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ABSTRACT

In this dissertation, I apply molecular dynamics (MD) simulations to improve our

understanding of the dynamics, and hence, function and regulation of cytoskeletal

proteins. Microtubules and kinesin motor proteins play a critical role in the cy-

toskeleton of the cell, providing structural support, facilitating cellular transport,

beating of cilia and flagella, and separation of chromosomes during the cell cycle.

The importance of tubulin dynamics as a vital therapeutic target is exemplified by

the widely prescribed paclitaxel (Taxol), an anti-cancer drug that arrests tubulin

dynamics, preventing cancer cells from undergoing cell division. Furthermore, the

importance of understanding the structural, dynamical, and functional aspects of ki-

nesin motor domains and their modifications is demonstrated by efforts in developing

small-molecule inhibitors as antimitotic therapeutic agents in various cancers. How-

ever, despite strong conservation of the motor domain across the kinesin superfamily,

how various kinesins have tailored their motility characteristics to best meet their

functional needs in cells remains unclear.

Detailed comparison of structures from large heterogeneous protein families, such

as kinesin motors, can inform on structural dynamic mechanisms critical for pro-

tein function including ligand binding, enzymatic catalysis, allosteric regulation and

bimolecular recognition. However, existing tools for quantitative analysis of their se-

quence, structure and dynamics often require significant computational expertise and

typically remain accessible only to expert users with relevant programming skills. In

the first section of my dissertation, I describe the development of Bio3D-web, a free

and open-source online application for interactive investigation of protein sequence-

xiii



structure-dynamic relationships. Bio3D-web requires no programming knowledge and

thus decreases the entry barrier to performing advanced comparative structural bioin-

formatics analyses.

In second part of my dissertation, I discuss methods I helped develop in analyz-

ing experimental structure data and dynamical data generated with MD simulations.

Specifically, I discuss the ensemble distance difference matrix method (eDDM) for

analyzing changes in residue-residue distances in protein structures and dynamical

data to identify residues critical for protein regulation and function. I apply eDDM

to three families of kinesin motor proteins: first, I elucidate the effect of a posttransla-

tional modification in kinesin 5 mitotic motor Eg5. I show that acetylation of residue

K146 in Eg5 alters its mechanochemical properties, wherein it acts as a “brake” dur-

ing spindle separation in cells during mitosis. Second, I identify residues critical

for force generation in kinesin 1 transport motor KIF5C. Mutating these residues in

two important structural elements—A5G and S8G in the cover strand and N334A in

the neck linker—severely cripple the ability of motors in ensemble to generate force

during intracellular transport. Third, I characterize the allosteric effects of disease-

associated variants in kinesin 3 neuronal transport motor KIF1A. KIF1A-associated

neurological disorder (KAND) is associated with cognitive disability, spasticity, and

cerebellar and optic nerve atrophy, typically with a progressive course.

In the third part of my dissertation, I highlight the divergent mechanism of tubu-

lin polymerization in C. elegans. Through comparative analysis of MD simulations

of C. elegans and B. taurus tubulin dimers, I found that sequence changes in the C.

elegans tubulin lead to additional secondary structure formation in the lateral con-

tact loops, and this changes the polymerization behavior as well as the structure of

the microtubule. Finally, I also map the inter-conformer relationships of experimen-

tally determined structures of tubulin and microtubules through principal component

analysis (PCA). This PC-space serves as a reference map for comparing the intrinsic

xiv



dynamics of tubulin heterodimers, such as different isoforms, nucleotide states, and

disease-associated mutations.
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CHAPTER I

Thesis overview

My research interests broadly involve the study of protein dynamics as a regulatory

element in protein function. Allostery, the coupling of structural dynamic changes

at distal sites, is a key regulatory mechanism in numerous biomolecular processes,

including ligand-binding and enzyme catalysis (Boehr et al., 2009; Henzler-Wildman

and Kern, 2007). Allosteric regulation is also an important factor to consider in

rational drug design and protein engineering (Wagner et al., 2016; Raman, 2018).

Cytoskeletal proteins are also dynamic entities. Microtubules and kinesin motor pro-

teins play a critical role in the cytoskeleton of the cell, providing structural support,

facilitating cellular transport, beating of cilia and flagella, and separation of chromo-

somes during the cell cycle. The importance of tubulin as a vital therapeutic target

is exemplified by the widely prescribed paclitaxel (Taxol), an anti-cancer drug that

arrests tubulin dynamics, preventing cancer cells from undergoing cell division. Fur-

thermore, the importance of understanding the structural, dynamical, and functional

aspects of kinesin motor domains and their modifications is demonstrated by efforts

in developing small-molecule inhibitors as antimitotic therapeutic agents in various

cancers (Perez-Melero, 2014). In this dissertation, I use molecular dynamics (MD)

simulations and methods to analyze MD trajectories to improve our understanding

of the dynamics, and hence, function and regulation of cytoskeletal proteins. An
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overview of studies covered in this dissertation are given below. I start with the

development of online tools for rapid analysis of sequence, strucural, and dynamical

features of large protein superfamilies, such as those of tubulin and kinesin motors.

Next, I discuss my contributions to improving our knowledge about the dynamical

effects of kinesin mutations and posttranslational modification on motor function. Fi-

nally, through sequence analysis and analyzing dynamics of free tubulin heterodimers

in exclicit solvent MD simulations, I uncover how subtle sequence changes in tubulin

sequence can give rise to different microtubule polymerization rates in vitro.

1.0.1 Accessible resources for structural bioinformatics

One of the first steps in understanding biomolecular functional regulation is an

assessment of the sequence-structure-dynamics relationships within the given family

or superfamily of proteins. To this end, I developed Bio3D-web and related tools

for asssessment of protein sequence, structure and dynamics in an interactive and

intuitive fashion. Bio3D-web requires no prior programming knowledge, thus crossing

the barrier to entry for performing structural bioinformatics analyses. Bio3D-web

is based on R-Shiny, a reactive programming and web application framework from

RStudio (RStudio, 2013). The main purpose behind selecting Shiny for powering

Bio3D-web was its reactive framework. Shiny’s reactivity feature binds web controls

to R functionality in a manner that caches expensive computational steps so that

they are not re-computed unnecessarily during an interactive browser session. A brief

overview of this feature is given in Figure 1.1. We can wrap computationally expensive

operations in a “reactive” routine such that the output of operations are cached,

and can be utilized by any number of dependent routines without re-executing such

operations. Furthermore, any changes that may require re-executing such operations

are automatically progated to the dependent routines, without having to explicitly

check for updates.

2



Figure 1.1: Encapsulating computationally expensive operations with Shiny. Bio3D-
web makes use of Shiny’s reactivity feature (A), where results of computationally
expensive operations are cached, and any changes are automatically propagated to
dependent user-facing renders (B).

For example we want to fit a large number of 3D structures from a particular

protein family, calculate their all-to-all root mean-squared deviations (RMSD), per-

form RMSD-based clustering, and display the superimposed 3D structures colored by

RMSD cluster membership. In this case, fitting the structures, calculating RMSD,

and performing clustering can be considered as computationally expensive operations.

These operations, part of a function called rmsdCluster() are wrapped in a reactive

routine called reactCluster() (Figure 1.1A). A render of superimposed 3D structures,

and a plot of the RMSD clustering results, colored by cluster membership, both access

the cashed results of the reactCluster() routine. Any changes in the original rmsd-

Cluster() function, such as addition of more protein structures, or changing clutering

parameters, are automatically propagated to the 3D render and plotting functions,

without any further effort on the user’s part (and thankfully, the developer). We

adopted this framework to develop Bio3D-web family of tools for performing struc-

tural bioinformatics analyses on the web (Figure 1.2). Details into Bio3D-web, and

its applications to two protein families, are given in Chapter II (Skjærven et al.,

2016; Jariwala et al., 2017). All major browsers are supported, just point them to

3



http://bio3d.ucsd.edu/pca-app. The full source code is available under a GPLv2

license from https://bitbucket.org/Grantlab/bio3d. The accessbile, interactive,

and reproducible feature of my application has not only helped researchers, it is also

used for classroom teaching and workshops—for example by Dr. Patrick Fleming at

the Biophysics Department at Johns Hopkins University for teaching undergraduate

courses.

Figure 1.2: Bio3D-web tools for online structural bioinformatics. The tools are avail-
able for free at http://bio3d.ucsd.edu/pca-app, and http://thegrantlab.org/
bio3d/webapps. Full source-code is open to all and is provided under a GPLv2
open-source license from: https://bitbucket.org/Grantlab/bio3d.

1.0.2 Dynamics of cytoskeletal proteins

The proteins that make up the cytoskeleton have both structural and functional

roles in cells. Their critical role in cell viability arises from an interplay of both these

roles, which include maintaining structural integrity of the cell, arrangement of or-

ganelles, beating of cilia and flagella, cell division, and facilitating cellular transport.
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In general, the cytoskeleton refers to an interconnected network of filamentous poly-

mers and associated proteins. The three primary types of cytoskeletal polymers are

microtubules, actin filaments, and intermediate filaments (Figure 1.3). Microtubules,

made up of tubulin subunits, and actin filaments, made up of actin subunits, un-

dergo nucleotide-coupled polymerization and depolymerization events. These events

generate directed forces, driving changes in cell shape and, together with molecular

motors that move along these respecitve polymers, facilitate intra-cellular transport

and guide the organization of cellular components (Fletcher and Mullins, 2010). Inter-

mediate filaments, like microtubules and actin filaments, are also polymers, consisting

of subunits such as keratins and lamins. In contrast, however, intermediate filaments

lack polarity, are more stable and their constituent subunits do not bind nucleotides

(such as GTP and ATP) (Goldman et al., 2012). Their primary role is to provide

structural support against mechanical stress, forming complex networks both within

and with microtubule and actin filament networks.

1.0.2.1 Dynamics of kinesin motors and tubulin

The focus of this dissertation, apart from developing online structural bioinformat-

ics tools, is on two classes of proteins belonging to the cytoskeleton: motor transport

protein kinesin and microtubule (MT) subunit tubulin. Members of the kinesin su-

perfamily of molecular motors fulfill multifaceted roles in cell physiology. Some serve

as intracellular transporters (Figure 1.4), others serve as regulators of MT dynamics,

including as MT depolymerizing agents (Walczak et al., 2013), and some as mitotic

motors (Hirokawa and Takemura, 2004; Vicente and Wordeman, 2015; Bachmann and

Straube, 2015).

While diverse in their sequence, localization, and function, all kinesin motors con-

tain both an ATP coordinating/hydrolyzing site and MT-binding elements, and in

general, bind MTs and hydrolyze ATP to drive MT plus-end directed motor activ-
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Figure 1.3: Polymers of the cell cytoskeleton. Schematics showing the physical dimen-
sions and micrographs of the three primary types of cytoskeletal polymers. (A) Actin
filaments (actin), (B) intermediate filaments, commonly made up of lamin subunits,
and (C) microtutubles (tubulin heterodimer). Figure from (Pollard et al., 2017).

ity (Vale and Fletterick, 1997). ATP binding brings about conformation changes to

the active (ATPase) site, and this local conformation change causes allosteric effects

transmitted through the motor domain that alter MT binding and neck linker ori-

entation (Atherton et al., 2014; Goulet et al., 2014). Two key components of kinesin

motor domain distal to the active site, a N-terminal sequence called the cover strand

(CS), and a neck linker, interact to generate a “power stroke” for force production

(Hwang et al., 2008; Khalil et al., 2008). The ATP-induced power stroke involves

formation of a two-stranded β sheet called the cover-neck bundle (CNB) between the

CS and N-terminal half of the NL. Following CNB formation, the second half of

the NL “latches” to the core domain, fully docking with the kinesin core domain. A

schematic of this CNB-assisted stepping mechanism is shown in Figure 1.5.

In Chapter III, Chapter IV, and Chapter V, I study the direct or indirect (al-
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Figure 1.4: Kinesin walking on a microtubule. This rendering shows a dimeric kinesin
motor walking on a microtubule filament in a “hand-over-hand” to transport cargo
within a cell. Figure modified from The Inner Life series, BioVision at Harvard
University (Lue et al.).

losteric) effects of posttranslational modifications, directed mutagenesis, and disease-

associated variants on kinesin mechanochemistry and physiological function. Post-

translational modifications (PTMs) have been identified in most kinesins, including

many in the catalytic domain of these motor proteins (Hornbeck et al., 2015; Liu

et al., 2014). Apart from mutations occurring near the active site or the MT-binding

elements, the effects of these PTMs on motor function remain unknown. In Chap-

ter III, I study the dynamical effects of an acetylation of lysine residue 146 (K146)

of kinesin-5 mitotic motor Eg5 (Choudhary et al., 2009; Sol et al., 2012; Nalawansha

et al., 2017). Lysine 146, at the C-terminal end of helix α2 makes a salt bridge to

aspartate 91 on helix α1, and its acetylation disrupts this ionic interaction. Using
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Figure 1.5: CNB-assisted stepping mechanism in kinesin motor. (A) ATP binding-
induced formation of CNB provides the “power stroke”, shunting the rear kinesin head
forward, with NL docking completing the directionality of the step towards the MT
plus-end (direction indicated by arrow heads). Panel adapted from (Hwang et al.,
2008). (B) Snapshot from molecular dynamics simulation of ATP-bound kinesin-
1 motor in complex with tubulin heterodimer showing NL remains latched to core
domain. (C) Disruption of the same latch in simulation of a mutant kinesin-1 motor
(see Chapter IV for details).

molecular dynamics simulations and subsequent analyses, I uncover that disrupting

this salt bridge enhances NL docking and increasing the allosteric coupling between

the NL and the active site, improving the motility properties of this mitotic motor.

Subsequent experiments using acetylation mimetic mutation K146Q support this pre-

diction, showing enhanced coordination of NL docking and catalytic closure of the

switch 1 in the active site. The interplay of enhanced NL docking and increase of NL

and active site coordination was further tested under physiological conditions. Cell-

based assays show that modified Eg5 in teams of motors act as a “brake”, slowing
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centrosome separation during mitosis (Muretta et al., 2018).

In Chapter IV, I highlight key residues involved in CNB-formation and NL dock-

ing by studying the dynamics of kinesin-1 transport motor KIF5C in ATP-bound and

nucleotide-free states. Using inter-residue distance difference analysis, I hypothesize

that mutants disrupting CNB-formation and/or NL docking have an allosteric effect

of enhancing active-site interactions. Subsequent motility assays indeed show that

mutant kinesin-1 motors exhibit enhanced motility properties under single-molecule

conditions. Under the hypothesis that CS and NL are mechanical elements of force

generation in kinesin-1 motors, disrupting the CNB-formation and NL docking was

predicted to impair force production. Indeed, the enhanced motility properties of

mutant motors were not sufficient to overcome reduction in force generated to trans-

port cargo under physiological conditions. Kinesin-1 motors with mutations that

disrupted CNB-formation and/or NL docking severely reduced force generation, and

were crippled in their ability to transport high-load cargo in cells (Budaitis et al.,

2019, in final revision at eLife).

Finally, in Chapter V, I study the dynamical effects of disease-associated muta-

tions in kinesin-3 neuronal transport motor KIF1A. KIF1A is part of an important

class of neuronal plus-end directed transport motors, primarily transporting synaptic

vesicle precursors in cells (Hirokawa et al., 2009). While certain isoforms of kinesin-1

are also neuron specific transport motor (such as KIF5A and KIF5C), studies have

shown that it is the kinesin-3 family of motor proteins that are involved in long-

range transport, with strikingly different motility properties: they are 10-fold more

processive than the canonical kinesin-1 motors, and are called “superprocessive” mo-

tors (Soppina et al., 2014). A number of disease-associated genetic variants and de

novo mutations have been identified from clinical studies in the recent years (Lee

et al., 2015; Esmaeeli Nieh et al., 2015; Hotchkiss et al., 2016; Iqbal et al., 2017).

These mutations have been linked to neurodevelopmental disorders, typically with a
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progressive course. The disease, collectively termed KIF1A Associated Neurological

Disorder (KAND), is associated with cognitive disability, spasticity, and cerebellar

and optic nerve atrophy (Okamoto et al., 2014; Ohba et al., 2015). How these vari-

ants and mutations affect KIF1A motor function is still not understood. Mapping

currently known variants onto the 3D structure of KIF1A motor domain reveals a

clustering around the ATP binding/hydrolyzing active and at the MT-interfacing

regions. A third group of variants, away from these two regions critical for motor

function, present a challenge: how do these variants and de novo mutations affect

motor function, and how are they linked to disease? In this dissertation, I study a

subset of these mutations and present results for two such mutations. A valine to

methionine autosomal dominant mutation V8M (situated in β1, adjacent to the CS),

allosterically impairs the ATPase activity of KIF1A motor domain. The hypothesis

is further supported by single-molecule motility assays, which show that indeed V8M

mutant motors are slower than the wildtype (WT). Another mutation, a de novo

mutation of Y89D (situated in α1/β3), causes neck linker undocking. In view of pre-

vious studies in this dissertion (pertaining kinesin-5 motor Eg5 in Chapter III, and

kinesin-1 motor KIF5C in Chapter IV), I hypothesize this mutation to affect force

generation in KIF1A motor. Experimental assays characterizing motility and force

generation in KIF1A Y89D mutant motors are currently underway.

In the last section of this dissertaion, I present my contributions to a better un-

destanding of MT function and regulation through studying intrinsic dynamics of

tubulin heterodimer. MTs are composed of dimer subunits made up of structurally

homologous α- and β-tubulin subunits. MTs undergo nucleotide-coupled phases of

stochastic growth and catastrophe events, terms “dynamic instability” (Figure 1.6).

Dynamic instability is central to MT function and regulation in cells (Kueh and

Mitchison, 2009). All euakryotic microtubules studied to date exhibit dynamic in-

stability under in vitro conditions. However, we lack a clear understanding of how
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subtle sequence changes in tubulin lead to differences in the dynamical properties of

MTs. In Chapter VI, I compare the sequence, structure, and dynamics of the highly

dynamic C. elegans tubulin to the canonical B. taurus tubulin. I find that the lateral

contact loops important for polymerization, owing to sequence divergence, are more

ordered in the C. elegans tubulin in solution. The pre-ordering of lateral contact

loops reduces the entropic cost for incorporating the heterodimer in the MT lattice.

Subsequent temperature-dependent tubulin reconstitution assays and CryoEM imag-

ing show that, indeed, the lateral loops in C. elegens tubulin are ordered, and have a

higher free energy in solution, compared to the bovine counterpart (Chaaban et al.,

2018).

Figure 1.6: Dynamic instability of microtubules. (A) Tubulin dimers exchange bound
guanosine diphosphate (GDP) for guanosine triphosphate (GTP) at the (exchange-
able) E-site, rendering them competent for polymerization. The non-exchangeable
N-site buried at the dimer interface remains bound to GTP. (B) Microtubules un-
dergoing stochastic growth (polymerizing) and catastrophe (depolymerizing) events.
Figure adapted from (Alushin et al., 2014).

1.0.3 Molecular dynamics simulations as a “computational nanoscope”

With the exception of Chapter II (online interactive analysis of protein sequence,

structure, and dynamics), I have mentioned the use of molecular dynamics simula-

tions in studying the effects of mutations, sequence variations, and posttranslational

modifications on protein function. But what is molecular dynamics (MD)? Broadly,

it is a useful computational technique for studying the dynamic evolution of a sys-
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tem (Figure 1.7). A molecular mechanics force field is used to calculate the forces

between interacting atoms. Then, integration of Newton’s laws of motions generates

the new configurations of all atoms in this evolving system, providing trajectories that

specify their positions and velocities over time. From these MD trajectories, a vari-

ety of properties can be calculated, including conformational dynamics, free energy,

ligand-binding or other kinetic measures, and is routinely used in protein modeling,

materials science, and drug discovery (De Vivo et al., 2016; ?). In this dissertation, I

have made extensive use of MD simulations and application of methods for analyzing

MD trajectories in improving our understanding of dynamics, and hence, function

and regulation of cytoskeletal proteins.

Figure 1.7: Basic anatomy of molecular dynamics simulations. (A,B) Inter-atomic
forces are calculated at each discrete time-step, for example every two femto (10−15)
seconds. (C) Forces from step (B) are used to propagate the trajectory of atoms.
Steps (B) and (C ) are repeated many, many times (for example, for about 108 times
for a simulation of around 200 nano (10−9) seconds).
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CHAPTER II

Analysis of Protein Sequence, Structure, and

Dynamics

Contents of this chapter were partially published in (Jariwala et al., 2017). Ci-

tation: Jariwala, S., L. Skjærven, X.-Q. Yao, and B. J. Grant (2017), Investigating

Protein Sequence-structure-dynamics Relationships with Bio3D-web, Journal of Vi-

sualized Experiments, doi: 10.3791/55640.

2.1 Introduction

With the recent dramatic increase in the amount of high-resolution strucural data,

many structures are now available for the same protein familiy determined under dif-

ferent crystallization conditions and oligomeraization states. Detailed comparison of

these structures can inform on dynamics and mechanisms critical for biological pro-

cesses including ligand binding, enzyme catalysis, and allosteric regulation (Boehr

et al., 2009; Henzler-Wildman and Kern, 2007). A wide range of online servers and

molecular visualization tools enable researchers to explore and analyze individual

biomolecular structures. However, existing tools for analysis of the sequence, struc-

ture and dynamics of large heterogeneous protein families often require significant

computational expertise and typically remain accessible only to users with relevant
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programming skills. For example, the Bio3D package requires R (Skjærven et al.,

2014), ProDy requires python, and Maven requires Matlab knowledge (Bakan et al.,

2011; Zimmermann et al., 2011). To this end, we have developed Bio3d-web, an online

application that implements an interactive workflow for analysis of protein sequence,

structure, and dynamics.

Bio3D-web requires no programming knowledge and thus increases the accessi-

bility and decreases the entry barrier to performing advanced comparative sequence,

structure and dynamics analyses. Furthermore, the preparation, curation, annotation

and clean-up of molecular structures that is frequently necessary for efficient analysis

is included with the Bio3D-web application. Additionally, the restriction to per-

forming such analysis on capable computational resources is alleviated by our server

instance that enables large-scale analysis of many structures that can be initiated and

controlled from any modern web browser.

Bio3D-web provides a variety of functions to support the five major steps of data

analysis shown in Figure 2.1 and discussed in detail in the Application Overview

section. These steps constitute a workflow that spans from query sequence or struc-

ture input, through multiple levels of sequence-structure-dynamic analysis, to sum-

mary report generation. Results are available immediately through extensive in-

browser visualization and plotting devices, as well as through downloading result files

in commonly used formats. In addition to a convenient easy to use dynamic interface

for exploring the effects of parameter and method choices, Bio3D-web also records the

complete user input and subsequent graphical results of a user’s session as a sharable

reproducible report in PDF, Word and HTML formats. User sessions may be saved

and reloaded at future times and complete results downloaded and further interpreted

by the Bio3D R package on a user’s local machine.
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2.2 Application Overview

A typical Bio3D-web session proceeds through five consecutive and dependent

steps (see Figure 2.1 for a schematic representation). Each step is implemented as a

consecutive navigation tab of the web application namely SEARCH, ALIGN, FIT,

PCA, and eNMA.

1. Structure search and selection (SEARCH)

This tab enables the identification and selection of structures in the Protein

Data Bank (PDB) format (a standard format for representing molecular data from

structure-determining experients) related to a user input PDB code or protein se-

quence. Once a user enters their four character long PDB code, or pastes a pro-

tein sequence, the server instantaneously searches the RCSB PDB database (Berman

et al., 2002) for sequence related structures. The user may also upload a structure

in PDB format, for example a recently crystallized protein previously unlisted in the

PDB database, to begin analysis. Identified structures are presented in rank order of

decreasing sequence similarity to the query with a subset of the most related struc-

tures selected for further analysis by default. Further refinement of this subset (via

user initiated inclusion/exclusion of structures) is facilitated through extensive anno-

tations presented in table format together with a schematic plot and linked interactive

sliders that alter the inclusion thresholds of sequence similarity. Selected structures

from this table are clearly highlighted in both the table and schematic plot. It is

important to note that only these structures will be subject to ensemble analysis of

their sequence, structure and conformational relationships upon visiting (i.e. clicking

on) subsequent tabs.
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Figure 2.1: Bio3D-web overview. Bio3D-web takes a user provided protein structure
or sequence as input in the SEARCH tab (1). The server provides a list of related
structures, which can be selected for further analysis. (2) The ALIGN tab provides
sequence alignment and analysis of the structures selected in the SEARCH tab. (3)
In the FIT tab all structures are superimposed and visualized in 3D together with the
results of conventional pair-wise structure analysis. (4) Principal component analysis
of the structure set is performed in the PCA tab to characterize inter-conformer
relationships. (5) Normal mode analysis on each structure can be carried out in the
eNMA tab to explore dynamic trends for the available structural states.

16



2. Multiple sequence alignment analysis (ALIGN)

In this tab, all previously selected structures are subject to multiple sequence

alignment and initial sequence similarity and sequence conservation analysis. Upon

entering this tab, all selected structures from the SEARCH tab are parsed and their

sequences aligned. The sequence alignment is available as a schematic representation

as well as a more traditional in-browser alignment visualization. A FASTA format

alignment file can also be downloaded for optional alignment visualization and editing

in an external sequence viewer. Edited alignments can be optionally uploaded if

required.

This tab further facilitates clustering of the selected PDBs based on the pair-wise

sequence alignment which can be visualized either as a dendrogram or a heatmap.

Positional sequence conservation within the structure set can further be plotted using

various scoring functions including entropy, similarity and identity (Valdar , 2002).

Conservation in the context of the associated PFAM seed alignment can also be

optionally displayed (Finn et al., 2014).

3. Structure fitting and analysis (FIT)

In this tab the aligned structures are superimposed on their invariant structural

core and visualized in-browser via an OpenGL-Bio3D based molecular viewer with

multiple coloring options. These include coloring by alignment position, structural

variability per position, RMSD cluster groups, sequence cluster groups, aligned re-

gions and secondary structure. The superposed structures can be downloaded as

either conventional PDB files or as a single PyMOL session file. Analysis of pair-wise

structural deviations (RMSD), fluctuations (RMSF) and multiple structure visual-

ization is also provided along with RMSD clustering heatmaps, dendrograms and

histograms.
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4. Principal component analysis (PCA)

In this tab PCA is performed on the coordinates of all superimposed structures

to characterize inter-conformer relationships (Grant et al., 2006). This analysis ef-

fectively captures and summarizes the main conformational features and structural

displacements in the structural ensemble. Visualization of the PCs is provided in-

browser via an OpenGL-Bio3D based molecular viewer as well as via a downloadable

PDB format trajectory file and a PyMOL session (vector field). Projections of the

superimposed structures onto user selected PCs provides a low-dimensional repre-

sentation of the relationship between all structures in terms of the conformational

variability captured by the chosen PCs. This so-called ‘conformer plot’ can be col-

ored by sequence, RMSD, and PC based clustering results and represents a key result

from Bio3D-web. This tab also provides a range of PC based clustering options.

