MgATP, motor
protein concentration was as follows: L263F and T100C/L263F,
0.625 uMm; T100C and Y82A, 1.5 um; WT, Q78A, M115A,
L263A, M115A/L263A, M1151/L263F, P137A, V298C, and
P137A/V298C, 2.5 um; and R138A, M115I, Q78N, Y82F,
R138L, Q78A/R138A, and Y82F/T100C, 5 uM. Measurements
of 12 ATP concentrations, ranging from 238 nm to 1 mMm
MgATP, were used to determine the dependence of kinesin
catalysis on ATP concentration. For these reported k,, and K,
experiments, 1242 assays were performed.

Kinetic Parameters and AG Calculations—ATP dependence
data were averaged and plotted in IgorPro (WaveMetrics) using
non-linear regression analysis:

y = ([E] X ke X X)/(Ky) + X)

Experimentally determined AAG of mutation was calculated
(43) as

AAGyeone =

(Eq. 1)

- RTIn[(kcat/Km)mutant/(kcat/Km)WT] (Eq.2)

Coupling energy (CE1erp) from the double-mutant cycle
analysis was determined as

CErierv = AAGyiv — (AAGy;, + AAGy,) (Eq.3)

in which M1M2 is the double mutant, and M1 and M2 are
single-site mutants.
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