5. Ensemble normal mode analysis (eNMA)

In this tab NMA across the structure set is performed to predict large-scale mo-

tions (Skjærven et al., 2014). Here NMA is performed on selected structures in a way

that facilities the interoperation of structural similarity and dissimilarity trends. This

allows a user to explore dynamic trends of all crystalized states in relation to each

other without the conventional caveat of potentially over-interpreting the differences

between extreme cases or a single artifactual structure. This tab also provides cluster-

ing of the structures based on the calculated normal modes and fluctuation profiles.

In our experience, applying NMA across multiple structures, and then carefully con-

trasting the results, can provide new information on state specific global and local

dynamics of potential functional relevance. In the examples below we demonstrate

how this eNMA approach can predict ligand dependent modes of motion, distinct

local flexibilities in functional regions, and yield a root mean square inner product

(RMSIP) based clustering that clearly distinguishes functionally distinct structural
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states.

2.3 Methods

Bio3D-web is powered by the Bio3D R package for analysis of biomolecular struc-

ture, sequence and molecular simulation data (Grant et al., 2006; Skjærven et al.,

2014). In particular, Bio3D algorithms for rigid-core identification, superposition,

principal component analysis (PCA) , and ensemble normal mode analysis (eNMA)

form the basis of the application. We also utilize Bio3D protocols that depend on

pHMMER (Eddy, 2011) for the identification of related protein structures, and MUS-

CLE (Edgar , 2004) for sequence alignment. Structure and sequence annotations are

derived via Bio3D utilities from the RCSB PDB (Berman et al., 2002) and PFAM

databases (Finn et al., 2014).

Bio3D-web employs Shiny’s reactive programming and web application frame-

work (RStudio, 2013). Shiny provides the JavaScript web widgets together with the

CSS/HTML Bootstrap web framework. We make extensive use of Shiny’s reactivity

feature that binds web controls to R functionality in a manner that caches expen-

sive computational steps so that they are not re-computed unnecessarily during an

interactive browser session.

Bio3D-web can be run from our online server or installed locally on any computer

running R. Our online server is accessible at http://bio3d.ucsd.edu/pca-app.

Bio3D-web is open to all users and is provided free of charge under a GPL open-source

license from: http://thegrantlab.org/bio3d/webapps. The source-code and infor-

mation on pull requests can be viewed at our Git page at: https://bitbucket.org/

Grantlab/bio3d.

19

http://bio3d.ucsd.edu/pca-app
http://bio3d.ucsd.edu/pca-app
http://thegrantlab.org/bio3d/webapps
http://thegrantlab.org/bio3d/webapps
https://bitbucket.org/Grantlab/bio3d
https://bitbucket.org/Grantlab/bio3d
https://bitbucket.org/Grantlab/bio3d
https://bitbucket.org/Grantlab/bio3d


2.4 Example Applications

Here we present example Bio3D-web analysis of the Adenylate kinase (Adk) and

GroEL chaperonin families. Summary report detailing complete results for Adk as

an exmple is provided in Appendix A.

2.4.1 Adenylate Kinase

Adenylate kinase (Adk) is a ubiquitous enzyme that functions to maintain the

equilibrium between cytoplasmic nucleotides essential for many cellular processes.

Adk operates by catalyzing the reversible transfer of a phosphoryl group from adeno-

sine triphosphate (ATP) to adenosine monophosphate (AMP). This reaction is ac-

companied by a well-studied rate limiting conformational transition of regions that

close over the two nucleotide-binding sites (Henzler-Wildman et al., 2007; Kerns et al.,

2015). Here we analyze available Adk structures with Bio3D-web to reveal features

of this transition.

We can begin our Bio3D-web analysis of Adk by entering the RCSB PDB code of

any known Adk structure. For example, entering the PDB ID 1AKE in panel A of

the SEARCH tab returns 167 sequence similar structures from which the top 26 are

automatically selected for further analysis (see panel B). The annotation presented in

panel C indicates that these selected structures are all from E. Coli; were solved by

x-ray diffraction in a range of space groups; have a resolution range of 1.63 to 2.8Å,

were co-crystalized with a range of different ligands (including no ligands, AMP, ADP,

MG and the inhibitor AP5). Note that additional annotation details can be displayed

by clicking on “Show/Hide Columns” option in panel C. Multiple sequence alignment

is performed on the ALIGN tab, followed by structure superposition on the FIT tab.

The superimposed structures, displayed interactively in panel A, indicate the presence

of a relatively rigid core region (encompassing residues 1–29, 68–117, and 161–214;

see the ‘optional core and RMSD details’ panel at the bottom of the FIT tab for
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details). Two more variable nucleotide-binding regions (residues 30–67 and 118–167)

are also clearly visible (Figure 2.2). RMSD-based clustering groups these structures

into two distinct conformations.

Figure 2.2: Results of Bio3D-web analysis of Adenylate kinase. (A) Available PDB
structures of Adenylate kinase superimposed on the identified invariant core. Struc-
tures are colored according to RMSD-based clustering provided in the FIT tab. (B)
Visualization of the principal components is available from the PCA tab to char-
acterize the major conformational variations in the data set. Here, the trajectory
corresponding to the first principal component is shown in tube representation show-
ing the large-scale closing motion of the protein. (C) Structures are projected onto
their two first principal components in a conformer plot showing a low-dimensional
representation of the conformational variability. Each dot (or structure) is colored
according to user specified criteria, in this case PCA-based clustering results. (D)
Normal mode analysis in the eNMA tab suggests enhanced local and global dynam-
ics for structures in the open state (red) in comparison to the closed form (blue)
structures.

Clicking on the PCA tab more clearly shows the relationship between the struc-

21



tures in terms of the displacements of these regions that effectively close over the

bound nucleotide species in related structures (Figure 2.2B and C). The majority of

structures are in the ‘closed’ form (blue in Figure 2.2C) and are associated with a

bound ligand or inhibitor. In contrast more ‘open’ conformations are nucleotide and

inhibitor free. This is consistent with the extensive body of research on Adk struc-

ture and dynamics indicating that an open configuration of these regions is required

for nucleotide binding and a closed conformation for efficient phosphoryl transfer and

suppression of unproductive hydrolysis events (Hanson et al., 2007). It is notable that

a single PC captures 97% of the total mean square displacement in this Adk structure

set and provides a clear and compelling description of the open to closed transition

along with the individual residue contributions to this functional displacement (panel

C of the web-app and Figure 2.2C).

Visiting the NMA tab and increasing the number of structures considered for

calculation (via decreasing the cutoff for filtering similar structures) indicates that

open state structures display enhanced local and global dynamics in comparison to

the closed form structures (Figure 2.2D and panel C of web-app). Clustering based

on RMSIP values again displays a consistent partitioning of open and closed state

structures (panel D of web-app). Comparing PCA and NMA results for individual

structures (panel E of web-app) indicates that the first mode of all open form struc-

tures displays a relatively high overlap to PC1 (with a mean value of 0.37 ± 0.04).

In contrast closed form structures display lower values (with a mean of 0.30 ± 0.01).

RMSIP values for open form structures (0.62 ± 0.003) are also higher than those of

closed structures (0.56 ± 0.008).

Collectively these results indicate the existence of two major distinct conforma-

tional states for Adk crystal structures. These differ by a collective displacement

of two nucleotide-binding site regions, and show distinct flexibilities upon nucleotide

binding. The conformational transition between these states is well captured by a
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single low frequency normal mode of open state structures.

2.4.2 GroEL

The chaperonin GroEL is a molecular chaperone that aids in the folding of a

wide range of essential proteins in Escherichia coli (Hartl et al., 2011). GroEL as-

sembles into a barrel-shaped complex composed of two heptameric rings. Each of

these rings provides a protective folding chamber for nascent polypeptides. Extensive

structural and functional characterization has revealed that the GroEL-stimulated

folding process is driven by large-scale conformational changes in GroEL and a set of

ATP-dependent allosteric transitions (Skjærven et al., 2015). Here we utilize Bio3D-

web to characterize the conformational heterogeneity and flexibility of all available

GroEL subunit structures.

Providing a GroEL RCSB PDB code (PDB ID 1AON) as input on the SEARCH

tab results in the listing of 574 highly similar subunit structures (i.e. annotated hits

above the default sequence similarity threshold). The provided annotation table in

panel C of the SEARCH tab shows that these hits all correspond to E. coli GroEL

structures. The more than 600 additional hits below the inclusion cutoff correspond

to other bacterial, mammalian and archaeal chaperonin variants. The schematic

overview of the sequence alignment along with sequence identity clustering in the next

ALIGN tab shows that the selected structures are conserved over all 524 alignment

positions.

All selected 574 subunit structures are superimposed in the FIT tab and interac-

tively displayed in panel A colored by alignment position. The structures are superim-

posed on the identified invariant core located in the equatorial domain (Figure 2.3A).

Toggling between ‘core’ and ‘Calpha atom’ fitting options demonstrates how core-

fitting greatly enhances the visualization and subsequent interpretation of displace-

ments over conventional superposition. In particular, relative domain displacements
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are more clearly evident from core-fitting.

Figure 2.3: Results of Bio3D-web analysis of GroEL. (A) Representative PDB struc-
tures of the GroEL subunit superimposed on their identified invariant core. Struc-
tures are colored based on alignment position. (B) Visualization of the first principal
component display a rotation and tilt of the apical domain in the PCA. (C) Low-
dimensional conformer plot reveals the presence of three conformational forms with
the closed (red) and open (black) being the most abundant. (D) Comparison of the
normal modes of PDB ID 1PCQ with the principal components from the PCA-tab.
The result is represented as a heatmap with coloring from white (low similarity) to
red (high similarity).

RMSD-based clustering of the structures shows that they can be divided into

two major groups corresponding to the main functional end-states of GroEL: (1) the

substrate receptive state in which the subunits obtain a closed structure, and (2)

the ADP- and GroES-bound, folding active state in which the subunit is in an open
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conformation. ATP-bound states captured by electron microscopy define a third

conformation with the apical domains rotated ∼20◦ clockwise as compared to the

closed state. In panel B a plot of the variability per position (in terms of RMSF of

C-alpha atoms) provide information on the regions of structure that deviate the most.

The plot reveals that the apical domains (residues 192-373) show large conformational

variability. Further insight into these apparent displacements is provided on the next

PCA tab.

PCA of the superimposed structure ensemble shows that the largest collective dis-

placements correspond to a rotation and tilt of the apical domain coupled to a down-

ward rotation of the intermediate domain (panel A of the app and Figure 2.3B). The

low-dimensional conformer plot of PC1 vs PC2 projections in panel B clearly shows

the relationship between structures in terms of these collective coordinates (panel B

of the web-app and Figure 2.3C). Three major conformational groups are apparent.

These correspond to apo closed forms (red), open ADP-bound forms (black), and

ATP-bound states captured by electron microscopy (green). This demonstrates how

we can effectively rationalize the heterogeneity in large structural sets such as this one

in a manner that reveals functionally and mechanistically important inter-conformer

relationships.

NMA of representative structures in the eNMA tab shows enhanced fluctuations

at regions corresponding to the apical domain for the open conformation as compared

to the more closed conformations (panel C of the web-app). The first normal mode of

the subunits in the open conformation corresponds to a rotation and tilt of the apical

domain (panel B of the web-app). Comparison of the normal modes with the principal

components reveals that this first normal mode of the open subunit displays a high

similarity with the conformational change described by the first principal component

with an overlap value of 0.59 (see panel E of the web-app and Figure 2.3D). Thus,

the most energetically favorable deformations of the GroEL subunit lie in the path
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of the open-to-closed conformational states.

2.5 Conclusion

In this chapter, I presented Bio3D-web, an online application for analyzing biomolec-

ular structure data. By reducing the required technical expertise, Bio3D-web facili-

tates structural bioinformatics analysis for a broader range of researchers. Bio3D-web

is now being used actively by students, collaborators, and community of Bio3D users,

who report that they are able to perform their analysis more quickly and efficiently.

I encourage readers to take a look at the two publications related to this work for

more details (Jariwala et al., 2017; Skjærven et al., 2016).

The design of Bio3D-web currently emphasizes simplicity over exhaustive inclusion

of the many analysis methods available in the full Bio3D package. In many cases it is

envisaged that researchers will use Bio3D-web to understand general trends in their

protein family or superfamily of interest, which may then inform more specialized

analyses. Bio3D-web is therefore designed to quickly explore biomolecular structure

datasets and to act as a hypothesis-generating tool. I encourage users to further

explore their data by making use of the example Bio3D code in the reproducible

report that also stores all query details and analysis results. This shareable sharable

summary reports also a link to revisit analysis sessions.

Bio3D-web is freely available and may be installed locally on any computer running

R, or hosted on a remote server, to provide a customized multi-user instance with

access to priority structural datasets such as those common in the pharmaceutical

industry.
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CHAPTER III

A Posttranslational Modification Of The Mitotic

Kinesin Eg5

Contents of this chapter were partially published in (Muretta et al., 2018). Cita-

tion: Muretta, J. M., et al. (2018), A posttranslational modification of the mitotic

kinesin Eg5 that enhances its mechanochemical coupling and alters its mitotic func-

tion, Proceedings of the National Academy of Sciences, 115 (8), E1779–E1788, doi:

10.1073/pnas.1718290115. This has been a collaborative effort. The computational

work was done by myself, with metadynamics simulations performed by G.S. at the

University of Michigan. The experimental work was carried out by our collabora-

tors at University of Minnesota (J.M.M. performed transient kinetics and confor-

mational coupling experiments), University of California Irvine (B.J.N.R in S.P.G.

lab performed force-velocity experiments), University of Vermont, Cleaveland Clinic

Foundation, Ohio State University, and Mayo Clinic.

3.1 Abstract

Numerous posttranslational modifications have been described in kinesins, but

their consequences on motor mechanics are largely unknown. We investigated one of

these modification—acetylation of lysine 146 in kinesin 5 motor Eg5—by creating an
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acetylation mimetic lysine to glutamine substitution (K146Q). Lysine 146 is located in

the α2 helix of the Eg5 motor domain, where it makes an ionic bond with aspartate

91 on the neighboring α1 helix. Our molecular dynamics simulations predict that

disrupting this bond enhances allosteric coupling between the catalytic site and the

neck linker. Our collaborators tested this using time-resolved structural kinetics and

single molecule force spectroscopy and found that the K146Q mutation increases

motor performance under load and coupling of the neck linker to catalytic site. These

changes convert Eg5 from a motor that dissociates from the microtubule at low load

into one that is more tightly coupled and dissociation resistant—features shared by

the transport motor kinesin 1. These features combined with the increased propensity

to stall predict that the K146Q Eg5 acetylation mimetic should act in the cell as a

“brake” that slows spindle pole separation. Our collaborators have confirmed this

“braking” effect by expressing this modified motor in mitotically active cells. Thus,

our results illustrate how a posttranslational modification of a kinesin can be used to

fine tune motor behavior to meet specific physiological needs.

3.2 Introduction

Members of the kinesin superfamily of molecular motors fulfill specific roles in

cell physiology. Some serve as intracellular transporters, others serve as regulators of

microtubule (MT) dynamics, and some as mitotic motors (Hirokawa and Takemura,

2004; Vicente and Wordeman, 2015; Bachmann and Straube, 2015; Walczak et al.,

2013). However, not all molecular motors are limited in their roles. For example,

while kinesin 1 transports organelles, it also slides MTs during axonal elongation

(Jolly et al., 2010). MCAK, an MT- depolymerizing mitotic kinesin, can also drive

cell motility (Braun et al., 2014). MTs also play multiple roles in cell physiology, and

this adaptability is due in part to multiple posttranslational modifications (PTMs)

(Yu et al., 2015; Janke, 2014; Sirajuddin et al., 2014). Thus, some of the multifaceted
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functionality of kinesin motors might reflect PTMs that modify their mechanochem-

ical behavior. PTMs have been identified in most kinesins, including many in the

catalytic domain of these motors (Hornbeck et al., 2015; Liu et al., 2014). However,

in nearly all cases, the consequences of these PTMs on motor function remain un-

known. Multiple PTMs in the vicinity of the catalytic site have been reported in the

motor domain of the mitotic kinesin Eg5, including in Loop 5 and helices α2 and α3

(Bickel et al., 2017). As with other kinesins, Eg5 also plays multiple roles in cell phys-

iology, including formation of the mitotic spindle in dividing cells, axonal branching,

and cell motility (Falnikar et al., 2011; Venere et al., 2015). These multifunctional

roles may be associated with distinct mechanochemical requirements, which might be

achieved via specific PTMs. One such PTM of Eg5 is acetylation of a lysine residue

(K146) at the C-terminal end of helix α2 (Figure 3.1A) (Choudhary et al., 2009; Sol

et al., 2012; Nalawansha et al., 2017). Lysine 146 makes a salt bridge to aspartate

91 on helix α1, and its acetylation disrupts this ionic interaction. This effect can

be mimicked by a lysine to glutamine point mutation (de Boor et al., 2015; Gorsky

et al., 2016; Cohen et al., 2011). The importance of acetylation PTM in cell biology

is underscored by the recent findings that it regulates not only chromatin activity

through its effects on histones (Marmorstein and Zhou, 2014) but also transcription,

metabolism, autophagy, and viral infection (Menzies et al., 2016; Kouzarides, 2000;

Blee et al., 2015; Xie et al., 2015).

Two key structural domains in kinesin 1 and Eg5, switch 1 (Sw1) and the neck

linker (NL), alternate between two orientations during the ATPase cycle (Muretta

et al., 2015; Rice et al., 1999a; Gigant et al., 2013; Cao et al., 2014; Sindelar and

Downing, 2007). Sw1 senses the γ-phosphate of ATP, and it assumes “open” (capable

of binding ATP) and “closed” (capable of hydrolyzing ATP) conformations. The

NL moves in response to ATP binding between “undocked” (not force-generating)

and “docked” (force-generating) orientations. The role of additional structure and
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sequence features such as cover strand (which forms the cover-neck bundle along with

NL) in force production in kinesin 1 (Kif5C) and kinesin 3 (KIF1A) has been discussed

in Chapters IV and V, respectively. Here, we focus our work on the coupling between

Sw1 and NL for force production.

Tight coupling is important for a highly processive motor that operates in isola-

tion, such as kinesin 1, as it helps ensure that the motor does not enter a weak MT

binding state before it has docked its NL and generated force. Conversely, this might

be unnecessary for Eg5 which, by working in large ensembles, may not need to be

highly processive. Our collaborators have previously found that while Sw1 and the

NL are tightly coupled in kinesin 1 (e.g., closed Sw1 associated with docked NL), they

are more loosely coupled in Eg5 (Muretta et al., 2015). In this chapter, I describe our

study of acetylation of K146 using molecular dynamics (MD) and metadynamics, and

discuss our collaborators’ results on transient time-resolved kinetics, single-molecule

mechanics, and time-lapse microscopy of cells in mitosis. We find that a acetylation-

mimetic mutant of Eg5 (K146Q) shows much tighter conformational coupling of Sw1

to the NL, and this is associated with improved motor performance under load: fea-

tures characteristic of kinesin 1. Taken together, our results suggest that kinesin

PTMs can act as chemomechanical regulators, broadening a specific kinesin’s capa-

bilities and enhancing the flexibility that a cell has to respond to a wide variety of

physiological demands.

3.3 Results

3.3.1 Probing global and local effects of acetylation with MD simulations

ATP binding to Eg5, akin to all kinesin motors studied till date, produces a com-

formational change in the catalytic site. The acetylation mimetic mutation K146Q

has little effect on this process, as measured through steady-state kinetics by our
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collaborators (Muretta et al., 2018). This local conformation change brought about

by ATP binding causes allosteric effects transmitted through the motor domain that

alter MT binding and NL orientation (Atherton et al., 2014; Goulet et al., 2014). We,

therefore, performed MD simulations to characterize the dynamical effects of K146Ac

and K146Q mutations on the motor domain. We performed 400ns of MD simula-

tions each for WT, K146Ac, and K146Q Eg5 bound to tubulin heterodimer. Analysis

across replicates was used to predict statistically significant differences in residue-pair

interactions and energetics (see Methods). Althought the effects of K146Ac can be

characterized computationally, the results that follow focus on the mimetic mutation

K146Q to complement experiments where it is not yet possible to selectively acetylate

lysine 146 residue. Significant changes in residue-residue interactions associated with

the K146Q mutation are evident for two functionally important domains. The first

involves structures that are responsible for generating the “power stroke”, and they

include the neck linker (NL), the cover-strand (CS), Loop 13, and β7 (Figure 3.1A

and B). The K146Q mutation shortens distances and enhances interactions between

the CS and the NL, the CS and Loop 13, and the NL and β7 (Figure 3.1B). Other

charged residue interactions, including those between E14 (CS) and E92 (α1), the

N-terminal portion of β1 with the neighboring Loop 13/β8, and E20 (β1) to R329

(Loop13) are also enhanced (See Table B.1 in Appendix B). In aggregate, these ex-

plain why we find that the NL spends a significantly greater proportion of time in the

docked orientation in the mutant compared to wild type (72% of simulation frames

versus 40%, Figure 3.2A) ) and they are a consequence of the small displacements

of α1 that result from removing the salt bridge between D91 (α1) and K146 (α2b).

Thus, while the average distance between K146 to D91 is 3.6 ± 1.5 Å in WT Eg5,

the corresponding Q146 to D91 distance in the K146Q mutant is 4.9 ± 1.2 Å, with

a corresponding 5.3 kcal/mol decrease in interaction energy (Table 3.1 below and

Table B.1 in Appendix B).
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Figure 3.1: Dynamical effects of K146Q acetylation mimetic mutation. (A) Structure
of Eg5 motor domain highlighting major structural elements, including Loop 9/Sw1
(orange), Loop 11/Sw2 (green), P loop (yellow), helix α0 (blue), NL (purple), CS
(cyan), and helices α1 and α2 (red). Also shown is the WT salt bridge residue pair D91
and K146 (blue spheres). Significant (P < 10−5) residue–residue distance changes
between WT and K146Q mutant simulations are displayed as red and blue lines,
with color intensity representing the magnitude of change. (Inset) Enlarged view of
the catalytic site. (B) Pairwise residue difference distance analysis of WT and K146Q
simulations. Significant (P < 10−5) residue–residue distance changes are displayed
with size and color intensity scaled by magnitude (red for shorter in K146Q and
blue for shorter in the WT). Major secondary structure elements are displayed in the
margins (α-helices in black and β-strands in gray). Specific structural regions noted in
the text with distinct interactions with the NL and Sw1 regions have been labeled in
red and blue, respectively. (C) Free energy profile from well-tempered metadynamics
simulations for NL docking/undocking of WT (blue) and K146Q mutant (red) as a
function of the distances between residues N366 (NL) and G96 (helix α1). The arrow
denotes the energy difference between the WT and K146Q at point of hydrogen bond
formation. Reprinted from (Muretta et al., 2018) under PNAS license.
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The second domain includes structures that bind and coordinate nucleotide, in-

cluding Loop 9/Sw1, the P loop, β1/helix α0, and Loop 14 (Figure 3.1A). The largest

change is seen for Loop 9/Sw1. The closed conformation for this loop, which is nec-

essary for ATP hydrolysis, is more frequently seen in the mutant (75% of simulation

time versus 18%, respectively), and this leads to shorter average distances to the P

loop illustrated by a decrease in the G108 (P loop) to N229 (Sw1) distance of 3 Å.

Distances between Sw1 and Sw2 and between Sw1 and Loop 14/α6 also decrease

in the mutant (Figure 3.1B, blue labels and Appendix B, Table B.1). The K146Q

mutation also causes the helix α0 to move away from Loop 2a and toward Sw1, Loop

14, and α6 (Figure 3.2B). Other inter-residue distances, including W127 (Loop 5) to

E215 (α3), D118 (Loop 5) to bound nucleotide, and D186 (Loop 8) to R312 (Loop

12), are also significantly shorter in the mutant (Appendix B, Table B.1). Additional

simulations of acetyl lysine at position 146 revealed equivalent enhanced catalytic site

closure, with the Sw1 region exhibiting a closed conformation for 70% of simulation

time versus 18% for the WT, and less dramatic but still significant (P < 10−5) α1,

α2b, and NL distance differences leading to enhanced docking of the NL (71% of

simulation time versus 18% in the WT).

An analysis of MD-derived correlated motions reveal that the K146Q mutation

produces significantly stronger couplings involving the nucleotide binding site (switch

1/P loop and switch 1/α0) and NL regions (NL/α1 and NL/β7) (Figure 3.3). These

structural dynamic changes are likely a direct result of the tighter interactions be-

tween these regions in the K146Q acetylation mimetic, as noted above. Overall these

results indicate that the K146Q mutation results in dynamic perturbations both lo-

cally—reflected in an increase in the α1 to α2 distance—and at more distant func-

tional regions, which appear to collectively enhance coordination of the structural

states of the NL with switch 1 (Figure 3.1A). Overall, these results indicate that the

K146Q mutation results in dynamic perturbations both locally—reflected in an in-
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crease in the α1 to α2 distance—and at more distant functional regions, collectively

leading to enhanced coordination of the structural states of the NL with Sw1 regions.

Table 3.1: Residue-residue interaction energies for WT and K146Q Eg5. Results of
residue-wise energy decomposition using molecular mechanics with generalized Born
and surface area solvation (MM-GBSA) calculations on wild-type (WT) and mutant
(K146Q) simulations. All residue pairs listed, with their secondary structure loca-
tion in parentheses, have a significant (P < 10−5) difference larger than 2 kcal/mol
between WT and K146Q simulations. Standard deviation values in parantheses. Ab-
breviations: CS, cover strand; NL, neck linker; L, loop.

Residue position ∆GWT (kcal/mol) ∆GK146Q (kcal/mol) ∆∆G (kcal/mol)

K11 (CS) – E253 (β7) −0.03 (0.02) −3.1 (5.81) −3.07
E14 (CS) – R327 (L13) −0.07 (0.04) −5.39 (5.54) −5.32
K15 (CS) – E92 (α1) 0.11 (0.61) −2.22 (4.02) −2.33
K17 (CS) – E92 (α1) −1.9 (3.44) −5.4 (5.07) −3.5
Q20 (β1) – R329 (β8) −1.01 (1.68) −3.22 (2.96) −2.21
R24 (β1) – Q78 (α1) −3.41 (2.95) −7.49 (1.15) −4.08
R24 (β1) – T114 α12a) −3.1 (1.87) −6.1 (0.9) −3
R26 (β1) – G108 (P Loop) −2.34 (1.25) −4.48 (0.69) −2.14
N29 (α0) – M228 (L9) −0.15 (0.29) −2.3 (1.41) −2.15
D91 (α1) – K146 (α2b) −6.28 (3.23) −0.94 (0.91) 5.34
Q106 (P Loop) – E345 (α6) −5.56 (2.35) −3.08 (0.86) 2.48
K111 (P Loop) – N229 (L9) 0.14 (0.11) 2.42 (0.47) 2.28
R119 (L5) – E215 (α3) −1.95 (3.69) −4.16 (4.73) −2.21
E128 (L5) – Y211 (α3) −4.05 (1.99) −1.45 (0.93) 2.6
E166 (L7) – N287 (L11) −2.2 (1.73) −4.76 (3.21) −2.56
D186 (β5b/L8) – R312 (L12) −0.81 (1.18) −7.08 (6.34) −6.27
R192 (L8b) – D322 (α5) −8.85 (8.09) −1.19 (1.74) 7.66
R221 (L9) – D265 (L11) −16.13 (2.19) −19.34 (3.28) −3.21
R234 (L9) – G268 (L11) −1.31 (1.69) −3.78 (2.27) −2.47
R234 (L9) – E270 (L11) −10.58 (7.6) −1.35 (0.5) 9.23
R234 (L9) – E284 (L11) −5.09 (3.91) −10.92 (6.29) −5.83
R274 (L11) – E345 (α6) −13.26 (5.82) −7.93 (6.54) 5.33
R327 (L13) – E364 (NL) −6.16 (3.17) −9.34 (4.43) −3.18
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Figure 3.2: Distance distribution histograms. Histograms of distance distributions of
(A) β7 to the neck linker, and (B) α0 to SwI, during molecular dynamics simula-
tions. Plotted values and their listed averages were obtained from the last half of all
simulation replicates.

3.3.2 Change in free energy of neck linker docking

Analysis of MD simulations of WT and mutant Eg5 revealed enhanced interac-

tions in the NL and Sw1 regions in the mutant motor domain. Next, we wanted to

further probe the energetic effects of K146Q mutation on NL docking. Residue G96

at the C-terminal end of helix α1 forms a hydrogen bond with residue N366 in the NL,

and this interaction is important for NL docking in kinesin 1 (Hwang et al., 2008).

We, therefore, chose the G96–N366 distance as a collective variable for characterizing

the free energy of NL docking via 700ns metadynamic simulations (Figure 3.1C). The

resulting free energy profiles indicate that the K146Q mutation favors formation of

this hydrogen bond compared to the WT, with a relative total system free energy

difference of 8.8 kcal/mol for docked versus undocked (Figure 3.1C, arrow).This pre-

dicts that NL docking should be energetically more favorable in the K146Q mutant
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Figure 3.3: Residue-residue plot of correlated motions. The extent of correlation
of atomic displacements for all residue pairs during WT (left) and K146Q mutant
(right) simulations. Marginal black and grey rectangles indicate the location of major
alpha helix and beta strand secondary structure elements. Key regions of couplings
that differ between WT and K146Q are labeled in red.

and further highlights the structural importance of the salt bridge between α1 and

α2b for modulating NL docking. Taken together, our simulations imply that a major

consequence of K146 acetylation is enhanced conformational coupling between Sw1

and the NL.

3.3.3 Kinetics of neck linker docking and switch 1 closure

In a previous study (Muretta et al., 2015) our collaborators showed how the con-

formational coupling between Sw1 and NL linker changes during duing the motor

mechanochemical ATPase cycle through use of a combination of transient kinetics

and time-resolved FRET (TR2FRET). Their findings show that while NL docking

and Sw1 closure are tightly coupled in kinesin 1, they are less so in Eg5, explaining

one of the many functional differences between these two motors. Our MD sim-

ulations suggest that the K146Q mutation enhances the conformational coupling
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of the NL with Sw1, similar to that observed in kinesin 1. Our collaborators ap-

plied the TR2FRET technique to experimentally test these predictions. Our collab-

orators first generated two monomeric Eg5 constructs, each containing the K146Q

mutation, that have pairs of reactive cysteines for labeling with an FRET donor

[N -acetylaminoethyl-8-naphthylamine-1-sulfonate (AEDANS)] and acceptor [N -(4-

dimethylamino-3,5-dinitrophenyl)maleimide (DDPM)]. The first, Eg5NLK146Q, has

been described above. The second, Eg5Sw1K146Q, has reactive cysteines in the Sw1

loop (residue 228) and in a reference point (residue 30) along with the K146Q acety-

lation mimetic substitution. We mixed donor only (AEDANS)- or donor + acceptor

(AEDANS/DDPM)-labeled Eg5NLK146Q and Eg5Sw1K146Q + MTs with ATP in a

stopped flow instrument and then acquired TR2FRET waveforms during subsequent

ATP binding, hydrolysis, and MT dissociation. Figure 3.4 illustrates representative

waveforms for MT complexes of Eg5NLK146Q (Figure 3.4A) and Eg5Sw1K146Q (Fig-

ure 3.4B) after mixing with 2 mM ATP. The waveforms were analyzed as perviously

described (Muretta et al., 2015) to determine the mole fractions of docked versus un-

docked NL in Eg5NLK146Q and closed versus open Sw1 in Eg5Sw1K146Q as a function

of time after mixing with ATP (Figure 3.4C and D, respectively).

In Eg5NL, both ATP binding and subsequent hydrolysis induce NL docking, and

we find that the same is true for Eg5NLK146Q. However, the K146Q mutation does

alter NL movement in two ways. First, it accelerates NL docking during the ATP

binding step threefold (Figure 3.4E). Second, it increases the fraction of motors that

dock their NL during this step from 50 to 76% (SI Appendix, Table S4). In com-

bination, these effects should make force production more rapid and complete with

initial ATP binding. The coordination of Sw1 and NL can be examined by monitor-

ing the coupling ratio defined as the mole fraction of docked NL divided by the mole

fraction of closed Sw1 which, in turn, is calculated from the evolution of correspond-

ing TR2FRET waveforms over time after mixing with ATP. A ratio of 1.0 implies
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Figure 3.4: TR2FRET of ATP binding to MT-bound Eg5. (A and B) Representative
waveforms after mixing 2 mM ATP with 1µM AEDANS/DDPM-labeled Eg5NLK146Q
(A) or Eg5Sw1K146Q (B) bound to 2.5µM MTs. (C and D) Mole fraction of docked
NL (C) or closed Sw1 (D) for MT-bound K146 (blue) or K146Q (red) samples as in
A and B. (E) Rate constant vs. [ATP] for the fast (closed) and slow (open) phases
of biexponential fits to mole fraction transients as in C for Eg5NLK146 (blue) or
Eg5NLK146Q (red). (F) Rate constant vs. [ATP] for the fast phase (closed) of the
mole fraction transients as in D for Eg5Sw1K146Q fit by a single-exponential function
over the first 50 ms or a single-exponential function over a range from 50 to 300
ms. Reprinted from (Muretta et al., 2018); refer to same for details on experimental
methods.

tight NL/Sw1 coupling. For kinesin 1, this ratio is 0.99 in the absence of nucleotide

(Muretta et al., 2015). Mixing with 2 mM ATP causes the ratio to rise (Figure 3.5A,

light gray), and fitting to a single-exponential rate equation (Figure 3.5A, solid black

line) yields a rate constant of 32.3 ± 0.5 s−1 and a final coupling ratio of 2.1. By

contrast, the coupling ratio for Eg5 (Figure 3.5A, dark gray) is 0.29 in the absence

of nucleotide and fitting the data subsequent to mixing with 2 mM ATP yields a
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rate constant of 3.8± 0.1 s−1 and an extrapolated coupling ratio of 7.9 (Figure 3.5A,

solid black curve). The rate constants for both kinesin 1 and Eg5 are consistent with

the values of kcat at the temperature of this experiment (10◦C). The results show

that, for kinesin 1, Sw1 and the NL are tightly coupled through ATP binding and hy-

drolysis—when NL docking occurs—and remain moderately coupled with entry into

the steady state. By contrast, Sw1 and the NL for Eg5 are poorly coupled in the

absence of nucleotide. Coupling improves with ATP binding and hydrolysis, but Sw1

and the NL become markedly uncoupled again with entry into the steady state. We

performed a similar analysis on the K146Q mutant as well as on a second mutant

(K146M), which provides an additional way of testing the importance of the α1-α2b

salt bridge in Eg5 function; as in our collaborators’ prior study (Muretta et al., 2015),

we plotted the evolution of the coupling ratio over time from the TR2FRET waveforms

that are illustrated in Figure 3.4. The plot of coupling ratio versus time after mixing

with 2 mM ATP is depicted in Figure 3.5B for the K146Q (Figure 3.5B, red) and

K146M (Figure 3.5B, magenta) constructs. Coupling ratios for these two constructs

in the absence of nucleotide are 0.63 and 1.02 for K146Q and K146M, respectively.

After mixing with ATP, the coupling ratios increase for both mutants, and fitting

to the same rate equation (Figure 3.5B, solid black lines) reveals rate constants and

final coupling ratios of 4.2± 0.1 s−1 and 3.4 for K146Q and 4.1± 0.1 s−1 and 2.1 for

K146M, respectively. These results imply that the two Eg5 mutations that break the

α1-α2b salt bridge enhance NL/Sw1 coupling to levels that resemble kinesin 1.

3.3.4 Motor function under load

In kinesin 1, the position of the NL regulates the kinetics of ATP hydrolysis—a

process that depends, in turn, on the structure of Sw1 (Clancy et al., 2011a). In such

a highly coupled system, load could thereby regulate the ATPase cycle of this motor.

Since the K146Q mutation increases the conformational coupling between Sw1 and
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Figure 3.5: Transient changes in NL/Sw1 coupling. (A) Plot of the coupling ratio de-
fined as the ratio of mole fraction of docked NL to mole fraction of closed Sw1 vs. time
after mixing Eg5 (dark gray) and kinesin 1 (light gray) Sw1 and NL FRET-labeled
constructs with 2 mM ATP. A ratio of 1.0 implies tight conformational coupling of
the NL to Sw1, with deviation in either direction implying looser coupling. Fitting
to a single-exponential rate equation (solid black lines) yields rate constants and ex-
trapolated coupling ratios described in the text. (B) Corresponding experiments for
Eg5K146Q (red) and Eg5K146M (magenta). For both constructs, the coupling ratio
resembles kinesin 1 more than unmodified Eg5. Panel A reprinted from (Muretta
et al., 2015); panel B reprinted from (Muretta et al., 2018).

the NL, we might expect that it would also alter the load dependence of the mo-

tor mechanochemical ATPase cycle. Therefore, our collaborators examined how load

affects the mechanics of the K146Q acetylation mimetic at the single-molecule level

using standard optical trap bead assays. The dimeric constructs used in these exper-

iments consisted of the cys-light Eg5 motor domain (wildtype referred to as “D” and

K146Q mutation as “DK146Q”), the NL, and neck coiled coil (human Eg5 residues

1-402), fused to the kinesin 1 hinge and coiled coil (human kinesin 1 residues 372-560).

The maximum force that these motors experienced was about 0.07 pN at a position

150 nm from the trap center. Higher trap strengths were then used to characterize the

response of the motors to load. Consistent with prior studies (Muretta et al., 2015;

Valentine et al., 2006), our collaborators observed that D, like a WT Eg5 dimer, is

quite insensitive to load, with single motors moving through a moderate-power op-

tical trap at approximately constant velocity, although load increases as the motor
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moves away from the trap center (Shojania Feizabadi et al., 2015). Systematic set of

measurements to determine the force–velocity curves for construct D revealed that it

maintains an approximately constant velocity until ∼2.25 pN. It is able to advance

under higher load, although velocity decreases as the load increases beyond 2.25 pN

(Figure 3.6A). By contrast, the K146Q mutation increases the sensitivity to load,

and a significant velocity decrease occurs by 1.75 pN and continues to decrease more

substantially above this force. While moving quite slowly (Figure 3.6A), the K146Q

mutation also allows the motor to access higher forces. Overall, the distribution of

force production is shifted to higher forces for the K146Q motor (Figure 3.6B). We

think several effects contribute to this. First, the decreased probability of detachment

leads to achievement of higher forces and longer runs. Second, the slower velocity

under load increases the duration of runs. Third, the increased stall probability and

duration of stalls both contribute to longer periods of force generation. Figure 3.6B

depicts the histogram from the “best” events, which will undercount the short dura-

tion events. In both cases short runs, especially those with lower force production,

are likely to be undetected, and therefore, the actual single-molecule experimental

data likely contain more short events than are detected.

It has previously been shown (Mallik et al., 2005; Kunwar et al., 2008) that sen-

sitivity of velocity to load leads to optimal load sharing. In a team of such motors

moving under load, the leading motors feels increased force and slow down, allowing

the trailing motors to catch up. This improves load sharing and system performance,

assuming that the forward motors do not detach prematurely. Consequently, our col-

laborators next examined the effect of load on the Eg5 detachment probability. They

found that, for any given load, DK146Q has a lower probability of detachment than

D. Next, the effect of the K146Q mutation on stall propensity and duration was ex-

amined. To identify stalls, a 100 ms minimum cutoff and ≤ 0.5 pN change in average

force was used. Statistical distributions of observed stalls suggested that DK146Q
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Figure 3.6: Single-molecule force–velocity curves for dimeric Eg5 constructs. (A)
Force–velocity curves from experimental single-molecule data of D and DK146Q in
bead assays. Compared with the D dimer, the K146Q-modified dimer shows increased
sensitivity to load, with a slower velocity at all loads tested. (B)Maximum. (B)
Maximum forces and durations for D and DK146Q single motor-containing beads
(best15 traces from each single motor-containing bead). Overall, the distribution
of force production is shifted to higher forces for the K146Q motor. C Stalling
probabilities for D and DK146Q. D Stall durations for D and DK146Q single motor-
containing beads. Reprinted from (Muretta et al., 2018).

was much more likely to stall (Figure 3.6C) and that it stalled for a much longer

duration (Figure 3.6D) than D. Furthermore, the smoothened velocities of individual

traces as a function of load were obtained to determine the percentage of such traces

with velocities below 20 nm/s at that load. At each load, more extremely low-velocity

traces were observed for the K146Q mutant than WT. Thus, as well as decreasing the

probability of detachment under load, the K146Q mutation increases stall probability

and duration as well as the overall duration of force production. Since analyzing runs
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that display stalls potentially introduces a selection bias, statistics on all recogniz-

able runs using a 1 pN cutoff were also compiled to avoid noise. The presence of the

K146Q mutation shifts the entire population of events to higher forces of longer mean

duration. In summary, our data imply that Eg5 motors acetylated at K146 are less

likely to fall off the MT while under load and more likely to maintain higher forces

for longer durations—features that would improve the summation of forces generated

from multiple motors in an ensemble.

3.3.5 Spindle pole separation in mitotic Cells

During metaphase, Eg5 works in large ensembles in a “tug of war” with cyto-

plasmic dynein. Our results suggest that, in the presence of opposing load, Eg5

acetylation will cause the motor to slow down, unlike WT Eg5. This effect along

with its enhanced ability to stall mean that acetylated Eg5, even when present in low

concentrations, will act as a “brake” by interfering with nonacetylated Eg5 motors.

We, therefore, predict that expression of low molar fractions of the K146Q acety-

lation mimetic in cells will slow spindle separation during metaphase. To test this,

our collaborators examined the effect of the K146Q mutation on spindle dynamics in

cells. Constructs used in these experiments were mCherry (mCh)-tagged full-length

WT or K146Q Eg5 proteins expressed in HeLa cells. Both WT and K146Q ver-

sions of the motor localized to the mitotic spindle in metaphase cells (Figure 3.7A).

Measurements of mCh fluorescence along the pole to pole axis indicated that the

spindle distribution of mCh-Eg5 K146Q did not differ from that for mCh-Eg5 WT

(Figure 3.7B). To compare the functional activity of the WT and K146Q Eg5, HeLa

cells expressing GFP-tubulin and equivalent levels of mCh-Eg5 WT or mCh-Eg5

K146Q were treated with the Eg5 inhibitor monastrol, resulting in mitotic arrest and

the formation of monopolar spindles (Figure 3.7C and D). Bipolar spindle forma-

tion was then measured after monastrol washout (Figure 3.7C). Spindle lengths at
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Figure 3.7: Expression of mCh-Eg5 K146Q slows pole separation during spindle for-
mation. (A) Full-length mCh-Eg5 WT and mCh-Eg5 K146Q (red) localize to the
mitotic spindle (green). (Scale bar: 5µm). (B) mCh-Eg5 WT (upper) and mCh-Eg5
K146Q (lower) are similarly distributed along the length of the spindle (n = 43 cells
from three independent experiments). C Representative images of cells expressing
GFP-tubulin and the indicated mCh-Eg5 construct. Time stamps indicate time af-
ter monastrol washout. (Scale bar: 5µm). D Stills from representative time-lapse
movies of cells expressing GFP-tubulin and the indicated mCh-Eg5 construct. Time
stamps indicate time after monastrol washout. (Scale bar: 5µm). E Plot of final
spindle length at the conclusion of pole separation after monastrol washout (n = 19
mCh-Eg5 WT and n = 29 mCh-Eg5 K146Q cells from four independent experiments,
P = 0.71 unpaired t test). F Plot of pole separation velocity in cells expressing mCh-
Eg5 WT (1.35 ± 0.15, mean± SEM, n = 19) and mCh-Eg5 K146Q (0.84 ± 0.07,
mean± SEM, n = 29, P = 0.0009 unpaired t test). Reprinted from (Muretta et al.,
2018).
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the completion of pole separation were similar in cells expressing mCh-Eg5 WT or

K146Q (11.02± 0.29µm WT, 10.87± 0.26µm K146Q, mean ± SEM) (Figure 3.7E).

However, pole separation occurred at a significantly slower velocity in cells express-

ing mCh-Eg5 K146Q (0.84 ± 0.07µm/min) than in cells expressing mCh-Eg5 WT

(1.35 ± 0.15µm/min, P = 0.0009, unpaired t-test) (Figure 3.7F). Taken together,

these data indicate that low levels of Eg5-K146Q in mitotic cells can act as a brake

to slow spindle pole separation.

3.4 Methods

3.4.1 Molecular dynamics simulations

Simulated wild-type and mutant Eg5 systems in complex with ATP and tubulin

were constructed based on the crystallographic structure of Eg5-AMPPNP (Parke

et al., 2010a) (PDB ID 3HQD) superimposed on helix α4 of kinesin-1-AMPPNP-

tubulin (Gigant et al., 2013) (PDB ID 4HNA). Simulations utilized the AMBER 12

package (Case et al., 2012) and corresponding all-atom potential function ff99SB

(Hornak et al., 2006). The structures were inserted in a cubic box (margins located

at 12 Å from the closest protein atom) filled with TIP3P water molecules and sodium

counter ions to neutralize charge. For all systems, four runs of 4000 cycles each of

energy minimization were performed alternating the steepest descent and conjugate

gradient algorithms. Positional restrains of 500 kcal / (mol·Å2) were applied on pro-

tein and ligand atoms in the first run, on backbone atoms in the second run, and

on the water and ions in the third run. No atoms were restrained in the fourth run.

Two consecutive molecular dynamics simulations runs were then used to heat the

systems from 100K to 300K for 10ps and to equilibrate them at 300K for 300ps. Four

production runs of 100ns (total 400ns) each were performed to evaluate the internal

dynamics of the motor domain in the different systems. Full particle mesh-Ewald
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electrostatics and a 12 Å cutoff value were used to treat non-bonded interactions.

Periodic boundary conditions, 2fs time step, and constant pressure (1atm) were ap-

plied. Covalent bonds formed by hydrogen atoms were constrained with the SHAKE

algorithm.

3.4.2 Residue-residue distance differences

Statistically significant residue-residue distance differences between WT and acety-

lated or mutant systems were identified with ensemble difference distance matrix

(eDDM) analysis routine (Muretta et al., 2018) which is described below.

Analysis of residue-residue distances have been used for studying functional dy-

namics of biomolecules, both in form of distances matrices (Elber and Karplus, 1987)

and in terms of changes in residue contact maps generated from such distance matri-

ces (Doshi et al., 2016). Instead of averaging residue-residue differences or converting

them into contact maps (adjacency matrices) by use of a cutoff, we modify long-

range distances before comparison between systems. The distances are processed by

applying a smooth function to mask long distance as follows:

f(x) =



x, if x ≤ c1

c1 + 2 ·
(
c2− c1
π

)
· cos

(
π

2 ·
c2− x
c2− c1

)
, if c1 < x ≤ c2

c1 + 2 ·
(
c2− c1
π

)
, if x > c2

(3.1)

where x is residue-residue distance, c1 and c2 are parameters of the smooth function,

set to 4 Å and 8 Å, respectively. The above routine reduces the difference between

long distances while difference between short distances are kept intact. This ap-

proach highlights statistically significant residue-residue contact differences between

systems without the need for pre-alignment or structural superposition to reference

conformation.

A total of 400 conformations were obtained for each of the WT, acetylated and
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mutant systems by extracting 100 equally time-spaced conformations from the last

20ns of each simulation replicate. Distance matrices for each state were constructed

from residue-residue distances, defined as the minimum distance between all heavy

atoms of every residue pair in a given conformation. The resulting distance matri-

ces of dimension 363×363×400 from each state were processed as described above to

mask long distance differences. The significance of residue-residue distance differences

was evaluated with the Wilcoxon test (see section 8.0.2 for suggested improvements

to this method). Residue pairs showing a p-value < 10−5 and an average masked dis-

tance difference > 1 Å were considered statistically significant residue-residue distance

differences for further analysis (see Figure 3.1B and Table B.1 in Appendix B).

3.4.3 Residue-residue correlated motion

To characterize correlated atomic fluctuations in each simulation, the heavy-atom

residue-wise Pearson correlation was determined as follows:

Cij = 〈∆ri ·∆rj〉√
〈∆r2

i 〉 · 〈∆r2
j 〉

(3.2)

where ∆ri is the displacement from the mean position of the ith atom in a trajectory.

This analysis was performed separately on each replica, resulting in four matrices per

protein state. The absolute value correlation matrices were then filtered by a contact

map matrix built using the distance between carbon alpha atoms in the following

way:

CMij =


1, if DCα−Cα ≤ 10Åand present in at least 1% of frames

0, if DCα−Cα > 10Åor not present in at least 1% of frames
(3.3)

A principal component analysis transformation was then applied on the accumulated

correlation matrices to identify the structural regions showing the largest variation
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between simulated wild-type and K146Q mutant trajectories (red labels in Figure 3.3).

3.4.4 Residue-residue energetics

Molecular mechanics with generalized Born and surface area solvation (MM-

GBSA) energy calculations were performed on each simulation with the GBOBC model

(Onufriev et al., 2004) in AMBER 12 (Case et al., 2012). Average pair-wise energy

values (resulting from setting idecomp=4) are reported in the Results section for

residue pairs found to differ significantly between wild-type and K146Q mutant sim-

ulations (p-value < 10−5 and with a difference > 2 kcal/mol).

3.4.5 Metadynamics simulations

To study the partial undocking process of the neck linker, well-tempered metady-

namics simulations (Barducci et al., 2008) were then employed on both the Eg5 WT

and K146Q systems. The Gromacs 5.0.4 package (Abraham et al., 2015), AMBER

ff99SB force field and Plumed 2.1.2 routine (Bonomi et al., 2009) were used. The

energetic bias was added on a collective variable corresponding to the distance of the

hydrogen bond formed by the backbone oxygen atom of residue G96 (helix α1) and

the side chain nitrogen atom of residue N366 (neck linker). Each system was studied

for 700ns, setting the initial deposition height for the biasing Gaussian to 1kj/mol and

the width to 0.125Å. The bias factor was equal to 9, the deposition rate to 10ps, and

the temperature to 300K. An upper potential wall with an energetic constant of 700

kj/mol was applied at 12Å. The free energy profile was obtained using the Plumed

routine sum hills, and the convergence of the simulations was monitored through the

changes in the free energy surface expressed using G96 to N366 collective variable.

For rest of the methods pertaining to experimental results, please see our publi-

cations (Muretta et al., 2015, 2018).
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3.5 Discussion and Conclusion

Multiple components of the cytoskeleton, such as the actomyosin and microtubule

(MT) cytoskeleton, are frequenly modified posttranslationally (Buss and Kendrick-

Jones, 2008; Terman and Kashina, 2013; Skoumpla et al., 2007). PTMs play a central

role in regulating MT dynamics and function, and has been referred to as the “tubulin

code” (Yu et al., 2015; Janke, 2014; Sirajuddin et al., 2014). In comparison, less is

known about the roles that PTMs have on kinesin function, especially their effect on

motor function. In kinesin 1, serine 175 at the amino-terminal end of the α3 helix

can be phosphorylated by the JNK3 kinase, which reduces stall force by 20% (DeBerg

et al., 2013). A recent report has also described src-mediated phosphorylation of

tyrosine residues in the motor domain of Eg5, including those located in the α3 helix

and in Loop 5; in close proximity to residue K146 under study in this work (Bickel

et al., 2017). However, these studies do not provide insight into how PTMs alter

motor mechanochemistry, only that these modifications reduce motor function. In

prior studies of Eg5 (Muretta et al., 2015; Behnke-Parks et al., 2011), our experimental

collaborators showed that Loop 5, which splits the α2 helix into α2a (N terminus)

and α2b (C terminus), functions in part by regulating the conformational coupling

between the catalytic site and the NL and that a mutation at the junction of Loop 5

with α2b (P131A) had critically affected on this coupling. This motivated us to look

for a documented PTM in α2b helix with local structural and allosteric effects that

could be predicted, and this led us to examine the mechanochemical consequences of

lysine 146 acetylation.

Acetylation has long been recognized as a PTM of histones (Marmorstein and

Zhou, 2014; Shilatifard, 2006; Verdone et al., 2005; Forsberg and Bresnick, 2001;

Jenuwein and Allis, 2001; Reiner et al., 1993). Over the recent years it has been ap-

preciated that it also occurs in other components throughout the cell, including tran-

scription factors, metabolic enzymes, and structural proteins (Menzies et al., 2016;
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Kouzarides, 2000; Blee et al., 2015). While we did not determine the acetyl trans-

ferase(s) responsible for K146 acetylations, we have shown that low levels of acetylated

K146 Eg5 in cells are sufficient to affect ensemble motor function——consistent with

our collaborators’ finding that modification of only a minority of Eg5 is sufficient to

significantly slow spindle pole separation (Figure 3.7).

Our MD simulations predicted large-scale effects from eliminating the α1-α2b salt

bridge. This includes increased interactions between α1, β7, the CS, L13, and the NL

as well as between α0, the P loop, and Sw1 (Figures 3.1, 3.2, 3.3, and Table 3.1). In

particular, a cluster of charged residues, including E92 (α1), K17 (CS), K362 (NL),

and R329 (Loop 13), displays increased interactions on salt bridge disruption that

together maintain the CS and NL in a state that is more frequently coordinated and

docked. Metadynamics simulations also revealed an enhanced NL docking potential

for the mutant (Figure 3.1C). In concert with these changes, Sw1 more frequently

adopts a closed conformation primarily due to increased coordination of Loop 9, α0,

and P-loop. Collectively, these results suggest that acetylation of K146 produces

a motor where nucleotide binding/hydrolysis and NL docking are tightly coupled.

Loose coupling in unmodified Eg5 would prevent one motor from acting as a brake

that could slow or stop other motors in the ensemble. However, in some circumstances

where Eg5 opposes the effects of cytoplasmic dynein, there may be a need for Eg5 to

act more like kinesin 1—stalling rather than dissociating. Utilizing TR2FRET, our

collaborators found that both the K146Q and K146M acetylation mimetics acceler-

ate ATP-induced NL docking 2.2- to 3.4-fold (Figure 3.4C and E). This ensures that

Sw1 and the NL remain conformationally coupled through ATP hydrolysis and Pi re-

lease, when the power stroke occurs, and indicates that K146 acetylation makes Eg5

(mechanochemically) resemble kinesin 1. In a prior study where our collaborators

compared kinesin-1 and Eg5 using TR2FRET (Muretta et al., 2015), they observed

that when Sw1 in Eg5 is closed, it stabilizes Sw2 into a strong MT binding confor-
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mation. The increased mole fraction of closed Sw1 that we observe with the K146Q

mutant after ATP hydrolysis implies that acetylation should enhance the fraction

of the time that the motor is strongly bound to the MT. Taken together, our MD

and TR2FRET studies predict that the consequences of K146 acetylation should be

particularly apparent under load, in addition to single-molecule unloaded conditions.

Our MD and TR2FRET studies predict that, unlike other kinesin PTMs, acety-

lation of K146 in Eg5 produces a “gain in function”, which enhances Eg5’s ability

to work in teams to overcome dynein-produced opposing load. The single-molecule

studies carried out by our collaborators reveal that acetylation of K146 leads to better

ensemble motor function under load (Muretta et al., 2018), and the capabilities that

they provide Eg5 are remarkably similar to those provided for dynein by its cofactors

NudE and Lis1. NudE and Lis1 alter dynein detachment kinetics under load, with

individual dynein motors holding on to MTs longer, allowing better ensemble function

as motors share load and enabling the complex to transport a cargo against signifi-

cant opposition (McKenney et al., 2010; Reddy et al., 2016). Remarkably, acetylation

of K146 does essentially the same thing for Eg5. On average, dynein with Lis1 and

NudE holds on to MTs 60% longer before detaching compared with dynein alone

(McKenney et al., 2010), an effect of comparable magnitude to what we observed in

the K146Q mutation. This seems to be a more prelevant form of modulating motor

function, than previously appreciated. It implies that the ability to modulate a mo-

tor’s performance under load is an important variable for multiple molecular motors,

regardless of their evolutionary source.

By increasing conformational coupling and the lifetime of strong MT binding

states, the K146Q acetylation mimetic mutation alters the force–velocity landscape

of Eg5 to enhance motor efficiency in ensembles, reduce velocity in the presence of

opposing load, and increase the probability of stalling. This would enable modified

Eg5 to act as a “brake”, slowing centrosome separation by generating drag force
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against unmodified Eg5 motors. Spindle function involves a complex orchestration

of multiple motors that work in opposition to each other, and regulation of motor

mechanical output is necessary to fine tune this balance of forces. Our collaborators,

using time-lapse microscopy, observed that only a fraction of Eg5 with acetylation

mimetic mutation is cabable of slowing spindle pole separation (Figure 3.7). At least

one other member of the kinesin 5 family of mitotic motors, BMK-1 from C. elegans,

has also been reported to act as a spindle brake (Saunders et al., 2007). Unlike Eg5,

BMK-1 is not essential for mitosis or normal development. Its deletion accelerates

spindle pole separation over two-fold, implying that it provides a force that opposes

spindle elongation. Sequence analysis of the Eg5 and BMK-1 motor domains reveal

that the α1-α2b salt bridge seen in Eg5 is absent in BMK-1. In particular, Eg5

residues D91 (α1) and K146 (α2b) are replaced in BMK-1 by residues K83 and Q136,

respectively. Our results in conjunction with this prior work imply that there is an

evolutionarily conserved need for some kinesin 5 motors to act for at least part of

the cell cycle as a brake and that this need in some organisms might be served by

synthesis of a non-essential kinesin 5, while in others, it is served through a reversible

PTM that provides cells with functional flexibility.

The increased conformational coupling that we observe with MD and TR2FRET

for K146Q Eg5 is largely a result of the threefold acceleration of NL docking, which

allows this process to track with Sw1 closure. Our work, therefore, leads us to predict

that NL docking should be relatively slow for kinesins with an α1-α2b salt bridge and

appreciably faster in kinesins that lack it. This prediction is consistent with the lim-

ited set of data on the kinetics of NL docking, which shows that it is slow in both Eg5

(60− 80 s−1) (Rice et al., 1999a) and kinesin 7 motor CENP-E (∼ 29 s−1) (Rosenfeld

et al., 2009). Both of these motors contain an α1-α2 salt bridge, with D91 and K146

in Eg5 corresponding to D72 and K116 in CENP-E, respectively (Garcia-Saez et al.,

2004). By contrast, kinesin 1 is devoid of this ionic interaction (Jon Kull et al., 1996).
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We would, therefore, predict that NL docking in kinesin 1 should be faster than in

WT Eg5 or CENP-E, and in fact, it is (> 800 s−1) (Rosenfeld et al., 2003). Rigor-

ously characterizing the relationship between the α1–α2b interaction and NL docking

kinetics will require additional comparisons with other kinesins. Two examples could

serve as the basis for future studies. First, we note that kinesin 12 motor Kif15, an-

other mitotic kinesin, is also devoid of an α1-α2 salt bridge (Klejnot et al., 2014), and

our results would predict that NL docking should be rapid in this motor. Second,

at least one other kinesin (kinesin 10 Kif22) has a documented PTM in α2b helix

(Rigbolt et al., 2011; Olsen et al., 2010). Residue T158, corresponding to position 147

in Eg5, has shown to have been phosphorylated in this motor. Phosphorylated T158

could make a salt bridge with arginine 113, corresponding to residue D91 in Eg5. The

computational and experimental approaches we have utilized in our study of K146

acetylation in Eg5 should be readily applicable to elucidate the consequences of al-

tering the interaction between α1 and α2 in other kinesins, and discern the changes

in their mechanochemistry.

53



CHAPTER IV

Force Generation in Kinesin-1 Kif5C

Contents of this chapter were partially published in (Budaitis et al., 2019). Cita-

tion: Budaitis, B. G., S. Jariwala, D. N. Reinemann, K. I. Schimert, G. Scarabelli,

B. J. Grant, D. Sept, M. J. Lang, and K. J. Verhey (2019), Neck Linker Docking

is Critical for Kinesin-1 Force Generation in Cells but at a Cost to Motor Speed

and Processivity, eLife, doi: 10.7554/eLife. This has been a collaborative effort. The

computational work was done by myself. The experimental work was carried out pri-

marily by B.G.B in K.J.V lab at the University of Michigan (work related to Figures

4.1C-D, 4.6, 4.8, 4.9), with optical trapping assays carried out by D.N.R. in M.J.L.

lab at Vanderbilt University (work related to Figure 4.5).

4.1 Abstract

Kinesin motor proteins utilize energy from ATP hydrolysis to direct key microtubule-

based processes such as cell division, intracellular transport, and cell motility. How

ATP hydrolysis is coupled to force generation in kinesin motor, its mechanochem-

istry, is a fundamental question in the cytoskeleton field. Kinesin force generation

involves ATP-induced docking of the neck linker (NL), a 12-18 amino acid sequence,

along the motor domain core. However, the roles of steps involved in this docking,

namely cover-neck bundle formation (CNB) followed by NL docking, are not clear.
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In this chapter, I will discuss how I applied molecular dynamics simulations and used

subsequent analyses to identify residues critical for CNB formation and NL docking

in kinesin 1 transport motor Kif5C. Their predicted requirement for force-generation

were then tested through single-molecule, optical trap, and cell-based assays by our

collaborators. Kinesin 1 mutant motors impaired in CNB formation and NL dock-

ing showcase reduced force output, but surprisingly exhibited increased speeds, run

lengths, and landing rates under single-molecule conditions. The ability of mutant

motors to transport high-load cargo in cells was also impaired. This study shows that

NL docking is critical for force production in kinesin 1, but at a cost to speed and

processivity.

4.2 Introduction

Kinesin superfamily of proteins (KIFs) consists of a diverse set of motor pro-

teins—for example ∼ 45 genes have been identified in mammalians—that are involved

in critical cellular roles, including microtubule-mediated cargo transport in cells. In

general kinesins comprise a kinesin motor domain, which adopts a conserved fold

among the KIF proteins, and a coiled-coil domain invovled in kinesin dimerization

and/or binding to cargo, adaptors or scaffold proteins (Hirokawa et al., 2009). The

kinesin motor domain contains sequence and structural elements involved in ATP

binding and hydrolysis, as well as for coordinating with microtubules (MT). The

kinesin motor domain generates force by hydrolyzing ATP, by coupling nucleotide-

dependent conformational changes in the catalytic site to mechanical output that

drives cargo transport.

A flexible 12-18 amino acid sequence at the C-terminus of the motor domain,

called the neck linker (NL), links the motor domains in most dimeric kinesin motors

(Hariharan and Hancock, 2009; Kozielski et al., 1997). The NL has been suggested to

serve as a structural element critical for both directed motility and force generation
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of kinesin motors. For the transport motor kinesin-1, the prototypical kinesin, struc-

tural studies have shown that conformational changes in the NL are coupled to the

nucleotide state of the motor domain, undergoing a transformation from being flexible

in both the ADP-bound and nucleotide-free states to being docked along the core mo-

tor domain in the ATP-bound state (Rice et al., 1999b; Rosenfeld et al., 2001; Sindelar

et al., 2002; Skiniotis, 2003; Asenjo et al., 2006; Sindelar and Downing, 2010; Gigant

et al., 2013; Shang et al., 2014). NL docking of the leading motor domain positions

the lagging motor domain forward along the microtubule track, thereby specifying

the direction of motility in initiating a “hand-over-hand” motion. NL docking also

coordinates the alternating (out of phase) ATPase cycles of the two motor domains to

ensure processive stepping (Case et al., 2000; Tomishige and Vale, 2000; Hahlen et al.,

2006; Yildiz et al., 2008; Clancy et al., 2011b; Dogan et al., 2015; Isojima et al., 2016;

Liu et al., 2017). The mechanism of nucleotide-dependent conformational changes

in NL driving processive stepping has been shown in other members of the kinesin

superfamily as well (Nitta et al., 2008; Muthukrishnan et al., 2009; Shastry and Han-

cock, 2010, 2011; Atherton et al., 2014; Cao et al., 2014; Atherton et al., 2017; Ren

et al., 2018).

So how does the NL dock, and how does the “power-stroke” occur? The ATP-

induced NL docking involves distinct interactions of the NL with the motor domain.

The first half of the NL interacts with the coverstrand (CS/β0), a sequence stretch at

the N-terminus of the motor domain, forming a two-stranded β sheet called the cover-

neck bundle (CNB). This NL-CS/β0 interaction is believed to provide the “power-

stroke” for force generation in kinesin-1 (Hwang et al., 2008; Khalil et al., 2008). Point

mutations in the CS designed to disrupt β strand formation, or deletion of the entire

CS in the fly kinesin-1 motor significantly reduced the motor’s ability to withstand

load in optical trap assays (Khalil et al., 2008). CNB formation in response to ATP-

binding has also been reported in other members of the kinesin superfamily, indicating
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its role as a mechanical element in kinesin (Atherton et al., 2017; Hesse et al., 2013).

Following CNB formation, the second half of the NL (β10) is predicted to dock along

the surface of the core motor domain. An asparagine residue (N334 in kinesin-1) is

predicted to serve as a “latch” (asparagine latch or the N-latch), interacting with

β7 of the motor core to hold the NL in a docked position. This asparagine residue

is conserved in most kinesins, indicating that the N-latch formation may also be a

conserved feature of kinesin force generation.

For an isolated, single-headed kinesin motor, do CNB formation and NL docking

purely serve a mechanical role in kinesin processivity? Previous studies, including

one of my own, have shown that the NL and active site are indeed coupled (Muretta

et al., 2015, 2018). So the next question was, is CNB and/or N-latch formation

critical for multiple kinesin motors to drive transport of membrane-bound cargo under

physiological conditions in cells? To address this, we first began by identifying the

residues critical for CNB and/or N-latch formation using molecular dynamics. Next,

our collaborators combined in vitro single molecule assays, and cell-based transport

assays to delineate how NL docking influences kinesin-1 motors cooperating in teams

to transport membrane-bound cargoes in cells. We found that while single mutant

motors were faster and more processive under unloaded conditions, groups of mutant

motors were severely crippled in their ability to transport high-load cargo in cells.

Strikingly, the mutant motors were fully able to transport low-load cargo in cells.

Overall, this work highlights the critical role of CNB and N-latch formation in the

transport of high-load cargo in cells.
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4.3 Results

4.3.1 Charazterizing CNB and NL dynamics in apo and ATP-bound

kinesin-1

To identify residues critical for the nucleotide-dependent formation of CNB and

NL formation, we first compared the experimentally determined structures of apo and

ATP-bound kinesin-1 motor in complex with tubulin heterodimer. High resolution

structures of kinesin-1 motor KIF5B were selected—PDB 4LNU for motor in apo

(nucleotide-free) state (Cao et al., 2014), and PDB 4HNA for motor in ATP-bound

state (Gigant et al., 2013), respectively. As with most available experimentally de-

termined structures of kinesins, the NL is flexible in apo state and hence, unresolved.

In the ATP-bound state, on the other hand, the CNB is formed and the NL is docked

along the core of the motor domain. To identify nucleotide-dependent changes in

residue-residue distances between the CS, NL, and the rest of the motor domain, we

first generated models of RnKIF5C in both apo and ATP-bounds states, and per-

formed molecular dynamics (MD) simulations of the models (motor in complex with

tubulin heterodimer). Four replicate simulations each were carried out for motors

in the apo state and the ATP-bound state (see Methods section below). The differ-

ences in residue-residue distances between the two states were compared as described

in Chapter III and also in my previous analyses of kinesin-5 (Muretta et al., 2018).

Briefly, we compared residue-residue distances between the apo and ATP-bound states

to identify statistically significant distance differences (P < 10−5). In the apo state,

the NL is flexible (Figure 4.1A top) and forms few interactions with the motor domain

(Figure 4.1B) while the CS interacts with residues in α4 and in Loop13 (Figure 4.1B,

red boxes marked CS-α4 and CS-L13). Specifically, the C-terminal residue (CTR) of

the CS (I9) points down into a hydrophobic pocket called the docking pocket (Sinde-

lar , 2011) where it contacts residues I266, L269, and A270 of α4 and the remaining
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residues of the CS contact Loop13. Collectively, these interactions sterically block

the NL from accessing the docking pocket in the apo state.

In the ATP-bound state, the NL is docked along the core motor domain and main-

tains this interaction throughout the trajectories from MD simulations (Figure 4.1A

bottom, Figure 4.1C). The N-terminal first half of the NL, β9 forms contacts with

the CS to form the cover-neck bundle (CNB) (Figure 4.1B, blue box marked NL-CS)

as well as contacts with α4 and Loop13 (Figure 4.1B, blue boxes marked NL-α4 and

NL-L13). These contacts are made possible by the ATP-dependent formation of an

extra turn at the end of α6, the NL initiation sequence (NIS (Nitta et al., 2008)),

that positions β9 for insertion between the CS and α4 (Sindelar , 2011; Lang and

Hwang, 2010). The first residue of β9 (I327) now occupies the docking pocket and

forms contacts with residues I266, L269, and A270 of α4. The remaining residues

of β9 interact with the CS via a series of backbone interactions to complete CNB

formation. For the C-terminal second half of the NL, β10 docks along the core motor

domain through backbone hydrogen bond interactions with α1 and β7 (Figure 4.1B,

blue boxes marked NL-α1 and NL-β7). The N-latch residue (N334) forms backbone

interactions with E76 and conserved residue G77 in α1, and residues S225 and L224

in β7. The remaining residues of NL (β10) provide further interactions with β7 to

complete NL docking.

Our MD simulations build upon previous work (Nitta et al., 2008; Hwang et al.,

2008; Khalil et al., 2008; Hwang et al., 2017), and identify residues critical for regu-

lating NL docking. In the nucleotide-free (apo) state, residue I9 of the CS occupies

the docking pocket bordered by α6, α4, and L13, and the NL remains flexible and un-

docked. In the ATP-bound state, residue I327 at the N-terminus of the NL occupies

this pocket and initiates the NL docking along the core motor domain. Furthermore,

residue N334 (N-latch) interacts with both α1 and β7 to position the NL along the

core motor domain. As noted in previous studies (Hwang et al., 2008; Khalil et al.,
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Figure 4.1: Key interactions between the kinesin-1 NL and motor domain. (A)
Kinesin-1 (RnKif5C) motor domain in the nucleotide-free (apo) state (top) or ATP-
bound, post-power stroke state (bottom), shown as surface representation. The neck
linker (NL, light green) is represented as a cartoon and is flexible in the apo state and
docked along the motor domain in the ATP-bound state. Coverstrand (CS, purple),
α1 (dark green), β7 (yellow), Loop13 (L13, orange), β8 (teal), neck linker (NL: β9
and β10, light green). (B) Differences in residue-residue distances between kinesin-
1 motors in the apo versus ATP-bound states as determined from MD simulations.
Secondary structure elements along the axes with α helices colored in black, β strands
in grey, or colored according to (A). Residue-residue interactions that are significantly
closer (P < 10−5) in the apo state (red) or ATP-bound state (blue) are indicated.
The magnitude of the distance change is indicated by color intensity. Interactions
between key structural elements are labeled. Complete list of inter-residue distances
in Appendix C, Table C.1. (C) Sequence alignment of elements indicated in (A) from
kinesin-1 motor domain across species (Dm, D. melanogaster ; Rn, R. norvegicus; Hs,
H. sapiens); asterisk indicates the asparagine-latch (N-Latch, N334 in Rn kinesin-1).
(D) Key structural elements involved in CNB formation and NL latching in WT and
mutant motors. The first-half of the NL (β9, light green) interacts with the C-terminal
end of the CS (purple) to form the cover-neck bundle (CNB). The second half of the
NL (N-Latch and β10) interacts with β7 (yellow) of the core motor domain for NL
docking. Residue-residue contacts for NL docking are depicted as blue lines. Point
mutations generated in this study to disrupt CNB formation, N-latch formation, or
both are shown in red text. Figure from (Budaitis et al., 2019, in final revision at
eLife)
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2008), an asparagine residue in the NL between β9 and β10 is a conserved feature of

many kinesin motors with an N-terminal motor domain, potenially playing a critical

role in kinesin motility and force generation in other kinesins as well (Figure 4.1C

asterisk).

4.3.2 MD simulations of CNB and N-latch mutants of kinesin-1

To delineate the effects of disrupting CNB or N-latch formation, we carried out

MD simulations of the Latch and CNB+Latch mutant motors in the microtubule- and

ATP-bound states (post-power stroke). To disrupt formation of the N-latch, residue

N334 of the NL was mutated to an alanine residue. We also wanted to test the effect

of disrupting CNB formation in tandem. To hinder formation of CNB, CS residues

A5 and S8 were mutated to glycine residues (Figure 4.1D, CNB mutant), which have

a low propensity to form a β sheet (Minor and Kim, 1994). The A5G/S8G double

mutant was previously reported to impair force generation for single D. melanogaster

kinesin-1 motors in optical trap experiments (Khalil et al., 2008). However, the

effects of these mutations on force generation in mammalian motors has not been

tested previously.

The simulation trajectories of Latch and CNB+Latch mutants were analyzed as

described in the previous section (also see Methods section below). For the Latch

mutant, the simulations predict that the N-latch and β10 residues make fewer in-

teractions with α1 and β7 and that the distances of these interactions are increased

(Figure 4.2). For the CNB+Latch mutant, the simulations predict that mutation

of the CS (A5G,S8G) results in intra-CS interactions (Figure 4.3D,E) rather than

interactions with β9 of the NL (Figure 4.3A,B) and that mutation of the N-latch

residue (N334A) results disrupts its interactions with α1 and β7 (Figure 4.3A,C).

Thus, mutations of CS and N-latch residues disrupt CNB formation and NL latching,

respectively.
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Figure 4.2: Differences in inter-residue distances for WT, Latch, and CNB+Latch
motor domain. Differences in residue-residue distances between WT and (A)
CNB+Latch mutant, or (B) Latch mutant based on MD simulations of microtubule-
bound motors in the ATP-bound state. Colors according to Figure 4.1. Distances
that are significantly (P < 10−5) shorter in the mutant state (red) or WT state (blue)
are displayed. The magnitude of the distance change is indicated by color intensity;
interactions between elements are labeled. A complete list of residue distance differ-
ences are in Appendix C, Tables C.2 and C.3. Figure from (Budaitis et al., 2019, in
final revision at eLife)

The distance analyses also highlighted potential allosteric effects of Latch and

CNB+Latch mutations on the nucleotide and microtubule binding regions of the mo-

tor domain. First, simulations of CNB+Latch mutant revealed enhanced interactions

between elements important for coordinating and hydrolyzing nucleotide, as compared

to the wildtype (WT) (Figure 4.4D,E,F). Specifically, the residue-residue distances
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Figure 4.3: MD simulations predict that CNB+Latch mutations alter CNB formation
and NL docking. (A,D) Cartoon representation of kinesin-1 motor domain in the
ATP-bound, post-power stroke state. Residue-residue distances that are significantly
(P < 10−5) closer in (A) WT are shown as blue lines, and distances closer in (D)
CNB+Latch mutant shown as red lines. (B,E) Contacts between the CS (residues
S8, C7) and the NL (β9 residues I327, K328, N329) are shorter in the WT motor
(B), suggesting that CNB formation is disrupted in the CNB+Latch mutant. The
mutated CS (E) makes intra-CS contacts rather than interactions with the NL. (C,F)
The WT motor shows shorter contacts for (i) the N-latch (N334) with β7 (L224, S225)
and α1 (G77, Y78) residues, (ii) the N-terminal half of the NL (β9 residues V331,
S332, V333) with the core motor domain (L13 residue N295 and α1 residues E76,
G77, Y78), and (iii) the C-terminal half of the NL (β10 residue E336) with the core
motor domain (β7 residues L224, S225). NL docking is disrupted in the CNB+Latch
mutant (F) making interactions with the CS rather than β7. Figure from (Budaitis
et al., 2019, in final revision at eLife)
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are shorter between the P-loop and α0 (Figure 4.4D, red square PL-α0; Figure 4.4E-F;

Table 4.1: E22-S89 distance 4.40±1.29 Å in CNB+Latch versus 7.49±1.97 Å in WT).

As the P-loop coordinates ATP in the nucleotide pocket and α0 gates ATP binding

(Hwang et al., 2017), this result suggests that modulating NL docking influences nu-

cleotide binding and/or catalysis. Shorter residue-residue distances are also observed

between switch 1 and α0 (Figure 4.4D, red square S1-α0; Figure 4.4E-F; Table 4.1:

R25-M198 distance 3.92±0.56 Å in CNB+Latch versus 7.38±2.28 Å in WT) and be-

tween switch 1 and switch 2 (Figure 4.4D, red square S1-S2; Figure 4.4E-F; Table 4.1:

T196-E237 distance 4.35± 0.64 Å in CNB+Latch versus 6.97± 1.38 Å in WT). Sec-

ond, enhanced interactions between residues involved in coordinating and hydrolyzing

nucleotide are also observed in the Latch mutant (Figure 4.4G-I; Table 4.1). As clo-

sure of the switch regions is necessary for ATP hydrolysis (Clancy et al., 2011b; Cao

et al., 2014; Turner et al., 2001; Parke et al., 2010b), these results indicate that the

Latch and CNB+Latch mutations result in enhanced catalytic site closure and ATP

hydrolysis that could account for the increase in velocity of the mutant motors under

single-molecule, unloaded conditions, as briefly discussed in the experimental results

below. We note that the allosteric coupling between between the NL and active site

has been hypothesized before, and we have previosuly shown—both computationally

and experimentally—that perturbing NL docking has measured effect on active site

closure and nucleotide hydrolysis, findings we have shown before in kinesin-1 and

kinesin-5 (Muretta et al., 2015, 2018).

Table 4.1: Differences in inter-residue distances from MD simulations of WT and
CNB+Latch mutant. Only residue pairs mentioned in Results text are listed, see
Table C.1 in Appendix C for all pairs. Residue pairs, with their secondary structure
location in parentheses, have a significant (P < 10−5) difference between wild type
(WT) and mutant (CNB+Latch) simulations. Standard deviation values in paran-
theses. Abbreviations: CS, cover strand; NL, neck linker; L, loop.

Residue position WT dist. (Å) CNB+Latch (Å) CNB+Latch − WT (Å)

E22 (α0) – S89 (PL) 7.49 (1.97) 4.40 (1.29) −3.09
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Residue position WT dist. (Å) CNB+Latch (Å) CNB+Latch − WT (Å)

R25 (α0) – M198 (L9/S1) 7.38 (2.28) 3.92 (0.56) −3.46
T196 (L9/S1) – E237 (L11/S2) 6.97 (1.38) 4.35 (0.64) −2.26

Figure 4.4: Interactions between nucleotide coordinating elements in WT,
CNB+Latch, and Latch mutant motors. Significantly different (P < 10−5) residue
distances shorter in (A-C WT shown as blue squares or lines, shorter in (D-F)
CNB+Latch mutant shown as red squares or lines, and shorter in (G-I) Latch mu-
tant shown as red squares or lines, as compared to WT. (C,F,I ) enlarged views of
PL, S1, S2, and α0 interactions. Secondary structure elements colored as: P-Loop
(PL, yellow), Switch 1 (S1, purple), and Switch 2 (S2, green), α0 (orange). (E,F) For
the CNB+Latch mutant motor, enhanced interactions between S2-PL, S1-S2, α0-PL,
and α0-S1 suggest enhanced nucleotide coordination and closure of the catalytic site.
(H,I ) For the Latch mutant motor, enhanced interactions between S1-PL, S2-PL, and
S1-S2 suggest enhanced catalytic site closure. Figure from (Budaitis et al., 2019, in
final revision at eLife)
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4.3.3 Force output of CNB and NL mutants

Our collaborators at Vanderbilt University measured the force output of CNB and

NL mutants using optical trap assays. The experimental setup is discussed in detail

in our manuscript (Budaitis et al., 2019, in final revision at eLife). The mean detach-

ment forces of the motors under consideration (WT, CNB, Latch, and CNB+Latch),

are listed in Table 4.2. Individual WT motors were motile in the absence of load,

stalled on the microtubule when approaching the detachment force, and detached

from the microtubule at an average force of 4.6± 0.8 pN (Figure 4.5), consistent with

previous studies (Khalil et al., 2008; Svoboda and Block, 1994). In contrast, the CNB

mutant detached from the microtubule before stalling (Figure 4.5B) and at much

lower loads than WT motors (mean detachment force 0.91 ± 0.6 pN , Figure 4.5A),

overall similar to the behavior of the fly kinesin-1 with identical mutations in the

CS (Khalil et al., 2008). Motors with N334A mutation (Latch mutant) were also

sensitive to small opposing forces exerted by the trap, with mean detachment force

of 0.84 ± 0.4 pN (Figure 4.5A). Thus, mutations that hinder either CNB or N-latch

formation resulted in motors equally impaired in their ability to displace attached

bead under load. The effects of the CNB and Latch mutations were not additive

as individual CNB+Latch mutant motors displayed behaviors similar to the CNB

and Latch motors—a tendency to detach rather than stall when subjected to load

(Figure 4.5B) and detachment from the microtubule at low loads (mean detachment

force 0.81 ± 0.5 pN, Figure 4.5A). These results indicate that both CNB formation

and N-latch formation are critical for single kinesin-1 motors to generate a strong

power stroke and transport processively under load.
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Table 4.2: Mean detachment forces of RnKIF5C motors. Force output of wild type
(WT), and CNB, LT, and CNB+Latch mutant motors as measured by optical trap
apparatus. Standard deviation values in parantheses.

Motor system Mean detachment force (pN)

WT 4.6 (0.8)
CNB (A5G/S8G) 0.91 (0.6)
Latch (N334A) 0.84 (0.4)
CNB+Latch (A5G/S8G/N334A) 0.81(0.5)

Figure 4.5: Force output of RnKIF5C motors. (A) Maximum detachment force of in-
dividual events with the mean for each construct indicated by a black horizontal line.
Maximum detachment forces include motility events where single motors reached a
plateau stall before detachment and events where the motor abruptly detached from
the microtubule. N ≥ 20 events for each construct; *** indicates P < 0.0001,
compared to the WT. (B) Representative traces from optical trap experiments. Ar-
rowheads indicate abrupt detachment events. Figure adapted from (Budaitis et al.,
2019, in final revision at eLife)

4.3.4 Motility properties of CNB and Latch mutants in unloaded condi-

tions

Our collaborators used single-molecule motility assays to examine the behavior of

the CNB and Latch mutants under unloaded conditions. The experimental setup

is discussed in our manuscript (Budaitis et al., 2019, in final revision at eLife).
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Briefly, the single-molecule motility properties of motors “walking” on polymerized

microtubules (MTs) were characterized using total internal reflection fluorescence

(TIRF) microscopy. In contrast to the crippled force output of mutant motors as dis-

cussed above (measured through optical trap assays), all mutant motors were faster

and more processive than the WT motor under unloaded conditions. CNB, Latch,

and CNB+Latch motors displayed faster velocities of 821± 5 nms−1, 801± 5 nms−1,

and 778 ± 3 nms−1, respectively, compared to 622 ± 4 nms−1 for WT motors (Fig-

ure 4.6B). The mutant motors also displayed longer run lengths of 1.830± 0.071µm,

2.380±0.071µm, and 3.279±0.103µm, respectively, as compared to 0.798±0.029µm

for WT motors (Figure 4.6C). Examination of the kymographs indicated an increase

in the number of motility events for the mutant motors. Our collaborators, there-

fore, quantified how often motors landed on a microtubule to start a processive run

(apparent landing rate) and measured landing rates of 0.525 ± 0.01, 1.463 ± 0.03,

and 2.442 ± 0.6 events/µm−1nM−1s−1, respectively, compared with WT motor rate

of 0.172 ± 0.006 events/µm−1nM−1s−1 (Figure 4.6D). The enhanced motility prop-

erties could be explained by the increased interactions (coupling) between elements

important for coordinating and hydrolyzing nucleotide in the CNB and NL mutants

as compared to the WT motor. These predictions are discussed in the sections above.

However, it was still unclear how mutations that hinder CNB formation and/or NL

docking can result in enhanced microtubule binding (landing rate) and processivity

of the mutant motors. We discuss this further in the following section.

4.3.5 Principal component analysis of kinesin motor domain

We used principle component analysis (PCA) to create a map of the conforma-

tional differences of the microtubule-binding surface of the kinesin-1 motor domain in

the microtubule-free (and ADP-bound) state as compared to the microtubule-bound

(and ATP-bound) state, to gain an understanding of the observed enhanced micro-
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Figure 4.6: Motility properties of CNB and Latch mutants in unloaded conditions.
(A) Representative kymographs from TIRF microscopy, time displayed on the x-
axis (bar 2s) and distance displayed on the y-axis (bar, 2µm). Single-motor (B)
velocities, (C) run lengths, and (D) landing rates as determined from the kymographs.
Mean±SEM and number of motility events are indicated in upper right corner of each
graph; N ≥ 250 events across three independent experiments for each construct; ***
indicates P < 0.001 as compared to the WT motor. Figure modified from (Budaitis
et al., 2019, in final revision at eLife)

tubule binding (landing rate) and processivity of the mutant motors.

The structures of seventeen motor domains from five different kinesins (Table 4.3)

were subjected to interconformer analysis with PCA. The CS and NL regions were

excluded from the analysis due to their absence from most ADP-bound structures.

PCA analysis revealed that the first two dimensions account for over 80% of the vari-
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ance in atomic positional displacements of the microtubule-binding surface between

these states (PC1 79.66%, PC2 4.95%, Figure 4.7). Thus, PC1 and PC2 provide a

suitable conformational space to describe the structural dynamics of kinesin motor

domains transitioning from an ADP-bound, microtubule-free state to an ATP-bound,

microtubule-bound state. The major conformational difference between these states

can be described by PC1 which involves a displacement of α4, where α4 is in a “down”

orientation in the ADP-like, microtubule-free structures and in an “up” orientation

in the ATP-like, microtubule-bound structures (Figure 4.7), consistent with previous

studies (Scarabelli and Grant, 2013).

Table 4.3: Kinesin experimental structures for PCA analysis. The PDB IDs of the
kinesin structures analyzed with PCA are listed in the first column. The nucleotide
state, presence of tubulin, neck linker conformation (A=absent, PD=partially docked,
FD=fully docked), and family is reported for each structure.

PDB ID Nucleotide Neck linker Tubulin
heterodimer

Family
(isoform) Reference

1BG2 (A) ADP A No kin-01 (KIF5B) Kull et al. Nature
(1996)

4A14 (A) ADP A No kin-04 (KIF7) Klejnot et al. Acta
Crystallogr.,Sect.D
(2012)

2XT3 (A) ADP A No kin-04 (KIF7) Klejnot et al. Acta
Crystallogr.,Sect.D
(2012)

1CZ7 (A) ADP A No kin-14 (ncd) Kozielski et al.
Structure Fold.Des.
(1999)

1CZ7 (B) ADP A No kin-14 (ncd) Kozielski et al.
Structure Fold.Des.
(1999)

1CZ7 (C) ADP A No kin-14 (ncd) Kozielski et al.
Structure Fold.Des.
(1999)

1CZ7 (D) ADP A No kin-14 (ncd) Kozielski et al.
Structure Fold.Des.
(1999)

2NCD (A) ADP A No kin-14 (ncd) Sablin et al. Nature
(1998)

3L1C (A) ADP A No kin-14 (ncd) Heuston et al. Bmc
Struct.Biol. (2010)

4UXR (C) ADP-Pi (ADP-AlF−
4 ) PD Yes kin-03 (KIF1A) Atherton et al.

Elife (2014)
4UXP (C) ATP (ANP) PD Yes kin-03 (KIF1A) Atherton et al.

Elife (2014)
4UXY (C) ATP (ANP) FD Yes kin-01 (KIF5A) Atherton et al.

Elife (2014)
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PDB ID Nucleotide Neck linker Tubulin
heterodimer Family

(isoform) Reference

4UY0 (C) ADP-Pi (ADP-AlF−
4 ) FD Yes kin-01 (KIF5A) Atherton et al.

Elife (2014)
3J8Y (K) ATP (ATP) PD Yes kin-01 (KIF5B) Shang et al. Elife

(2014)
4HNA (K) ADP-Pi (ADP-AlF−

4 ) FD Yes kin-01 (KIF5B) Gigant et al.
Nat.Struct.Mol.Biol.
(2013)

5MIO (C) ATP (ANP) A Yes kin-13 (KIF2C) Wang et al. Nat
Commun (2017)

5ND4 (C) ADP-Pi (ADP-AlF−
4 ) PD Yes kin-06 (Kif20a) Atherton et al.

Elife (2017)

MD simulations of WT and CNB+Latch mutant motors, carried out in replicate

for a total of 1µs each in the same manner as described in the Methods section, were

then projected onto this PCA conformational space to compare how often the WT

and CNB+Latch motor domains could adopt the ATP-bound, microtubule-bound

state from the ADP-bound, microtubule-free state. Initial starting conformation

was from the PDB 2KIN structure which partially adopts an ATP-like conforma-

tion (docked NL but weak microtubule binding (Parke et al., 2010a)), the WT motor

sampled a conformational space between the ADP-bound, microtubule-free and the

ATP-bound, microtubule-bound states (Figure 4.7, blue contours). The CNB+Latch

mutant, initiated from the same PDB 2KIN starting structure, sampled an additional

conformational space closer to that defined by the ATP-bound, microtubule-bound

kinesin structures (Figure 4.7, red contours). This suggests that the CNB+Latch

mutant has a higher degree of structural flexibility in its microtubule-binding regions

as compared to the WT motor domain, enabling it to more readily sample a con-

formation compatible with strong microtubule binding in response to ATP in the

nucleotide pocket and could account for the enhanced microtubule-landing rate and

processivity observed in single-molecule assays.
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Figure 4.7: Principal component analysis of kinesin experimental structures and
CNB+Latch mutant. Principal component sub-space (PC space) of the microtubule-
binding surface of kinesin-1. See Table 4.3 for experimental structures utilized in
defining the PC space. The position of each motor domain structure within the PCA
map is indicated together with its nucleotide state (red, ATP; yellow, ADP-Pi; green,
ADP), microtubule state (circle, no microtubule; triangle, bound to microtubule), and
PDB code. PC1 represents the positioning of helix α4 as “down” in the ADP-like
state and “up” in the ATP-like state. The ability of WT versus CNB+Latch mutant
motors to sample these states was then analyzed by projecting trajectories from MD
simulations starting from the 2KIN structure in the ADP-bound and microtubule-free
state. The conformational space explored by each motor in the MD simulations is
projected onto the PC space and displayed as contours (WT, blue; CNB+Latch, red).

4.3.6 Low- and high-load cargo transport in cells

Next, we proceeded to test whether, physiologically, the integrity of CNB forma-

tion followed by NL latching is a critical determinant for kinesin motors working in

teams to drive cargo transport in cells. Our collaborators performed inducible trans-
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port assays to measure transport of low- and high-load cargo in COS7 cells. Please

see (Kapitein et al., 2010) and our manuscript (Budaitis et al., 2019, in final revision

at eLife) for details regarding experimental setup. Briefly, the efficiency of trans-

porting cargo within cells is measured by single-particle tracking of labelled cargo

and motors. In these inducible assays, peroxisome are considered a low-load cargo,

requiring teams of kinesin-1 motors to collectively transport against loads < 3 times

greater than the force required to stall a single motor. Cargo dispersion is measured

in the following two ways: qualitatively as clustered, partially dispersed, diffusely

dispersed, or peripherally dispersed; and quantitatively as normalized distance dis-

tribution from nucleus, measured as radial intensity of labelled cargo across cells in

all samples. Teams of WT kinesin-1 motors were able to transport peroxisomes to

the cell periphery (quantitatively 81% of the peroxisome intensity at the cell periph-

ery, Figure 4.8C). Although mutant motors are crippled in their ability to transport

against load as single motors in an optical trap (Figure 4.5A), teams of CNB, Latch,

or CNB+Latch mutant motors were able to disperse peroxisomes to the periphery of

the cell (Figure 4.8B; and Figure 4.8C-E, quantitatively 84%, 81%, and 79% of the

peroxisome intensity at the cell periphery, respectively). Statistical analysis indicates

that peroxisome dispersion by the mutant motors was not significantly different than

that of the WT motor (Figure 4.8C-E). Notable, these results suggest that impaired

force generation by weakening CNB and/or N-latch formation can be overcome by

teams of motors for efficient transport of low-load cargo in cells.

To address how motors cooperate in teams to transport high-load cargo in cells,

our collaborators employed inducible dispersion assay as decribed above for measur-

ing the transport of Golgi by kinesin-1 motors within cells. The Golgi is a compact

organelle and its localization near the nucleus is maintained by a variety of mecha-

nisms including microtubule minus-end directed activity of cytoplasmic dynein motors

(Brownhill et al., 2009). These mechanisms, including the additional resistence pro-
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Figure 4.8: Low-load cargo transport by teams of kinesin-1 motors in cells. (A
Schematic of the inducible peroxisome dispersion assay utilized by our collabora-
tors. Peroxisomes loosely clustered in the perinuclear region of COS7 cells serve as
low-load cargo for transport by teams of motors recruited by addition of rapamycin
(+Rap). (B) Qualitative analysis of peroxisome dispersion. Peroxisome localization
in individual cells scored as clustered (black), partially dispersed (dark grey), diffusely
dispersed (light grey), or peripherally dispersed (white) 30 minutes after recruitment
of teams of WT, CNB, Latch, or CNB+Latch motors. Data summarized for N ≥ 50
cells across three experiments. (C-E) Quantitative analysis of peroxisome dispersion.
A radial profile of peroxisome intensity for each cell converted to an averaged and
normalized distance distribution across all cells. Each data point indicates the mean
normalized cargo intensity±SEM for N ≥ 50 cells across three separate experiments.
Gray dotted line: WT -Rap; Black line: WT +Rap; (C ) Purple line: CNB +Rap; (D)
Green line: Latch +Rap; (E) Yellow line: CNB+Latch +Rap; * indicates P < 0.05,
as compared to the mean normalized cargo intensity of WT motors for each distance.
Figure modified from (Budaitis et al., 2019, in final revision at eLife).

vided by the minus-end directed pull of dynein motors in a direction against that of

kinesin-1 motors, make Golgi a high-load cargo since teams of motors driving Golgi

dispersion are required to cooperate to transport against forces ∼ 30 times greater

than the force required to stall a single kinesin-1 motor. Teams of WT kinesin-1

motors were able to transport Golgi to the cell periphery (Figure 4.9B, qualitatively

82% of cells have dispersed Golgi; Figure 4.9C, 50% of Golgi intensity at the cell

74



periphery). However, a significant fraction of Golgi elements remained clustered in

the perinuclear region rather than accumulated at the cell periphery when teams of

CNB or Latch mutants were recruited (Figure 4.9B, qualitatively only 64% of cells

have dispersed Golgi for CNB and 42% for Latch mutant; Figure 4.9C, quantitatively

only 34% of Golgi intensity at the cell periphery for CNB and Figure 4.9D, only 35%

for Latch mutant). These results highlight the reduced capacity of motors with mu-

tations that hinder either CNB or N-latch formation to transporting high-load cargo

in cells.

Furthermore, the effects of the CNB and N-latch mutations were additive as teams

of CNB+Latch mutants were even more impaired in their capacity to transport Golgi

elements than the CNB and Latch mutant motors. Upon recruitment of CNB+Latch

mutant motors, the majority of the Golgi elements remained clustered in the perin-

uclear region of the cell (Figure 4.9B, qualitatively only 13% of cells have dispersed

Golgi; Figure 4.9E, quantitatively only 22% of Golgi intensity at the cell periphery).

Collectively, these results suggest that while kinesin motors with impaired CNB for-

mation and NL can cooperate for transport of a low-load, they are unable to work in

teams when faced with a high-load cargo in cells, highlighting the critical physiological

role of these strucutral elements in kinesin-1 motor function.

4.4 Methods

4.4.1 Molecular modeling of kinesin-1 in complex with tubulin

The rat isoform of kinesin-1, RnKIF5C, was selected for molecular modeling for

use in molecular dynamics simulations as well as for concistency with later experimen-

tal assays. Initial models of RnKIF5C motor domain in complex with tubulin were

obtained from PDB 4LNU for the no nucleotide (apo) state (Cao et al., 2014), and

from PDB 4HNA for ATP-bound state (Gigant et al., 2013). Since the motor domain
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Figure 4.9: High-load cargo transport by teams of kinesin-1 motors in cells. (A
Schematic of the inducible Golgi dispersion assay utilized by our collaborators. Golgi
tighly clustered in near the nucleus serve as high-load cargo for transport by teams
of motors recruited by addition of rapamycin (+Rap). Cytoplasmic dynein motors,
moving in direction opposite to that of kinesin-1 motors, shown in black. (B) Qual-
itative analysis of Golgi dispersion. Golgi localization in individual cells scored as
clustered (black), partially dispersed (dark grey), diffusely dispersed (light grey), or
peripherally dispersed (white) 30 minutes after recruitment of teams of WT, CNB,
Latch, or CNB+Latch motors. Data summarized for N ≥ 30 cells across three ex-
periments. (C-E) Quantitative analysis of Golgi dispersion. A radial profile of Golgi
intensity for each cell converted to an averaged and normalized distance distribution
across all cells. Each data point indicates the mean normalized cargo intensity±SEM
for N ≥ 30 cells across three separate experiments. Gray dotted line: WT -Rap;
Black line: WT +Rap; (C ) Purple line: CNB +Rap; (D) Green line: Latch +Rap;
(E) Yellow line: CNB+Latch +Rap; * indicates P < 0.05; ** P < 0.01; and ***
P < 0.001, as compared to the mean normalized cargo intensity of WT motors for
each distance. Figure from (Budaitis et al., 2019, in final revision at eLife).

in both template structures (PDBs 4LNU and 4HNA) is KIF5B, residues that differ

were mutated to match the sequence of rat KIF5C (UniprotID: P56536). The tubu-

lin dimer was left unmodified. Missing coordinates were modeled using MODELLER

v9.18 (Šali and Blundell, 1993). The ATP-hydrolysis transition-state analog, ADP-

AlF−4 , in PDB 4HNA was converted to ATP. The resulting systems of motor domain
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associated with tubulin dimer contained a total of ∼170,000 atoms each. Models of

ADP-bound wildtype and CNB+Latch mutant motor domains (not associated with

the tubulin heterodimer) were prepared from PDB 2KIN (Sack et al., 1997).

4.4.2 Molecular dynamics simulations

Energy minimization and molecular dynamics simulations were performed with

AMBER14 (Case et al., 2014) and the ff99SB AMBER force field (Hornak et al.,

2006). Nucleotide parameters were obtained from (Meagher et al., 2003). Histi-

dine protonation states were assigned based on the their pKa values calculated by

PROPKA (Li et al., 2005). Starting structures were solvated in a cubic box of pre-

equilibrated TIP3P waters molecules, extending 12 Å in each dimension from the

surface of the solute. Sodium ions (Na+) were added to neutralize the systems, fol-

lowed by addition of sodium and chloride (Cl−) ions to bring the ionic strength to

0.050 M. Energy minimization was performed in four stages, with each stage con-

sisting of 500 steps of steepest descent followed by 4000 steps of conjugate gradi-

ent. First, minimization of solvent was performed by keeping positions of protein

and nucleotides fixed. Second, side-chains and nucleotides were relaxed keeping the

backbone positions fixed. Third, protein and nucleotide atoms were relaxed while

keeping the solvent atoms fixed. Fourth, a last minimization stage was performed

with no restraints. The system was gradually heated to 300K over 25 ps of simulation

time in constant-volume (NVT) and periodic boundary conditions (PBC), with re-

straint of 20 kcal/mol/Å2 on backbone atoms. Constant-temperature (T= 300K) and

constant-pressure (p= 1 bar) (NpT) equilibration was then performed in six stages.

First, a 400 ps NpT equilibration was performed with restraint of 20 kcal/mol/Å2

on backbone atoms. Further stages involved gradually reducing restraints of 20, 10,

5, and 1 kcal/mol/Å2 on α carbons over 5 ns each. A final NpT equilibration was

carried out without any restraints for 5 ns. Subsequent production phase molecular

77



dynamics simulations were then performed under NpT and PBC with random ve-

locity assignments for each run. Particle-mesh Ewald summation was adopted for

treating long-range electrostatics. A 12 Å cutoff for energy minimization, and a 10 Å

cutoff for molecular dynamics simulations was used to truncate non-bonded interac-

tions. A 2 fs time-step was adopted for all molecular dynamics simulations. Hydrogen

atoms were constrained using the SHAKE algorithm. All simulations were performed

in-house on NVIDIA GPU cards with the GPU version of PMEMD (pmemd.cuda).

Molecular dynamics simulations were started from equilibrated structures with four

independent runs of 100-300 ns each. Trajectory analysis was carried out in R using

the Bio3D v2.3-3 package (Grant et al., 2006; Skjærven et al., 2014).

4.4.3 Residue-residue distance differences

Statistically significant residue-residue distance differences between apo, ATP-

bound and mutant states were identified with ensemble difference distance matrix

(eDDM) analysis routine (Muretta et al., 2018). For this analysis, a total of 400 con-

formations were obtained for each state under comparison by extracting 100 equally

time-spaced conformations from the last 20 ns of each simulation replicate. The de-

tails of obtaining the distance matrices from simulation trajectories, their processing,

and the method of selecting significantly different residue-residue distances are dis-

cussed in Chapter III (see its Methods section). Briefly, the eDDM routine reduces the

difference between long distances while difference between short distances are kept

intact. The significance of residue distance variation between apo and ATP-bound

states, and between ATP-bound and mutant states, were evaluated with the Wilcoxon

test. Residue pairs showing a p-value< 10−5 and an average masked distance differ-

ence > 1Å were considered statistically significant residue-residue distance differences

for further analysis.
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4.4.4 Principal component analysis

A set of 17 experimental structures from the RCSB protein data bank, nine in

ADP-like state not associated with the microtubule and eight in ATP-like state bound

to tubulin heterodimer, were selected for examining the major conformational differ-

ences of the kinesin motor domain in these two states (See Table 4.3). Principal

component analysis (PCA) is a dimensionality reduction technique involving orthog-

onal transformation of the original data into a set of linearly uncorrelated variables

termed principal components. Briefly, PCA involves diagonalization of the covariance

matrix C, whose elements Cij are calculated from the Cartesian coordinates of Cα

atoms, r, after superposition:

Cij = 〈(ri − 〈ri〉) · (rj − 〈rj〉)〉 (4.1)

where i and j represent all pairs of 3N coordinates. The eigenvectors, or principal

components (PCs), of the covariance matrix form a linear basis set of the distribu-

tion of structures. The variance of the distribution along each eigenvector is given

by the corresponding eigenvalue. Projecting structures onto a sub-space defined by

principal components with the largest variance (largest eigenvalues) provides a lower

dimensional representation of the structure dataset.

PCA was performed on 112 equivalent, non-gap Cα atoms from each of the struc-

tures after superposition onto an invariant core comprising of structural elements β1,

β2, β3, P-loop, α2, β6, β7, and α6 (Scarabelli and Grant, 2013). The trajectories

from MD simulations of ADP-bound wildtype and CNB+Latch mutant kinesin motor

domains were projected on to the PC sub-space defined by the first two PCA eigen-

vectors to allow comparison of the conformational space spanned by the simulations

and the experimental structures (Figure 4.7).

For rest of the methods pertaining to experimental results, please see our publi-
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cation (Budaitis et al., 2019) (in final revision at eLife).

4.5 Discussion and Conclusion

Structural studies of the nucleotide-dependent conformational changes in kinesin

as well as studies at the single-molecule level have led to a model that CNB formation,

and the subsequent “power-stroke”, is the force-generating element for kinesin motors.

Here we use molecular dynamics simulations, in combination with optical trapping

studies and single-molecule assays carried out by our collaborators, to show that

both CNB and N-latch formation are critical for single kinesin-1 motors to transport

against force.

Analysis of the structure and dynamics of kinesin-1 in the nucleotide-free (apo,

starting from PDB 4LNU (Cao et al., 2014)) and ATP-bound, post-power stroke

(stating from PDB 4HNA (Gigant et al., 2013)) states highlighted residues critical

for CNB formation (β9 with CS) and NL latching (N-latch and β10 with β7) (Fig-

ure 4.1). Single-molecule assays showed that disrupting CNB or N-latch formation did

not impair the ability of mutant motors to undergo processive motility, indicating that

the mutations are tolerated by the motor when stepping under no load. On the con-

trary, these mutations resulted in enhanced motilty properties under single-molecule,

unloaded conditions (Figure 4.6). We attribute the enhanced motility properties to

allosteric effects on the nucleotide coordinating and microtubule-binding elements of

the motor domain. First, the allosteric effects of NL docking on core motor regions

that coordinate and bind nucleotide (α0, S1, S2, PL; Figure 4.4D-F and H-I) could re-

sult in enhanced catalytic site closure that would favor ATP hydrolysis in the mutant

motors. Our findings are consistent with previous structural and enzymatic stud-

ies suggesting that NL docking allosterically gates ATPase activity (Hahlen et al.,

2006; Cao et al., 2014). Our findings are also consistent with previous time-resolved

TR2FRET studies of kinesin-1 and kinesin-5 motors demonstrating that NL docking
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is allosterically coupled to active site closure (See Chapter III for results pertaining

kinesin-5 mitotic motor Eg5) (Muretta et al., 2018, 2015).

Second, the allosteric effects on the microtubule-binding surface of kinesin-1 could

explain the enhanced processivity of CNB, Latch, and CNB+Latch mutant motors

(Figures 4.7 and 4.6C). PCA analysis demonstrated that the major structural differ-

ence between motors in the ADP-bound and microtubule-free state and motors in the

ATP- bound and microtubule-bound state is the positioning of α4 (Figure 4.7). MD

simulations of CNB+Latch mutant motors indicated an increased ability of this mo-

tor’s microtubule-binding surface to sample a conformation compatible with strong

microtubule binding (Figure 4.7, α4 up). Collectively, these results highlight how

perturbing the CNB forming and NL docking elements (CS, β9, N-latch/β10) can

act as a molecular gearshift, a mechanism applied across kinesin motor families to

modulate motor speed and processivity.

The enhanced motility properties under single-molecule, unload conditions, how-

ever, do not correlate with force production by single motors under optical trapping

experiments (Figure 4.5). Disruption of either CNB or N-latch formation resulted in

motors unable to stall under load and and were more likely to detach when subjected

to low forces (average detachment force ∼ 1 pN, Figure 4.5). We note that mutation

of equivalent residues of CNB mutant (A5G/S8G) in fly kinesin-1 motor (DmKHC)

resulted in detachment for of ∼ 3 pN (Khalil et al., 2008) (compared to ∼ 1 pN in

RnKIF5C in this study). This highlights an additional role of CS length (9 residues

long in RnKIF5C versus 13 in DmKHC) on motor force output.

Our collaborator’s inducible cargo assays suggest that both CNB formation and

NL latching are essential for teams of kinesin-1 motors to collectively transport high-

load cargo under physiological conditions (Figure 4.9). However, teams of motors car-

rying the same mutations were able to transport low-load cargo (peroxisomes) with

the same efficiency as that of WT motors. This suggests other compensatory mecha-
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nisms, such as enhanced motility properites as seen under single-molecule conditions

(Figure 4.6), are sufficient for motor function under low load, but their cripped force

output is insufficient for transport of high-load cargo in cell. Teams of CNB+Latch

mutant motors were more impaired in their ability to drive Golgi dispersion as com-

pared to the CNB and N-Latch mutants (Figure 4.9). This result differs from optical

trapping experiments, which show that the force output of all three mutant motors

was equally disrupted (Figure 4.5A). These results highlight the need for character-

izing motility properties of kinesin motors with physiologically relevant cell-based

assays, in addition to force output measurements. We have shown in Chapter III

that acetylation of lysine residue 146 (helix α2b) disrupts its ionic interaction with

residue D91 (helix α1) in kinesin-5 mitotic motor Eg5, confering enhanced motility

properties. However, under physiological conditions, modified Eg5 motors (carrying

acetylation mimetic mutation K146Q) act as a mitotic “brake”, slowing centrosome

separation by generating drag force against unmodified Eg5 motors (see Chapter III

and (Muretta et al., 2018)).

Complementing previous computational and experimental studies (Rice et al.,

1999b; Khalil et al., 2008; Hwang et al., 2008; Hesse et al., 2013), we have shown

that CNB and N-latch formation serve as mechanical elements for force generaion

in kinesin-1. Our collaborators also provide first evidence, to our knowledge, that

a power stroke mechanism and force generation are critical for multi-motor driven

transport under physiological conditions. Further studies are required to explore

the role of CNB and N-latch formation in force generation in other kinesin families,

including the role of CS length in family-specific force and motility properties.
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CHAPTER V

Dynamical effects of mutations in Kinesin-3 KIF1A

5.1 Abstract

KIF1A is a molecular motor of the kinesin-3 family of motor proteins, with pri-

mary function of anterograde transport of synaptic vesicle precursors along axonal

microtubules. Recently, a number of disease-associated genetic variants and de novo

mutations have been identified from clinical studies. These mutations have been

linked to neurodevelopmental disorders including cognitive disability, spasticity, and

cerebellar and optic nerve atrophy. The mechanism of how these mutations disrupt

motor function is not understood. We used molecular dynamics simulations to char-

acterize dynamical effects of mutations localized to the motor domain of KIF1A. We

focused on the V8M mutation, which is localized on the first beta strand (β1), and hy-

pothesized that this V8M mutation would affect the velocity of KIF1A. We observed

significant changes in residue-residue interactions for three functionally important do-

mains. First, V8M impacted residues involved the power stroke i.e., neck linker (NL),

cover strand (CS), β7, Loop 13, and suggest an unexpected output of enhanced NL

docking. Second, differences in interactions between nucleotide coordinating residues

in α0, P loop, Loop 9/Switch 1, Loop 11/Switch 2, indicate an impact on ATPase

activity. Third, decreased interactions for residues interacting with the microtubule

in α4, Loop 11/Switch 2, Loop 13, α6 suggest the V8M motor is slower and less pro-
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cessive, consistent with previous experimental work (Scarabelli et al., 2015). Current

efforts are focused on characterizing the dynamics of additional mutations—V8A (β1),

Y89D (α1/β3) and E146D/A (β4)—as well as experimentally measuring their kinetic

and motility properties. Our results demonstrate the allosteric effects of KIF1A neu-

rological disease-associated mutations and help us better understand how mutations

in kinesin motors can lead to neurodevelopmental disorders.

5.2 Introduction

KIF1A is part of an important class of neuronal plus-end directed transport mo-

tors, primarily transporting synaptic vesicle precursors in cells (Hirokawa et al., 2009).

While certain isoforms of kinesin-1 are also neuron-specific transport motors (such

as KIF5A and KIF5C), studies have shown that it is the kinesin-3 family of motor

proteins that are involved in long-range transport, with strikingly different motility

properties—kinesin-3 motors are called “superprocessive”, with 10-fold more proces-

sive than kinesin-1 motors (Soppina et al., 2014).

Recently, a number of disease-associated genetic variants and de novo mutations

have been identified from clinical studies (Lee et al., 2015; Esmaeeli Nieh et al.,

2015; Hotchkiss et al., 2016; Iqbal et al., 2017). These mutations have been linked

to neurodevelopmental disorders, typically with a progressive course. The disease,

collectively termed KIF1A Associated Neurological Disorder (KAND), is associated

with cognitive disability, spasticity, and cerebellar and optic nerve atrophy (Okamoto

et al., 2014; Ohba et al., 2015). The mechanism of how these mutations disrupt motor

function is still an area of active research.

The diease-associated genetic variants and de novo mutations identified through

clinical sequencing studies span the entirety of the KIF1A gene. The variants and

mutations occuring in the core motor domain are shown linearly and also mapped

onto the kinesin structure in Figure 5.5. In this study, we focus on variants and
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mutations occurring in regions not directly interacting with the microtubule (MT), or

involved directly in coordinating/hydrolyzing ATP. The effect of mutations occurring

in these two important regions is relatively straightforward to predict: they either

disrupt MT-binding, or cripple the ability of kinesin motor to bind/hydrolyze ATP for

processive runs. We hypothesized that the allosteric mutants indirectly affect kinesin

motor function: by affecting these regions critical for kinesin mechanochemistry and

MT-binding. Here, we combine molecular dynamics simulations, residue distances

analyses, and single-molecule motility assays to characterize the allosteric effects of

allosteric mutatiosn in KAND mutations on kinesin-3 function and regulation. The

preliminary results presented here are our first set of analyses in this study, with

further investigations underway. Our results show that these mutants have dynamical

effects on functionally important elements for kinesin motility: elements involved

in NL docking (NL, CS, β7, L13), and elements coordinating or hydrolyzing the

nucleotide (α0, PL, L9/S1, L11/S2).

5.3 Results

5.3.1 Sequence and structure mapping of KIF1A variants

Disease-associated variants and mutations spanning the motor domain of KIF1A

are shown in Figure 5.1. The mutations span the enterity of the motor domain, with

seemingly no obvious localization on helices, sheets, or loops. However, coloring the

mutations mapped onto the KIF1A structure by their known involvement in either

microtubule (MT)-binding or their role in coordinating/hydrolyzing ATP reveals a

function-associated clustering (Figure 5.1C,D). MT-interacting residues with mapped

mutations include R167 (Loop 8), R307 (Loop 12), R316 (helix α5), and R350 (helix

α6) (shown as circles or spheres in cyan in Figure 5.1A,C,D). The importance of these

residues in kinesin motor function have been tested through mutagenesis of either
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these residue directly or their interacing parter-residues in MTs (Scarabelli et al.,

2015; Uchimura et al., 2010). Almost all of the MT-binding associated mutations

result in a loss of charge, predicted to disrupt ionic interactions with the MT and

hence affecting motor processivity. Mutations ocurring in residues associated with

ATP binding or hydrolysis are predicted to affect function by disrupting nucleotide

capture and/or hydrolysis (show as circles or spheres in red in Figure 5.1A,C,D).

Mutations not associated with residues involved in either of these critical elements

also span the motor domain (shown as uncolored circles or spheres Figure 5.1A,C,D).

We hypothesize these mutations have an allosteric effect on the MT-binding or ATP-

coordinating/hydrolyzing regions of the motor domain. We tested the effect of mu-

tating three of such residues on kinesin dynamics: V8M in β1, Y89 in α1/β3, and

E148 in β4. Molecular dynamics (MD) simulations of mutantions tested are listed in

Figure 5.1B. A valine residue at position 8 in KIF1A is situated in β1), in continua-

tion from the N-terminal coverstrand (CS). Residue V8 is highly conserved across the

kinesin superfamily, with a valine at this position in most families except for kinesin-

10 (Richard et al., 2016). However, the role of a valine residue at this position in β1

in kinesin function or mechanochemistry has not been studied in pan-family manner.

A tyrosine residue at position 89 at the intersection of helix α1 and strand β3, Y89,

forms non-polar interactions with a patch of hydrophobic residues, 358-360, in the

NL. We hypothesize that gain-of-charge mutation Y89D will disrupt hydrophobic in-

teractions between α1/β3 and the NL, causing NL to undock from the kinesin motor

core domain in the ATP-state.

5.3.2 Allosteric mutant V8M predicted to affect ATPase activity

The global and local impact of V8M mutation on KIF1A motor domain dynamics

was characterized by residue-residue distance analysis (see Methods section). Signif-

icant differences (P < 10−5 in residue-residue distances between wildtype (WT) and
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Figure 5.1: Sequence and structure mapping of KIF1A variants. (A) Variants as-
sociated with neurodevelopmental disorders span the KIF1A motor domain. (B)
Mutations tested in this study localized to β1, α1/β3, and β4. (C and D) Mutations
tested mapped onto structure of KIF1A motor domain. Colors: microtubule-binding
(cyan), nucleotide-coordinating (red), allosteric or other effects (pink). Nucleotide
and divalent cation shown as spacefill. Tubulin dimer not shown for clarity.

V8M mutant simulations are highlighted in Figure 5.2A,B. The V8M mutation in β1

disrupts the coupling (longer residue-residue distance in V8M, shorter in WT) be-

tween P loop (PL), switch 1 (S1), and switch 2 (S2), elements critical for nucleotide

binding and hydrolysis (blue squares marked S1-PL and S2-S1 in Figure 5.2). For

example Q98 (PL) - R254 (Loop 11/S2) distance increases from 4.00± 0.94Å in WT

to 7.54 ± 0.60Å in V8M; and the R216 (Loop 9/S1) – N270 (Loop 11/S2) distance

increases from 3.45 ± 0.89Å in WT to 7.19 ± 0.89Å in V8M. All pairs of signifi-

cantly differetnt inter-residue distances for the WT and V8M mutant are listed in

Appendix D, Table D.1.
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Figure 5.2: V8M (β1) mutant allosterically impacts ATPase activity. (A) Differ-
ences in residue-residue distances between WT KIF1A and V8M mutant motors in
ATP- and microtubule-bound states as determined from MD simulations. Secondary
structures elements: α helices (black), β strands (grey). Interactions that are sig-
nificantly closer (P < 10−5) in the WT (blue) or V8M mutant (red) are indicated.
The magnitude of the distance change is indicated by size and color intensity. (B)
Cartoon representation of residue distances changes. Blue lines depict residue-residue
distances that are shorter in the WT motor versus V8M mutant motor (P < 10−5).
The magnitude of the distance change is indicated by line color intensity. (C, D, and
E) Motility properties as measured from kymographs under single-molecule, unloaded
conditions. The V8M mutant motors are slower (C ) and less likely to engage with
microtubule to start a processive run (E). Data colored as: KIF1A WT (blue), V8M
mutant (red), with RnKif5C (gray).

5.3.3 V8M mutant motors are slower in motility assays

We predict the allosteric impact of V8M mutation on the PL and switch regions,

indicated by increased residue-residue distances between S1-PL and S2-S1, will impair
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the ATPase activity of the motor domain. To measure the impact of V8M mutation of

kinesin motility properties, our collaborators1 characterized velocity and processivity

of WT and V8M mutant KIF1A motor under single-molecule, unloaded conditions.

The experimental results show that indeed the V8M mutant motors are slower than

the WT (969± 8.2 nm·s−1 for V8M mutant motor versus 1687± 11.2 nm·s−1 for WT

motor) (Figure 5.2C). No appreciable differences in processivity, as measured from

kymographs under single-molecule, unloaded conditions, were noted when compar-

ing V8M mutant to WT motor (Figure 5.2D). We note that results pertaining to

processivity may be a function of MT length due to the superprocessive nature of

KIF1A motors under in vitro conditions. Our collaborators also noted that the V8M

mutant motors exhibited higher number of non-processive and diffuse events (marked

by cyan arrows in Figure 5.3). This is also reflected in the lower apparent on-rates,

quantified from kymographs, of V8M mutants, indicating that V8M mutant motors

are less likely to engage with microtubule to start a processive run (Figure 5.2E).

5.3.4 Y89D mutation predicted to affect force generation

A second KAND-related mutation we analyzed in this study was a Y89D muta-

tion. A large aromatic side-chain at this position appears to be a conserved feature of

most N-terminally situated, plus-end directed kinesin motors. The most frequently

observed residue at this position is a tyrosine followed by phenylalanine, with a no-

table exception of a gluatmine residue in kinesin-6 motors KIF20A/B. In HsKIF1A,

tyrosine 89, situated between helix α1 and strand β3, makes hydrophobic interac-

tions with a residues (A358, V359, and I360) in the NL (Figure 5.4B). The disease-

associated mutation observed in clinical studies, Y89D, introduces a negative-charge.

We predict the change of hydrophobic to polar charged residue will disrupt the hy-

drophobic interactions with residues 358 − 360 in the NL. We hypothesize that this
1Experimental work, shown here as well as under progress, was carried out by Breane G. Budaitis

in Kristen Verhey laboratory at the University of Michigan
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Figure 5.3: KIF1A V8M mutants undergo non-processive and diffuse events. (A)
KIF1A WT and (B) V8M mutants under single-molecule, unloaded conditions. Blue
arrowheads indicate single motor non-processive or diffuse events. Bars as: x-axis
(2 s), y-axis (2µm).

disruption of hydrophobic interactions will cause the NL to dock from the motor

domain core. Comparison of inter-residue distances in the WT and Y89D mutant

simulations reveals increased distances between residue (Y)89D (α1/β3) and residues

358 − 360 (NL) (indicated by blue lines in Figure 5.4B). The largest difference in

distance was between Y89 (α1/β3) and I360 (NL): an increase from 5.57 ± 3.49Å

in WT to 10.04 ± 1.64Å in the Y89D mutant (complete list of significantly differ-

ent (P < 10−5) inter-residue distances in Appendix D, Table D.2). The negatively

charged aspartate residue now flips inwards towards the central β sheet, and forms

backbone and side-chain interactions with V421, S242, and K243 in β7 (red square

between β7-α1/β3 in Figure 5.4A, inter-residue distances listed in Appendix D, Ta-

ble D.2).
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Inspection of MD simulation trajectories also show NL undocking after a few

nanoseconds in all four trajectories of Y89D mutant, and remains undocked towards

the end of the simulations (representative snapshots shown in Figure 5.5A,B). The

NL, along with the CS and L13, is responsible for generating the “power stroke”

for force generation in kinesin (Hwang et al., 2008; Khalil et al., 2008). The NL

moves in response to ATP binding between “undocked” (not force-generating) and

“docked” (force-generating) orientations. Disruption of NL docking in the Y89D

mutation is predicted to impair the force-output of the kinesin motor domain, as

reported by us in the case of a mutant disrupting NL docking in kinesin-1 motor

RnKIF5C (See Chapter IV). Furthermore, in-line with coupling observed between NL

docking and the active-site regions of kinesin-1 and kinesin-5 motors in our previous

studies (Muretta et al., 2015, 2018), the Y89D mutant has an allosteritc effect on the

nucleotide coordinating/hydrolyzing regions in KIF1A. However, unlike a clear effect

as seen in kinesin-1 and kinesin-5 motors, we see a mixed effect on the active site

regions: the interactions between nucleotide coordinating PL and ATP-gating helix

α0 (Hwang et al., 2017) are enhanced (shorter) in the Y89D mutant (red squares

between S1-α0 and S1-PL in Figure 5.4A), while the interactions between nucleotide

hydrolysis and exchange-related switch regions (Kull and Endow, 2002) are weakened

(longer) in the mutant (blue squares between S2-PL and S2-S1 in Figure 5.4A). The

effect of Y89D mutation on the motility properties of KIF1A motors are currently

being charazterized by our collaborators.

5.4 Methods

5.4.1 Structural model preparation of KIF1A motor complex

Initial coordinates of KIF1A kinesin motor domain in the ATP-bound state (ATP

analogue, ANP-PNP), in complex with the tubulin heterodimer were taken from PDB
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Figure 5.4: KIF1A Y89D (α1/β3) mutant impairs neck linker docking. (A) Differ-
ences in residue-residue distances between WT KIF1A and Y89D mutant motors in
ATP- and microtubule-bound states as determined from MD simulations. Secondary
structures colored as: α helices (black), β strands (grey), coverstrand (CS, cyan),
P loop/ATP/Mg2+ (orange), Switch 1 (green), Switch 2 (yellow), and neck linker
(NL, purple). Residue-residue interactions that are significantly closer (P < 10−5) in
the WT (blue) or Y89D mutant (red) are indicated. The magnitude of the distance
change is indicated by size and color intensity. (B) Cartoon representation of residue
distances changes. Blue lines depict residue-residue distances that are shorter in the
WT motor versus Y89D mutant motor (P < 10−5). The magnitude of the distance
change is indicated by line color intensity. Residues 358-360 in NL shown to highlight
the loss of hydrophobic contacts in the Y89D mutant. Colors according to (A).

4UXP (Atherton et al., 2014). The kinesin motor domain sequence was already that of

HsKIF1A (Uniprot ID Q12756). Missing coordinates, where applicable, were modeled

using MODELLER v9.18 (Šali and Blundell, 1993). A total of 100 models were

generated with the following options in MODELLER: variable target function method

(VTFM) was set to slow with associated conjugate gradient set to 150 iterations; MD

with simulated annealing option was set to slow; and the entire optimization process

was repeated twice. The top-scoring model was selected with discrete optimized

protein energy (DOPE) score (Shen and Sali, 2006) for loop refinement. The top-

scoring model was selected for MD simulations.
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Figure 5.5: NL undocking in Y89D (α1/β3) mutant. Representative snapshots from
simulations of (A,B) Y89D (α1/β3) mutant in ATP-state, and (C,D) wildtype (WT)
in ATP-state. Snapshots on the left (A,C ) are from the initial starting-point, and
snapshots on the right (B,D) from the end time-point of MD simulations (MD time-
point shown in top-right corner). The Y89D mutation in α1/β3 (dark green sphere)
introduces a negative charge causing loss of hydrophobic contacts with residues 358-
360 in NL (magenta), causing the NL to undock (A,B). Secondary structure elements
are colored: coverstrand (CS, cyan), α1 (dark green), β7 (yellow), Loop13 (L13,
orange), β8 (light green), neck liker (NL: β9 and β10, magenta), with α-tubulin
(blue), β-tubulin (light blue). The changes in residue-residue distances in the Y89D
mutant compared to the WT are quantified in Appendix D, Table D.1.

5.4.2 Molecular dynamics simulations of KIF1A motor complex

Energy minimization and molecular dynamics (MD) simulations were performed

with AMBER 18 (Case, 2018) and the ff99SB AMBER force field (Hornak et al.,

2006). Nucleotide parameters were obtained from (Meagher et al., 2003). Histi-
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dine protonation states were assigned based on the their pKa values calculated by

PROPKA (Li et al., 2005). The simulation setup and procedures were adopted as

described (see Methods section in Chapter VI). MD simulations were started from

equilibrated structures with at least four independent runs of at least 200 ns each. All

simulations were performed in-house on NVIDIA GPU cards with the GPU version

of PMEMD (pmemd.cuda). We thank NVIDIA for their gift of GPU card through

their Academic GPU seed grant. Trajectory analyses were carried out in R using the

Bio3D v2.3-3 package (Skjærven et al., 2014).

5.4.3 Residue-residue distance differences

Statistically significant residue-residue distance differences between wiltype (WT)

and mutant ATP-bound kinesin motor domain in complex with tubulin heterodimer

were identified with ensemble difference distance matrix (eDDM) analysis routine

(Muretta et al., 2018). For this analysis, a total of 400 conformations were obtained

for each state under comparison by extracting 100 equally time-spaced conforma-

tions from the last 20 ns of each simulation replicate. The details of obtaining the

distance matrices from simulation trajectories, their processing, and the method of

selecting significantly different residue-residue distances are discussed in Chapter III

(see its Methods section). Briefly, the eDDM routine reduces the difference between

long distances while difference between short distances are kept intact. The signifi-

cance of residue distance variation between apo and ATP-bound states, and between

ATP-bound and mutant states, were evaluated with the Wilcoxon test. Residue pairs

showing a p-value< 10−5 and an average masked distance difference > 1Å were consid-

ered statistically significant residue-residue distance differences for further analysis.

94



5.5 Discussion and Conclusion

In this chapter, we have presented our preliminary findings on the dynamical ef-

fects of an autosomal dominant mutation V8M (β1) and a de novo mutation Y89D

(α1/β3) in KIF1A associated with neurodevelopmental disorders (Ohba et al., 2015;

Esmaeeli Nieh et al., 2015; Iqbal et al., 2017). Inter-residue distance analysis of MD

simulations of wildtype (WT) and V8M mutant motors in ATP- and microtubule-

bound state reveal allosteric effects on motor active site. Single-molecule motility

assays showed that motors with V8M mutation were slower than WT motors under

unloaded conditions. Interestingly, a recent study uploaded on bioRxiv report oppo-

site effects of this mutation: they observed higher velocity and on-rates for KIF1A

and C. elegans homolog unc-104 mutant motors (Chiba et al., 2019). We note that

our computational and experimental setup utilized a truncated version of the KIF1A

motor lacking the tail domain, whereas (Chiba et al., 2019) utilized full-length pro-

teins in their study with possibility of an additional role of autoinhibition on motor

function. This highlights the need for a combination of studies, including single-

molecule experiments, force-measurements through optical trapping, and cell-based

dispersion assays in characterizing effects of mutations on motor function. Our pre-

vious studies have highlighted the differences in motor function for the same given

mutation under different conditions. For example, in kinesin-5 mitotic motor Eg5, an

acetylation mimetic mutation, K146Q, enhanced single-molecule motility properties,

but exhibited “breaking” properties when working in teams, slowing sindle separa-

tion in cells during mitosis (see Chapter III and (Muretta et al., 2018)). Furthermore,

mutations disrupting cover-neck bundle formation and/or NL docking also cause en-

hanced motility properties in single-molecule assays, but crippled force production

and impaired cellular transport of high-load cargo under physiological conditions (see

Chapter IV and (Budaitis et al., 2019)). Experiments characterzing the motility

properties of α1/β3 mutant Y89D, as well as force measurements for V8M and Y89D
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mutants through optical trapping experiments are currently underway.
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CHAPTER VI

Dynamics of C. elegans tubulin

Contents of this chapter were partially published in (Chaaban et al., 2018). Cita-

tion: Chaaban, S., S. Jariwala, C.-T. Hsu, S. Redemann, J. M. Kollman, T. Müller-

Reichert, D. Sept, K. H. Bui, and G. J. Brouhard (2018), The Structure and Dynamics

of C. elegans Tubulin Reveals the Mechanistic Basis of Microtubule Growth, Develop-

mental Cell, pp. 1–14, doi: 10.1016/j.devcel.2018.08.023. This has been a collaborative

effort. The computational work pertaining molecular dynamics simulations and sub-

sequent analysis was done by myself. Most of the experimental work was done by S.C.

in G.J.B. lab (McGuill University, work related to Figures 6.1, 6.6, 4.7A, ??), with

additional experimental data from S.R. (University of Virginia), T.M.R. (Technische

Universität Dresden), C.T.H. and K.H.B. (McGill University), and J.K. (University

of Washington).

6.1 Abstract

Microtubules are dynamic biopolymers composed of stacks of structurally homol-

ogous α- and β-tubulin subunits, cylindrically arranged in about 10 to 16 protofila-

ments. They play a crucial role in the cytoskeleton of the cell, providing structural

support as well as facilitating cellular transport via molecular motors, beating of

cilia and flagella, and separation of chromosomes during the cell cycle. Microtubule
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polymerization is central to their biological functions, with varying growth rates in

vitro and in vivo. Recent studies have shown that microtubules derived from C.

elegans polymerize at a rate three times faster than those from vertebrates. The

mechanism for achieving faster growth rates is not clear, especially given that the α-

and β-tubulins share ∼ 88% and ∼ 89% sequence identity with bovine (as candidate

vertebrate) tubulins, respectively. Here, we investigated the dynamical properties

of nematode and vertebrate tubulins using molecular dynamics (MD) simulations of

isolated dimers in explicit solution. The simulations of isolated dimers indicate that

one of the lateral contact loops in nematode tubulins is more ordered, potentially

explaining a role in faster polymerization rates. These results, complemented by in

vitro experiments carried out by our collaborators, provide direct evidence that amino

acid substitutions in C. elegans tubulin lead to new secondary structure formation,

and that the C. elegans tubulin has higher free energy in solution. We also propose

a model wherein the ordering of lateral contact loops activates tubulin for growth,

improving our understanding of microtubule polymerization.

6.2 Introduction

The microtubule (MT) “dynamic instability” is central to its functional regulation

in cells (Mitchison and Kirschner , 1984), wherein microtubules grow by polymerizing

tubulin subunits, undergo catastrophe events, and rescue back to growth stage. All

eukaryotic microtubules studied thus far exhibit dynamic instability under in vitro

conditions, perhaps a feature of their highly conserved sequence and structure (Little

and Seehaus, 1988; Fygenson et al., 1994). How do subtle changes in tubulin sequence

affect differences in observable parameters such as MT polymerization rates? Also,

why do some MT lattices undergo longitudinal compaction following GTP-hydrolysis

but some do not, even though they do not differ wildly in sequence? (Alushin et al.,

2014; Howes et al., 2017; von Loeffelholz et al., 2017). Guided by these questions, we
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sought to address of the mechanistic differences in MT dynamics using tubulin from

C. elegans and comparison its dynamics to those of well-studied mammalian tubulin

from B. taurus.

Our collaborators observed that C. elegans tubulin grows very fast (∼ 3 times

faster than B. taurus tubulin, under microtuble reconstition assays, indicating that

the dimer itself is adapted to fast growth. Tubulin from yeast S. cerevisiae also ex-

hibit higher on-rates under in vitro conditions. However, unlike the long lifetimes of

yeast MTs (Geyer et al., 2015), C. elegans combined gast growth rates with frequent

catastrophe events in vitro. What is the mechanism behind the highlyl dynamic na-

ture of C. elegens tubulin? In thus study, we combine molecular modeling, molecular

dynamics simulations, sequence analysis, cryo-electron microscopy and temperature-

dependent microtubule reconstition assays to answer this question. We find that

the subtle sequence changes in C. elegans tubulin, as compared to B. taurus tubu-

lin, occcur in lateral contact loops of the tubulin dimer. Using molecular dynamics

simulations, we show that these lateral contact loops in the C. elegans dimer have

an increased tendency to form secondary structures, which was confirmed by Cry-

oEM images which showed that the lateral contact loop H1-S2 was structured in C.

elegans MTs. This indicates the structuring of lateral contact loops may be a key

rate-limiting step in MT growth. Finally, with temperature-dependent reconstitution

assays, our collaboratos are able to directly address our predictions and observations,

and support our hypothesis that the C. elegans tubulin has a higher free energy than

B. taurus tubulin in solution.
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6.3 Results

6.3.1 C. elegans tubulin combines fast growth and frequent catastrophe

in vitro

Before embarking on structural characterization of C. elegans tubulin, we wanted

to understand their growth and catastrophe properties. Our collaborators used recon-

stition assays with tubulin purified from mixed life-stage liquid cultures of C. elegans

(Widlund et al., 2012). The purified tubulin is primarily composed of tbb-1, tbb-2,

and tba-2 (see (Chaaban et al., 2018) for details). Next, microtubule growth was

reconstitued in vitro by nucleation from GMPCPP-stabilized microtubule templates

and imaged the microtubules by differential interference contrast (DIC) microscopy

Figure 6.1A). Surprisingly, our collaborators found that C. elegans microtubules nu-

cleated from the templates at tubulin concentrations as low as 2µM, well below the

nucleation threshold for B. taurus (bovine brain) microtubules (critical concentration,

Cc = 9.5 ± 0.1µM (Wieczorek et al., 2015)). Even at these low concentrations, C.

elegans microtubules grew remarkably fast, reaching 1.65 ± 0.02µm·min−1 at 5µM

tubulin, a growth rate that requires nearly 20µM of B. taurus tubulin (Figure 6.1B).

The plot of the microtubule growth rate versus C. elegans tubulin concentration gave

an apparent on-rate constant of ka = 9.21 ± 0.46 dimers·µM−1·sec−1, which is more

than 3× higher than B. taurus (2.90 ± 0.17 dimers·µM−1·sec−1) (Figure 6.1E and F).

These results suggest that C. elegans tubulin has a higher affinity for microtubule

ends than B. taurus tubulin, resulting in templated nucleation at low concentrations

and fast growth.

It is commonly assumed that faster microtubule growth leads to more stable poly-

mers that are less prone to catastrophe. This assumtion is based on observations that

as microtubules grow faster, their stabilizing caps (a region enriched in GTP-tubulin)

become larger (Bieling et al., 2007). Contrary to our expectations that the fast
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Figure 6.1: Dynamics of C. elegans tubulin in vitro. (A) Schematic of the microtubule
growth reconstitution assay. Dynamic microtubules are grown from the seeds, and mi-
crotubule dynamics are analyzed from kymographs (bottom). (B) Plot of microtubule
plus end growth rates as a function of tubulin concentration for C. elegans tubulin
(blue; n = 32, 68, 114, 200, 332, 199 from ≥ 2 replicates) and B. taurus tubulin (red;
n = 112, 119, 605, 387, 738, 220 from ≥ 2 replicates). Error bars represent the propa-
gated SD. (C and D) Plot of the cumulative distribution of microtubule lifetimes for
increasing concentrations of (C ) C. elegans tubulin (n = 153, 905, 611, 293, 236 from
≥ 2 replicates) and (D) B. taurus tubulin (n = 119, 329, 300, 222, 191 from ≥ 2 repli-
cates). (E) Schematic of tubulin dimer association and dissociation at the microtubule
plus end. (F) Apparent on-rate constants (ka) obtained from linear least-squares fit-
ting to growth rate data from microtubule reconstitution assays (B). Figure adapted
from (Chaaban et al., 2018).
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growing microtubules should have long lifetimes, our collaborators found that the C.

elegans microtubules had very short lifetimes (Figure 6.1C). Comparing C. elegans

and B. taurus at the same growth rate of ∼ 1µm·min−1, the mean lifetime for C.

elegans microtubules was 1.71± 0.03 min versus 5.43± 0.15 min for B. taurus. Over

the range of concentrations where growth rates overlapped, C. elegans microtubules

aged at about four times the rate of B. taurus. These results demonstrate that C.

elegans microtubules combine very fast growth with very short lifetimes in vitro. This

combination contrasts with H. sapiens microtubules reconstituted from tubulin mu-

tants or from different isoforms, where faster growth correlates with longer lifetimes

(Ti et al., 2016; Vemu et al., 2017). Similarly, S. cerevisiae microtubules have the

highest reported on-rate constant but extremely long lifetimes (Geyer et al., 2015).

Thus, C. elegans microtubules are uniquely dynamic among microtubules studied to

date, in that they exhibit fast growth and frequent catastrophe in vitro.

6.3.2 Lateral contact loops are ordered in C. elegans

Comparison of C. elegans and canonical tubulin sequences reveal sequence changes

clustered in loops involed in inter-protofilament lateral contacts (more on this in sec-

tion 6.3.5 below). Of note was deletion of G45 and D46, and a D47 to E substitution

in C. elegans α-tubulin (residue number as per B. taurus (Figure 6.2. For align-

ment of β-tubulins, see Figure 6.3). While the D47E substitution preserves charge,

a glutamate residue at the N-terminus has been observed to have a slightly higher α

helix propensity, i.e. glutamate forms an N-terminal cap to an α helix more readily

(Williams et al., 1987; Nick Pace and Martin Scholtz , 1998). The structural effects

of these substle changes, if any, were not known. Structured H1-S2 loops may corre-

late with fast growth by lowering the entropic cost of incorporating a tubulin dimer

within the microtubule (MT) lattice. We hypothesized that these lateral loops might

be structured in solution for C. elegans. In order to test this hypothesis, we per-
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formed all-atom molecular dynamics of the C. elegans and B. taurus tubulin dimers

(see Methods for details). The total simulated time for each dimer was 3.2µs, and the

root-mean-square deviation (RMSD) stabilized within the first 50-100 ns. To analyze

our simulations, we plotted the frequency of secondary structure formation for each

residue in the dimer (Figure 6.4A and B). Although the C. elegans dimer adopted the

same overall structure as B. taurus, we found an increased probability of secondary

structure formation in the lateral loops, namely the H1-S2 loops and the M loops.

The largest difference was found at the H1-S2 loop of α-tubulin (Figure 6.5A), which

forms a short α helix and β sheet (Figure 6.5B). Similarly, the M loops of both α-

and β-tubulin formed short α-helices. These secondary structures are almost entirely

absent in the B. taurus simulations (Figure 6.5A). The α helix in β-tubulin’s M loop

matches the one induced by zampanolide and epothilone A; (Prota et al., 2013) in-

terpreted this ordering of the M loop as “tubulin activation”, or the pre-conditioning

of the dimer to facilitate polymer formation. This concept of tubulin activation was

used to explain the mechanism of action of microtubule-stabilizing drugs. Our results

suggest that the C. elegans dimer may adopt an activated form in solution. This ac-

tivation may explain why the C. elegans microtubule grows faster than the canocial

microtubules.

Following the secondary strucure analyis of MD simulations, we wanted to confirm

whether the lateral contact loops in C. elegans tubulin dimer are indeed ordered. To

this end, our collaborators generated a near-atomic resolution reconstruction of dy-

namic C. elegans microtubules previously imaged with Cryo-EM (Figure 6.6). In brief,

our collaborators first nucleated C. elegans microtubules in the absence of templates

(such as γ-TuRCs). Further details regarding identificaltion of α- and β-tubulin, and

the “seam-search” processing protocol used can be obtained from (Zhang and No-

gales, 2015) and (Chaaban et al., 2018). Our tba-2/tbb-2 homology model was then

docked into the final density map (4.8 Å overall resolution) and refined (Figure 6.6C).

103



Figure 6.2: Multiple sequence alignment of C. elegans and canonical α-tubulin se-
quences. Uniprot IDs and common gene names are listed on the left for each se-
quence (row). Invariant residues are shown in red. Conserved residues are shown in
yellow, with the most frequent residue observed for a given position (column) high-
lighted in bold. Secondary structures (sheets/strands and helices) annotated on top.
C-terminal tail excluded from alignment. Figure rendered with ESPript 3.0 (Robert
and Gouet, 2014) and modified locally.
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Figure 6.3: Multiple sequence alignment of C. elegans and canonical β-tubulin se-
quences. Uniprot IDs and common gene names are listed on the left for each se-
quence (row). Invariant residues are shown in red. Conserved residues are shown in
yellow, with the most frequent residue observed for a given position (column) high-
lighted in bold. Secondary structures (sheets/strands and helices) annotated on top.
C-terminal tail excluded from alignment. Figure rendered with ESPript 3.0 (Robert
and Gouet, 2014) and modified locally.
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Figure 6.4: Relative frequency of secondary structure elements. (A) α-tubulin and
(B) β-tubulin frequency of secondary structure elements for B. taurus (top) and C.
elegans (bottom). Sheets and strands are shown in green, helices in blue. Residues are
numbered according to the B. taurus tubulin sequence and red represents dissimilar
residue between B. taurus and C. elegans tubulin.

Visual analysis revealed structuring of residues 38–45 in the H1-S2 loop of α-tubulin,

which are typically disordered and therefore unresolved in other structures (e.g., S.

scrofa and H. sapiens) (Figure 6.7) (Zhang et al., 2015; Vemu et al., 2016). Taken

together, these results support the idea that the pre-ordering of lateral loops may be

responsible for the faster growth rates of C. elegans microtubules.

6.3.3 Reduced flexibility of lateral loops in C. elegans

To characterize the global trends in flexility of C. elegans and B. taurus tubu-

lin dimers, we applied root mean-sqaure fluctuation analysis to the trajectories from

MD simulations. Both states were found to display an overall common trend of per-

residue root mean-square fluctuations (RMSF, Figure 6.8). This trend consisted of
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Figure 6.5: Lateral contact loops are ordered in the C. elegans dimer. (A) α-tubulin
and (B) β-tubulin frequency of secondary structure elements for B. taurus (top)
and C. elegans (bottom). Sheets and strands are shown in green, helices in blue.
Residues are numbered according to the B. taurus tubulin sequence and red represents
dissimilar residue between B. taurus and C. elegans tubulin.

comparatively low RMSF values for the buried central core β sheets in the interme-

diate domains and the core helices H7 in each of the tubulin monomers, with larger

values evident for solvent-exposed regions, including the H1-S2 and M loops. Struc-

tural regions with statistically significant differences between the dimer states (shaded

regions in Figure 6.8, P < 0.01 with Wilcoxon rank sum test and ∆RMSF> 0.2) pri-

marily included the lateral contact loops H1-S2 (residues 28-64) and M loop (residues

273-287) in α-tubulin. We note no significant flexibility differences for nucleotide-

contacting regions (marked with black vertical bars in Figure 6.8). The reduced

flexility of lateral contact loops, specificially residues 38-61 (38-63 in B. taurus), can

be attributed to the structured state of H1-S2 loop in C. elegans α-tubulin in solution

(Figures 6.5, 6.7A, and 6.8A). This reduced flexibility of lateral contact loops further

complements data shown above regarding “pre-ordered” state of C. elegans tubulin

dimer in solution.
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Figure 6.6: Cryo-EM structure of C. elegans microtubule. (A) Spontaneously nucle-
ated C. elegans (left) and B. taurus (right) microtubules visualized by cryo-EM. (B)
A reconstruction of 12-pf C. elegans microtubules at 4.8 Å resolution. (C) Trace of
homology model of C. elegans tba2/tbb2 tubulin dimer fitted in the electron density
map (left) and a close up of the fit showing a resolved core α helix (H7 of β-tubulin,
top-right) and β sheet (S1-S2, S4-S6 of α-tubulin, bottom-right). Figure adapted
from (Chaaban et al., 2018).

6.3.4 Principal component analysis of C. elegans tubulin dynamics

Principal component analysis (PCA) is a dimensionality reduction technique in-

volving orthogonal transformation of the original data into a set of linearly uncorre-

lated variables termed principal components. The application of PCA to experimental

structures and MD trajectories to map conformational differences in a range of pro-

tein families has been previously discussed (van Aalten et al., 1997; Gorfe et al.,

2008; Scarabelli and Grant, 2013). The initial PCA involved constructing a linear
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Figure 6.7: Structural comparison of α-tubulin H1-S2 loop. The H1-S2 loop shown
in stick (orange) and electron density (gray), highlighting α-tubulin helix H’ (blue)
of (A) C. elegans (PDB:6E88, EMD:9004) (Chaaban et al., 2018), (B) S. cere-
visiae (PDB:5W3F, EMD:8755) (Howes et al., 2017), (C) H. sapiens (PDB:5JCO,
EMD:8150 (Vemu et al., 2016), (D) S. scrofa (PDB:3JAS, EMD:6353) (Zhang et al.,
2015), (E) S. pombe (PDB:5MJS, EMD:3522) (von Loeffelholz et al., 2017). The ap-
parent on rate constant, ka, is also shown in the top-left corner of each panel. Figure
adapted from (Chaaban et al., 2018).

basis set— a principal component subspace (PC-space)— from coordinates obtained

from simulations of B. taurus tubulin dimer (showin in red for the first two PCs, PC1

and PC2, in Figure 6.9). The first two PCs together explain ∼ 39% of variance in the

simulations of B. taurus tubulin dimer. The simlations of C. elegans tubulin dimer

were then projected onto this PC-space (blue, Figure 6.9A). It is apparent from these

projections that the C. elegans dimer samples a comparatively restricted region of

the conformational space. To interpret the conformational space defined by this PC-

space, we projected selected experimentally-determined structures of tubulin dimers

onto this space (Figure 6.9A, tubulin dimers shown as circles, dimers extracted from

Cryo-EM images of microtubules shown as triangles). The region corresponding to
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Figure 6.8: Comparison of residue-wise flexibilities of tubulin heterodimer. Distinc
flexibilites of C. elegans and B. taurus tubulin dimer, measured as root mean-square
fluctuations (RMSF) of (A) α-tubulin, and (B) β-tubulin. Regions that show statis-
tically significant differences between states (P < 0.01 and ∆RMSF> 0.2) and are
composed of at least three consecutive residues are highlighted with a gray-shaded
background. The consensus secondary structure is reported above the plots with β
strands in yellow and α helices in blue.

the hihgest density of conformers from simulations of C. elegans dimer correspond

to a “MT-lattice-like” conformation. While conformers from simulations of B. taurus

also sample this conformation, they sample a much wider region of the conformational

space. However, we note two issues with this prilimnary analysis: PCA maximizes

the variance, in this case, of simulations of B. taurus tubulin dimer. So our PC-space,

by design, maximizes the variance in the conformational space sampled by B. taurus
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tubulin dimer. Furthermore, the cumulative variance explained by the first two PCs

only amounts to ∼ 39%. Hence, we then improved our PCA to define a PC-space

built from experimental structures, as a reference point for all further comparisons of

the dynamics of tubulin dimers.

To construct a new PC-space of the conformational variability within tubulin

dimers, a set of 350 experimental structures were first obtained from the RCSB Pro-

tein Data Bank (Berman et al., 2002). The structures were selected after a HMMER

search (Eddy, 2011) of sequences (α-tubulin: TBA1B, P81947 and β-tubulin: TBB2B,

Q6B856) against the PDB database using Bio3D-web (Jariwala et al., 2017; ?). A fi-

nal set of 127 crystallographic and EM structures was obtained after selecting unique

dimers from structures with resolution better than 5 Å (see Table E.1 in Appendix E).

PCA was performed on 425 equivalent, non-gap Cα atoms from each of the dimers

after superposition (Figure 6.9A). The first two principal components (PCs) account

for over 84% of the total varance in atomic positions of the equivalent Cα atoms. The

major features described by first two PCs, and details of PCA, are described in Chap-

ter VI. In brief, the two clusters evident from this analysis refer to tubulin dimers

in “MT-lattice-like” and “bent” conformations. The conformers in the “bent” clus-

ter are typically tubulin oligomers associated with microtubule dynamics regulating

proteins such as stathmin. The conformers in the “MT-lattice-like” cluster are struc-

tures obtained from Cryo-EM images of microtubules bound with GDP, GMPCPP, or

GTPγS in the nucleotide-binding pocket of β-tubulin. Conformers from simulations

of C. elegans and B. taurus tubulin dimers were then projected onto this PC-space,

shown in contours, as described above. It is apparent from these projections that the

C. elegans and B. taurus tubulin dimers both sample “bent” and “MT-lattice-like”

conformations, consistent with both experimental and computational studies show-

ing that both GTP- and GDP-tubulin sample bent conformations in solution (Andreu

et al., 1989; Rice et al., 2008; Gebremichael et al., 2008; Grafmüller and Voth, 2011).
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The majority of the conformers from simulations of C. elegans tubulin dimer sample

the “MT-lattice-like” conformation, as shown by larger density of contours near the

“MT-lattice-like” experimental structures. The B. taurus tubulin dimer, in compar-

ison, have a larger density corresponding to a “slightly-bent” conformation. Thus,

the PCA complements our other analyses, supporting the idea that free C. elegans

tubulin dimer is in a “primed” state in solution.

Figure 6.9: Principal component analysis of tubulin dimer simulations. (A) Con-
former plot of C. elegans simulation trajectories projected onto the principal planes
defined by B. taurus simulations, showing the two most significant PCs (PC1 and
PC2). Projections of tubulin dimers from experimental structures are labelled with
their PDBs IDs and colored as per the nucleotide state of β-tubulin (green: GDP,
orange: GMPCPP, magenta: GTP. The yellow square is projection of average-
coordinates of tubulin dimers from explicit-solvent simulations of a single microtuble
ring (Wells and Aksimentiev, 2010). (B) C. elegans and B. taurus simulation tra-
jectories projected onto PC-space defined by 127 tubulin dimers from experimental
structures. The two clusters highlighted by PCA are “MT-lattice-like” and “bent”
tubulin dimer conformations. Color according to (A) with additional GTPγS tubulin
dimers shown as blue squares. The values within brackets in the axis labels represent
the percentage of the total variance captured by the corresponding eigenvector in the
respective PCA.
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6.3.5 Sequence divergence in C. elegans tubulin

The computational and experimental data above show the unique, more dynamic

nature of C. elegans as compared to B. taurus tubulin. After obtaining the structure

of C. elegans tubulin dimer, we wanted to map the sequence changes onto our atomic

model to highlight the global and local evolutionary divergence. We applied two

similar methods to study the sequence divergence. We started with a curated Pfam

seed alignment as a reference profile for aligning C. elegans tubulin sequences (Pfam

ID PF00091 with title Tubulin/FtsZ family, GTPase domain). Our collaborators,

on the other hand, used the multiple sequence alignments to generate two groups

of position weight matrices (PWM)—one for C. elegans and the other for canonical

tubulins seperately for α- and β-tubulin sequences (see Uniprot IDs in Figures 6.2

and 6.3). The results discussed below are equivalent from both the methods, but

the figures shown here are from analysis employing PWM comparison (Figure 6.10).

In both approaches, we assigned each residue a “similarity score” by comparing C.

elegans tubulins (tba-1: Q17409, tba-2: P34690, tbb-1: O17921, and tbb-2: P52275),

with those of diverse “canonical” tubulins: H. sapiens (TBA1A: Q71U36, TBB1:

Q9H4B7), B. taurus (TBA1B: P81947, TBB2B: Q6B856), S. scrofa (TBA1A: P02550,

TBB: P02554), M. musculus (TBA1A: P68369, TBB2A: Q7TMM9), X. laevis, D.

melanogaster (TBA2: P06604, TBB1: Q24560, TBB2: P61857) and S. cerevisiae

(TUB1: P09733, TUB3: P09734, TUB2: P02557). The divergent residues were not

randomly distributed. Rather, we found clusters of divergence within the loops that

form lateral bonds, especially in the M loops and H1-S2 loops (Figure 6.10A). While

the central residues that are buried at the lateral bond interface were conserved (Y281

of β-tubulin and H281 of α-tubulin), the residues adjacent to these contact points

showed significant divergence (Figure 6.10B). This divergence in the biochemical en-

vironment surrounding lateral contacts may explain the increased dynamics of C.

elegans microtubules. Note that our analysis excluded the C-terminal tails (CTT)
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of both tubulins. The CTTs would be the most divergent, and are so even among

the isoforms of the same species (Ludueña and Banerjee, 2008). We also note that

the CTTs of C. elegans microtubules were not resolved in our collaborators’ cryo-EM

structures. Interestingly, we did not find divergence around the nucleotide binding

pockets (Figures 6.10C and D), despite the fact that C. elegans microtubules age

faster (frequent catastrophe). This result suggests that the rates of GTP hydroly-

sis and Pi release are not governed directly by the nucleotide pocket but rather by

long-range allosteric effects (Brouhard and Rice, 2018).

Figure 6.10: Sequence divergence in C. elegans tubulin. (A) C. elegans tubulin dimer
depicted in cartoon- and molecular surface representation. Residues in red are more
conserved whereas residues in blue are more divergent. Boxes indicate lateral contact
loops (H1-S2, H2-S3, and M loop). (B) Close up of lateral contact loops marked in
(A). (C) No evolutionary divergence around the nucleotide-binding pocket in α- and
β-tubulin. (D) Close up of the nucleotide-binding pockets in the electron density
map. Figure adapted from (Chaaban et al., 2018).

6.3.6 C. elegans tubulin has a lower activation energy for polymerization

The computational and experimental data shown above supports the idea that C.

elegans tubulin adopts an activated form in solution. We hypothesized that the C.
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elegans tubulin would require less energy to make it through the structural transitions

in the microtubule growth reaction. To test this, we sought to measure the activa-

tion energy (Ea or ∆G‡) for a simple model of linear polymer growth (Oosawa and

Asakura, 1975). To do so, our collaborators measured the apparent on-rate constant,

ka, as a function of temperature for both C. elegans and B. taurus microtubules (Fig-

ures 6.11A and B). For both types of microtubules, increases in temperature drive

the reaction forward, leading to faster growth and increased ka. Using these data, an

Arrhenius plot can be generated for the forward reaction, which shows how the re-

action rate constant (here, ln ka) changes with temperature (1/T , see Figure 6.11C).

In simple systems, the slope of ln ka versus 1/T directly measures the activation en-

ergy, ∆G‡), of the forward reaction (Arrhenius, 1889). We note that even though

microtubule growth is not a simple system, we can see that C. elegans tubulin has a

smaller slope than B. taurus tubulin (Figure 6.11C). That is, increases in temperature

do not drive the reaction forward as strongly for C. elegans tubulin. A smaller slope

means a smaller ∆G‡ in this model, implying C. elegans tubulin requires less energy

to enter some transition state of the growth reaction. A smaller ∆G‡ in turn requires

that the C. elegans dimer has a higher free energy in solution (Figure 6.11D). The

faster forward reaction might be due to lowering the height of the activation barrier,

or higher free energy of the dimer in solution. As shown in Figure 6.1B, the critical

concentration of C. elegans tubulin is 10× lower than that of B. taurus tubulin, im-

plying a faster transition from (templated) nucleation to elongation phase. Therefore,

the smaller ∆G‡ of the forward reaction in C. elegans comes from an increased free

energy of the dimer in solution, and the fast growth of C. elegans microtubules is

driven by an activated dimer.
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Figure 6.11: C. elegans tubulin activation energy. (A) C. elegans microtubule growth
rate as a function of tubulin concentration for multiple temperatures (17.7 ± 0.5◦C,
21.8±0.5◦C, 28.2±0.2◦C, 36.5C, respectively). (B) B. taurus microtubule growth rate
as a function of tubulin concentration for multiple temperatures (21.9±0.5◦C, 28.6◦C,
32.9±0.6◦C, 36.3C, respectively). (C) Arrhenius plot for the forward reaction showing
data for C. elegans (blue) and B. taurus (red). Apparent Ea = 8.7± 2.2 kcal·mol−1

and 23.6± 1.8 kcal·mol−1, respectively). (D) Model for the mechanistic basis of fast
growth of C. elegans tubulin. The C. elegans dimer is more active (left), which leads
to a higher free energy in solution. This higher free energy translates into a lower
activation energy for the growth reaction (middle, ∆G‡). This lower activation energy
translates into faster growth (right). Figure from (Chaaban et al., 2018).

6.4 Methods

6.4.1 Structural model preparation of tubulin dimers

Structural models of tubulin dimers from C. elegans and B. taurus were prepared

as follows for starting molecular dynamics simulations. Initial coordinates were ex-

tracted from the central dimer of GMPCPP-S. scrofa structure (PDB ID 3JAT)

(Zhang et al., 2015). Missing coordinates of α-tubulin residues 38-46 were modeled

using MODELLER v9.18 (Šali and Blundell, 1993). To change GMPCPP to GTP,
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the carbon atom linking α- and β-phosphates was changed to oxygen. Residues were

mutated, where applicable, to match sequences of B. taurus tubulin (TBA1B: P81947

and TBB2B: Q6B856) or C. elegans tubulin (tba-2: P34690 and tbb-2: P52275). A

total of 100 models were generated for each with the following options in MOD-

ELLER: variable target function method (VTFM) was set to slow with associated

conjugate gradient set to 150 iterations; MD with simulated annealing option was

set to slow; and the entire optimization process was repeated twice. The top-scoring

model was selected with discrete optimized protein energy (DOPE) score (Shen and

Sali, 2006) for loop refinement. The top-scoring model for each was selected for MD

simulations.

6.4.2 Molecular dynamics simulations of tubulin dimers

Energy minimization and molecular dynamics simulations were performed with

AMBER 14 (Case et al., 2014) and the ff99SB AMBER force field (Hornak et al.,

2006). Nucleotide parameters were obtained from (Meagher et al., 2003). Histi-

dine protonation states were assigned based on the their pKa values calculated by

PROPKA (Li et al., 2005). Starting structures were solvated in a cubic box of pre-

equilibrated TIP3P waters molecules, extending 12 Å in each dimension from the

surface of the solute. Sodium ions (Na+) were added to neutralize the systems, fol-

lowed by addition of sodium and chloride (Cl−) ions to bring the ionic strength to

0.050 M. Energy minimization was performed in four stages, with each stage con-

sisting of 500 steps of steepest descent followed by 4000 steps of conjugate gradient.

First, minimization of solvent was performed by keeping positions of protein and

nucleotides fixed. Second, side-chains and nucleotides were relaxed keeping the back-

bone positions fixed. Third, protein and nucleotide atoms were relaxed while keep-

ing the solvent atoms fixed. Fourth, a last minimization stage was performed with

no restraints. The system was gradually heated to 300 K over 25 ps of simulation
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time in constant-volume (NVT) and periodic boundary conditions (PBC), with re-

straint of 20 kcal/mol/Å2 on backbone atoms. Constant-temperature (T = 300 K) and

constant-pressure (p = 1 bar) (NpT) equilibration was then performed in six stages.

First, a 400 ps NpT equilibration was performed with restraint of 20 kcal/mol/Å2

on backbone atoms. Further stages involved gradually reducing restraints of 20, 10,

5, and 1 kcal/mol/Å2 on α carbons over 5 ns each. A final NpT equilibration was

carried out without any restraint for 5 ns. Subsequent production phase molecular

dynamics simulations were then performed under NpT and PBC with random velocity

assignments for each run. Particle-mesh Ewald summation was adopted for treating

long-range electrostatics. A 12 Å cutoff for energy minimization, and a 10 Å cutoff for

molecular dynamics simulations was used to truncate non-bonded interactions. A 2 fs

time-step was adopted for all molecular dynamics simulations. Hydrogen atoms were

constrained using the SHAKE algorithm. All simulations were performed in-house

on NVIDIA GPU cards with the GPU version of PMEMD (pmemd.cuda). Molecu-

lar dynamics simulations were started from equilibrated structures with at least four

independent runs of 200 ns each. Trajectory analyses were carried out in R using the

Bio3D v2.3-3 package (Skjærven et al., 2014).

6.4.3 Secondary structure from MD simulations

The frequency of secondary stucture formation for both C. elegans and B. taurus

tubulin dimers were obtained from MD simulations. Equally spaced conformations,

1 ns apart, were extracted as frames from each simulation replicate for each system.

This was done to ensure independent sampling for further calculations. Secondary

structure annotations were then obtained using DSSP (Kabsch and Sander , 1983).

The conventional α helix, 310 helix, and π helix were considered as one group of

helices. Finally, the frequency of secondary structure formation was then obtained by

averaging and normalizing by number of frames in each system. See Figure 6.4 and
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Figure 6.5A for the output.

For rest of the methods pertaining to experimental results, please see our publi-

cation (Chaaban et al., 2018).

6.5 Discussion and Conclusion

In vitro reconstitution assays showcase the highly dynamic nature of C. elegans

microtubules (MTs) (fast growth coupled with frequent catastrophe events). Sequence

analysis of C. elegans and canonical tubulin sequences highlight sequence divergence

around lateral contact loops (Figure 6.10) leading us to hypothesize their role in

different MT dynamics when compared to B. taurus tubulin. Indeed, MD simlua-

tions show secondary structure formation in lateral contact loop H1-S2 (Figure 6.5),

which is unstructured (and hence, unresolved) in structures of mammalian MTs (Fig-

ure 6.7C-E). CryoEM imaging confirmed additional density and structuring of this

H1-S2 loop (Figure 6.7A), in addition to observation that the same loop is also struc-

tured in MTs from S. cerevisiae (Figure 6.7B) which also display higher on-rates

(Geyer et al., 2015; Howes et al., 2017).

Temperature-dependent reconsitution assays carried out by our collaborators show

that the C. elegans dimer has a higher free energy in solution. In terms of ener-

getics, the longitudinal bond energy between tubulin subunits in lattice ranges be-

tween −16 ∼ −25kT , while the lateral bond energies are estimated to be between

−4kT ∼ −12kT (VanBuren et al., 2002, 2005; Gardner et al., 2011; Castle and Odde,

2013; Kononova et al., 2014). Entropically, both these lateral- and longitudinal-

interactions would release water molecules (solvation shell) from the incoming tubulin

heterodimer Both our collarborator’s experiments and prior studies (Fygenson et al.,

1994) have shown that the MT the growth rate increases with temperature, that

is, MT growth is entropically driven. Our MD simulation studies and temperature-

dependent reconstitution assays, comparing C. elegans tubulin to canonical mam-
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malian tubulin, indicates that the “pre-ordering” of later contact loops in C. elegans

reduces the entropic penalty for constraining the dimer and its disordered loops into

the lattice (Figures 6.5, 6.8, and 6.11). Thus, we show that the faster growth rates of

C. elegans can be explained by an activated dimers, with pre-ordering of later con-

tact loops as a possible rate-limiting step in MT growth. We note that in our studies,

we did not consider the divergent C-terminal tails (CTTs) in our MD simulations.

Whether the CTTs have a dynamical role in C. elegans MT polymerization, or their

role is simply related to the tubulin code (Verhey and Gaertig, 2007; Janke, 2014; Yu

et al., 2015; Sirajuddin et al., 2014), remains to be uncovered.
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CHAPTER VII

Dynamics of Tubulin Heterodimer

7.1 Abstract

Microtubules are dynamic biopolymers composed of stacks of structurally homolo-

gous α- and β-tubulin heterodimers, cylindrically arranged in about 10 to 16 protofil-

aments. They play a crucial role in the cytoskeleton of the cell, providing structural

support as well as facilitating cellular transport via molecular motors, beating of cilia

and flagella, and separation of chromosomes during the cell cycle. Microtubule (MT)

polymerization is central to their biological functions. However, the question—why

does GTP-tubulin polymerize?—remains a fundamental one in the MT field. With

the advent of CryoEM resolution evolution, a large number of structures of micro-

tubules from divergent sources, polymerized under various conditions and with dif-

ferent protein binding partners are now becoming accessible. Coupled with existing

large number of X-ray crystal structures, a detailed study of the inter-conformer rela-

tionships of microtubule and tubulin dimer structures is now possible. In this chapter,

I briefly discuss our efforts in characterizing the conformational dynamics of tubulin

heterodimer using principal component analysis and molecular dynamics simulations.
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7.2 Introduction

In this chapter, I will mention some highlights of our work in characterizing the

conformational dynamics of tubulin heterodimers. Most of the work done in this area

in the laboratory has been in the form of prelimiary analysis for grant support, and

for setting up a framework for comparing future work, such as dynamics of tubulin

heterodimer under posttranslational modifications, interactions of carboxy-terminal

tails with the tubulin dimer, and effect of disease-associated mutations such as those

encountered in tubulinopathies (Bahi-Buisson et al., 2014).

Microtubules (MT) play a crucial role in the cytoskeleton of the cell, with mi-

crotubule polymerization forming the basis to their biological function. However, we

still do not fully understand what gives rise to the varying rates of MT polymeriza-

tion, both in vivo and in vitro. Tubulin subunits, α- and β-tubulin, are one of the

most conserved family of proteins. One of the lowest α-tubulin homology (∼ 62%)

is between a very divergent Drosophila α-tubulin and an α-tubulin from the yeast S.

cerevisiae, and one of the lowest β-tubulin homology (∼ 63%) is between a yeast (S.

cerevisiae) β-tubulin and a mouse β-tubulin (Little and Seehaus, 1988). In contrast,

some mammalian tubulins are almost identical. While we have shed light on mecha-

nisms behind different MT polymerizaton rates of nematode and mammalian tubulin

(nematode MTs polymerize three times as fast as mammalian tubulin even though

the tubulin subunits share ∼ 88% sequence identity, see Chapter VI), we still do not

fully understand how subtle changes in sequence give rise to considerably different

MT dynamics. Understanding the intrinsic dynamics of tubulin heterodimers, the

basic building blocks of MTs, is the first step in answering such questions. Here, I

will briefly mention efforts in understanding some of the intrinsic dynamics of mam-

malian tubulin heterodimer as the prototypical tubulin dimer. We combine principal

component analysis of experimentally available structures, molecular dynamics sim-

ulations, and subsequent analyses to better understand the intrinsic dynamics of
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tubulin heterodimer.

7.3 Results

7.3.1 Principal component analysis of experimental structures

In total, 127 tubulin dimers, mostly from mammalian sources, were extracted

from experimentally available strucutures from RCSB protein data bank (Berman

et al., 2002). For pre-processing and list of structures selected, see Methods and

Appendix E, Table E.1. Principal component analysis (PCA) was used to examine

the major conformational differences between the structures of tubulin dimers. ∼ 79%

of the variance in atomic positional displacements was captured by the first principal

component (PC1), with PC2 accounting for ∼ 5% of the variance. The first two

PCs, hence, provide an informative description of the conformational space spanned

by structures of tubulin dimers and that of dimers within a microtubule lattice.

The original 127 structures of tubulin dimers were then projected onto the first two

PCs (PC1 and PC2) to provide a low dimensional representation, hightlighting the

differences between the structures (Figure 7.1A).

The major feature described by the PC1 is the concerted displacement of N-

terminal and intermediate domains (I-domain), akin to “breathing” motion of the

tubulin heterodimer. The N- and I-terminal domains comprise of GTP-binding el-

ements and lateral contact loop H1-S2, and taxol-binding and lateral contact loop

M-loop (Nogales et al., 1998; Löwe et al., 2001), respectively. The helix β-H10 and

strand β-S9 also form intra-dimer contacts with the α-tubulin. The PCA maximizes

the separation along this linear coordinate, separating the 127 tubulin structures used

into: 1) a “bent” conformation, comprising primarily of X-ray structures of 1-2 tubu-

lin heterodimers in association with MAPs such as stathmins, tubulin-tyrosine ligase

(TTL), and DARPins; and 2) “MT lattice-like” conformation, comprising primarily
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Figure 7.1: Principal component analysis of tubulin dimers. (A) Projection of ex-
perimental structures of tubulin dimers on first two, most significant PCs (PC1 and
PC2). Structures are colored by the nucleotide state of β-tubulin, GDP (green), GTP
(red), GMPCPP (orange), GTPγS (blue). Dashed ovals present groups of structures
with the same microtubule associated protein(s) (MAPs), indicated by arrow and ac-
companying text. Two major groupings obtained from the PCA are marked as “bent”
and “MT lattice-like”. Percentage of total variance captured by corresponding PC is
marked along the axes. (B) Interpolation between the most dissimilar structures in
the distribution along PC1, colored red for “straight” and blue for “bent” structures,
capturing a “breathing” motion of the tubulin dimer. Inset, cartoon representation
of tubulin dimer as a reference orientation for PC1 trajectory shown in (B).

of CryoEM and electron crystallography structures of microtubules or zinc-stabilized

tubulin sheets. We note that the conformational clustering obtained from PCA does

not coincide with the nucleotide state of β-tubulin. A separate PCA analysis of mi-

crotubule structures in different nucleotide states may reveal differences in nucleotide-

associated conformational differences, such as a lattice compaction induced by GTP

hydrolysis (Alushin et al., 2014; Zhang et al., 2015). The current PCA highlights dif-

ferences in the intra-dimer bend of the tubulin dimer, and provides a conformational

map for comparing differences impacting the intrinsic dynamics of the tubulin het-

erodimer, such as nucleotide states (Gebremichael et al., 2008; Grafmüller and Voth,
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2011; Grafmüller et al., 2013; Igaev and Grubmüller , 2018) and sequence divergence

(Chapter VI) (Chaaban et al., 2018).

7.3.2 Nucleotide-dependent conformational sampling

Replicate MD simulations of GDP-bound (GDP-tubulin) and GTP-bound (GTP-

tubulin) tubulin heterodimers were performed, for a total of 3.6µs and 2.7µs respec-

tively, to characterize their intrinsic dynamics (see Methods). Projection of the simu-

lation trajectories onto the PCs determined from analysis of experimental structures

(Figure 7.1) was used to evaluate the conformational space sampled (Figure 7.2). Sim-

ulations of both the GDP- and GTP-tubulin were initiated from a relatively “straight”

conformation (see Methods). However, it is apparent from these projections that each

set of simulations also sampled a slightly bent conformation, and also overlap in the

conformational space sampled. While the GTP-tubulin sampled two distinct regions:

one near the MT lattice-like straight conformation and another bent conformation,

the GDP-tubulin was restricted in its sampling near the MT lattice-like starting con-

formation. A recent study by (Igaev and Grubmüller , 2018) showed similar results,

with GDP-tubulin more confined in its sampling. This study also estimated the free

energy of dimer kinking (∆Gkink) stored in GTP- and GDP-tubulin, estimating these

to be ∼ 2.0 kT for GTP-tubulin, and ∼ 6.6 kT for GDP-tubulin, suggesting that it

costs less free energy for GTP-tubulin to adopt the straight MT conformation (Igaev

and Grubmüller , 2018).

Additional sets of MD simulations of the nucleotide-free state of the β-tubulin

(apo) were also carried out for a total of 1.5µs. Starting structure for MD simulations

of the apo-state was obtained by first removing the GDP and Mg2+ ion from the E-site

of β-tubulin in the equilibrated structure from GDP-tubulin simulations. Projection

of apo-state trajectories reveal a restricted sampling around the starting conformation

(Figure 7.2B). Although the free energy of kinking stored in apo-tubulin is not known,
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Figure 7.2: Analysis of MD simulations of tubulin dimers. Projection of trajectories
from MD simulations from (A) GDP- and GTP-tubulin, and (B) apo-tubulin onto
the first two PCs (PC1 and PC2) defined by experimental structures (see Figure 7.1).
Projections shown are contours and colored according to β-tubulin nucleotide state,
GDP (blue), GTP (red), apo (green). Experimental structures annotated as in Fig-
ure 7.1.

we can hypothesize it to be even larger than that of GDP- and GTP-tubulin (Igaev

and Grubmüller , 2018).

7.3.3 Tubulin intra-dimer bend angles

The tubulin intra-dimer rotation has been extensively studied before, both in

terms of free-energy associated with intra-dimer rotation (Peng et al., 2014), and

nucleotide-dependent intra-dimer bend (Gebremichael et al., 2008; Grafmüller et al.,

2013) and twist (Grafmüller and Voth, 2011). A recent study has estimated a high

free energy barrier of ∼ 8.6 kT between the two most common intra-dimer motions

observed—bending orthagonal to the MT wall (splay), and twisting of β-tubulin

relative to the α-tubulin subunit (twist)—in GTP-tubulin (Igaev and Grubmüller ,

2018). However, the study did not report the range and distribution of the bend

and twist angles. Our approach to calculating these angles was slightly different than
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those applied previously (which used least squares fit between tubulin domains or

those between the core helix H7 (Peng et al., 2014)). For a given tubulin dimer,

we first aligned the α-subunit along the MT wall. Then, the β-subunit was aligned

onto the α-subunit using the Kabsch algorithm (Kabsch, 1978), using equilivalent

Cα residues used in the PCA discussed previously (see Figure 7.3A-D). The rotation

matrix of this routine was extracted using the Bio3D v2.3-3 package (Skjærven et al.,

2014). This rotation matrix was further decomposed into corresponding Euler angles

(Arfken, 1985). The rotation angles of selected structures, along with comparison to

angles reported in (Peng et al., 2014) are listed in Table 7.1. The reference orientations

of the decomposed angles, Rx, Ry, and Rz, are shown in Figure 7.3E. We note that

the spurious high values of rotation reported for PDB ID 4EB6 (dimer chains A,B

and C,D) by (Peng et al., 2014) in Table 7.1 are due to partial unfolding of core helix

H7, which is used for measuring the intra-dimer rotation in their study.

Table 7.1: Tubulin intra-dimer bend angles. Intra-dimer bend angles, calculated from
rotation matrix component of fitting β-subunit onto α-subunit of the same dimer are
reported in degrees (◦). PDB IDs, the respective chain IDs of the tubulin dimer, and
associated MAP(s) are listed.

PDB ID Chains Nucleotide PPI Angle (◦) Rx(◦) Ry(◦) Rz(◦) Brouhard &
Rice, 2014

Peng et al.,
2014

1TVK A,B GDP − 0.85 0.8 0.19 0.22 − 1.9
4I4T A,B GDP Stathmin,

TTL
9.71 2.79 2.41 8.92 − 10.5

4I4T C,D GDP Stathmin,
TTL

8.93 3.31 3.54 7.4 − 5.8

4IHJ A,B GDP Stathmin,
TTL

9.46 2.68 2.77 8.58 − 9.7

4IHJ C,D GDP Stathmin,
TTL

8.74 3.33 3.42 7.23 − 6.1

4I55 A,B GDP Stathmin,
TTL

9.57 3.04 2.81 8.55 − 9.7

4I55 C,D GDP Stathmin,
TTL

9.01 3.62 3.53 7.36 − 6.1

3RYC A,B GDP Stathmin 10.14 1.37 8.15 5.99 − 6.9
3RYC C,D GTP Stathmin 12.02 2.46 7.18 9.48 − 6.2
4DRX A,B GTP DARPin 11.36 8.28 7.57 1.37 11 6.8
4DRX C,D GTP DARPin 11.95 9.16 7.58 0.73 − 6.8
4FFB A,B GTP TOG 12.76 6.44 10.72 2.04 13 −
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PDB ID Chains Nucleotide PPI Angle (◦) Rx(◦) Ry(◦) Rz(◦) Brouhard &
Rice,
2014

Peng et al.,
2014

4I50 A,B GDP Stathmin,
TTL

9.5 2.55 2.79 8.66 − 10

4I50 C,D GDP Stathmin,
TTL

8.72 3.47 3.59 7.04 − 6.1

3RYI A,B GDP Stathmin 10.2 1.33 8.36 5.79 − 11.7
3RYI C,D GDP Stathmin 12.55 2.69 7.46 9.91 − 6.3
3RYF A,B GTP Stathmin 9.96 0.99 7.98 5.94 − 10.6
3RYF C,D GTP Stathmin 12.28 2.13 7.59 9.56 − 6.1
3UT5 A,B GDP Stathmin,

Vinca
10.96 0.38 9.69 5.13 − 7.7

3UT5 C,D GDP Stathmin,
Vinca

11.14 1.64 6.19 9.21 − 7.7

3RYH A,B GMPCPP Stathmin 9.68 0.45 7.78 5.77 9.5 10.3
3RYH C,D GMPCPP Stathmin 12.45 1.93 7.32 10.02 − 6.3
4EB6 A,B GDP Stathmin 10 1.57 8.83 4.54 − 20.4
4EB6 C,D GDP Stathmin 11.44 2.6 6.68 9.07 − 31.7
1SA0 A,B GDP Stathmin 12.5 4.84 9.25 7.3 13 12
1SA0 C,D GDP Stathmin 11.04 2.42 8.81 6.38 − 9.2
3HKB A,B GDP Stathmin 12.67 5.53 8.82 7.66 − 7.7
3HKB C,D GDP Stathmin 11.11 3.1 8.17 7.09 − 16.5
1SA1 A,B GDP Stathmin 11.58 3.64 8.32 7.46 − 12.1
1SA1 C,D GDP Stathmin 10.95 1.66 8.62 6.68 − 4.8

7.3.4 Interaction of tubulin C-terminal tails

Another dynamical aspect of the tubulin heterodimer we wanted to investigate

was the interaction of the tubulin C-terminal tails (CTTs) with the globular core

domains. CTTs are highly acidic stretches of 9–25 residues, overrepresented by gluta-

mate residues. Their highly flexible nature has kept them elusive to structure deter-

mination through crystallography or CryoEM. Most MD simulations-based studies

have excluded the CTTs in modeling. Previous studies have described the interactions

of CTTs with the tubulin dimer using MD simulations (Luchko et al., 2008; Freed-

man et al., 2011), however, these studies were limited in the time-scales achieved in

their simulations (∼ 5ns). Here, we modelled CTTs from Bovine tubulin (α-tubulin:

TBA1B, P81947 and β-tubulin: TBB2B, Q6B856) as extended stretches orthagonal
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Figure 7.3: Measuring tubulin intra-dimer angles. (A-D) Steps for aligning and
fitting tubulin dimer subunits, followed by measuring rotation angles using the Kabsch
algorithm (Kabsch, 1978). Center of mass (COM) of each subunit shown in orange,
with equivalent Cα atoms used for superposition shown as mini-spheres. α-subunit
in green, β-subunit in yellow. (B) Orientation of tubulin dimer, shown in cartoon
and surface representations, relative to the MT wall, in reference to angles listed in
Table 7.1. Tubulin subunits colored as per (A).

to the MT wall-forming helices H11 and H12 of the tubulin heterodimer. MD simu-

lations were carried as described for other systems (Methods), for a total of 2.75µs in

GDP-state (GDP-CTT), 1.5µs in GTP-state (GTP-CTT), and 1µs for detyrosinated

tubulin in GDP-state (tyrosine 451 of α-tubulin was removed, GDP-deTyr).

Although CTTs are disordered in structural studies, we observe transient forma-
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tion of secondary structure elements in our long-timscale MD simulations (Figure 7.4).

We also characterized the intra- and inter-subunit contacts of the CTTs in each state.

Custom Tcl scripts in VMD (Humphrey et al., 1996) were used to calculate contact

frequencies of residues for each state, with a residue-residue contact defined as any

heavy-atoms within 5Å of each other. The CTTs in GDP-CTT simulations primarily

formed intra-subunit contacts with positively charged residues (Figure 7.5A and B).

Furthermore, residues V440-E443 of α-CTT in the GDP state also interacted with

loop H10-S9 of α-tubulin as a β strand. Loop H10-S9 and the adjacent helix H10

of the α-tubulin are the inter-dimer interface, interacting longitudinally with the β-

tubulin of the next dimer in the protofilament. CTT interactions with this region

could act as a transient steric block in the incoming tubulin dimer during polymeriza-

tion. The wildtype CTT (WT-CTT) in GTP-CTT and deTyr-CTT in GDP-deTyr

also interact with loop H10-S9 and helix H10, however, not as a β strand (Figure 7.4B

and C). Interestingly, the β-CTT in GTP state makes extensive contacts with helices

H11 and H12 from both the tubulin subunits (Figure 7.5D), suggesting possibility of

nucleotide-dependent dynamics of the β-CTT. However, we note that even at these

timescale (microsecond), the complete conformational sampling and interactions of

CTTs are not covered, possibily due to kinetic trapping because of the highly charged

nature of the CTTs and their ability form strong ionic interactions with charged

residues on the surface of tubulin subunits (Debiec et al., 2014).

7.4 Methods

7.4.1 Principal component analysis

A set of 350 experimental structures were obtained from the RCSB Protein Data

Bank (Berman et al., 2002) after a HMMER search (Eddy, 2011) of sequences (α-

tubulin: TBA1B, P81947 and β-tubulin: TBB2B, Q6B856) against the PDB database
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Figure 7.4: Secondary structure formation in tubulin CTTs. Secondary structure for-
mation in CTTs for (A) GDP-state, (B) GTP-state, and (C) deTyrosinated CTT in
GDP-state. Formation of secondary structure elements was determined with DSSP
(Kabsch and Sander , 1983), with atleast two consecutive residues considered for form-
ing a β strand, and atleast three consecutive residues for a helix. Data shown as
normalized frequency of secondary structure element formation, with helix shown in
blue, and sheet in green.

using Bio3D-web (Skjærven et al., 2016; Jariwala et al., 2017). A final set of 127 crys-

tallographic and cryo-EM structures was obtained after selecting unique dimers from

structures with resolution better than 5Å (See Appendix E, Table E.1). Principal

component analysis (PCA) is a dimensionality reduction technique involving orthog-

onal transformation of the original data into a set of linearly uncorrelated variables

termed principal components. Briefly, PCA involves diagonalization of the covariance

matrix C, whose elements Cij are calculated from the Cartesian coordinates of Cα
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Figure 7.5: Interactions of CTTs with tubulin dimer. Contact frequency of CTT-
tubulin dimer residue contacts, shown as normalized frequency in a blue-green-red
scale, red implying a residue within the tubulin dimer is in contact with at least one
CTT residue. Contact frequency shown for (A) α-CTT in GDP-state, (B) β-CTT
in GDP-state, (C) α-CTT in GTP-state, and (D) β-CTT in GTP-state. Nucleotides
hidden for clarity since CTTs did not contact the nucleotides in either subunits in
GDP- or GTP-states.

atoms, r, after superposition:

Cij = 〈(ri − 〈ri〉) · (rj − 〈rj〉)〉 (7.1)
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where i and j represent all pairs of 3N coordinates. The eigenvectors, or principal

components (PCs), of the covariance matrix form a linear basis set of the distribu-

tion of structures. The variance of the distribution along each eigenvector is given

by the corresponding eigenvalue. Projecting structures onto a sub-space defined by

principal components with the largest variance (largest eigenvalues) provides a lower

dimensional representation of the structure dataset.

PCA was performed on 425 equivalent, non-gap Cα atoms from each of the dimers

after superposition (Figure 7.1). Trajectories from MD simulations were projected on

to the PCA space defined by the first two PCA eigenvectors to allow comparison

of the conformational space spanned by the simulations and the available tubulin

structures (Figure 7.1).

7.4.2 Models of tubulin dimers for MD simulations

GDP-tubulin

Initial coordinates of tubulin dimer were taken from PDB 1JFF (Löwe et al.,

2001) after removing bound Taxol molecule. Missing coordinates of residues α:35-60

were modeled using MODELLER v9.18 (Šali and Blundell, 1993) using PDB 1TUB

(Nogales et al., 1998) as template. Residues were mutated, where applicable, to

match sequences from UniProt (α-tubulin: TBA1B, P81947 and β-tubulin: TBB2B,

Q6B856). A final model was selected from 100 models after loop refinement and

evaluation with DOPE score. A Mg2+ ion was added to the GDP-bound β-tubulin

in the final model.

GTP-tubulin

Initial coordinates of tubulin dimer were taken from the central dimer of GMPCPP-

bound structure (PDB 3JAT). Missing coordinates of residues α:38-46 were modeled

using MODELLER v9.18 (Šali and Blundell, 1993). The carbon atom linking α- and
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β-phosphates was changed to oxygen. Residues were mutated, where applicable, to

match sequences from UniProt (α-tubulin: TBA1B, P81947 and β-tubulin: TBB2B,

Q6B856). A total of 100 models were generated with the following options in MOD-

ELLER: variable target function method (VTFM) was set to slow with associated

conjugate gradient set to 150 iterations; MD with simulated annealing option was

set to slow; and the entire optimization process was repeated twice. The top-scoring

model was selected with discrete optimized protein energy (DOPE) score (Shen and

Sali, 2006) for loop refinement. The top-scoring model was selected for MD simula-

tions.

7.4.3 Molecular dynamics simulations

Energy minimization and molecular dynamics (MD) simulations were performed

with AMBER 18 (Case, 2018) and the ff99SB AMBER force field (Hornak et al.,

2006). Nucleotide parameters were obtained from (Meagher et al., 2003). Histi-

dine protonation states were assigned based on the their pKa values calculated by

PROPKA (Li et al., 2005). The simulation setup and procedures were adopted as de-

scribed previously (see Methods section in Chapter VI). MD simulations were started

from equilibrated structures with at least four independent runs of at least 500 ns

each. All simulations were performed in-house on NVIDIA GPU cards with the GPU

version of PMEMD (pmemd.cuda). We thank NVIDIA for their gift of GPU card

through their Academic GPU seed grant. Trajectory analyses were carried out in R

using the Bio3D v2.3-3 package (Skjærven et al., 2014).

7.5 Discussion and Conclusion

We have combined principal component analysis (PCA) of experimentally avail-

able structures, molecular modeling, and molecular dynamics (MD) simulations to set

up a conformational map for further investigations into the dynamics of tubulin het-
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erodimer. The PCA describes inter-conformer relationships of available experimen-

tally determined structures of tubulin dimer. This conformational space (PC-space)

describes the relationship between straight “MT lattice-like” and bent conformations

of tubulin dimers (Figure 7.1). We note that the conformational clustering obtained

from PCA do not coincide with the nucleotide state of β-tubulin, similar to obser-

vations in myosin (Grant et al., 2010), kinesin (Scarabelli and Grant, 2013), and

F1ATPase (Okazaki and Takada, 2011). Structures selected for PCA include both

free dimers and dimer-of-dimers in association with large MAP domains, as well as

microtubules in mixed nucleotide states (GDP, GMPCPP, and GTPγS). The con-

formational variability in this structure-set is dominated by the “intra-dimer” bend,

as captured by the first principal component (PC1). A separate PCA study of only

microtubule structures may reveal the nucleotide state-associated conformation dif-

ferences, such as the MT lattice compaction upon hydrolysis (Alushin et al., 2014;

Zhang et al., 2015). With the increasing availablility of structures of microtubules and

tubulin dimers of higher orders from different organisms, isoforms of same species,

with different binding partners and in different nucleotide states, a thoughrough in-

vestigation into structural relationships within protofilaments is also warranted.

When comparing the intrinsic dynamics of the free tubulin heterodimers in so-

lution, we observe that tubulin heterodimer in both GDP- and GTP-states sample

overlapping conformations. Projection of trajectories of GTP- and GDP-state tubu-

lin dimer highlights the higher conformational variability of GTP-tubulin, with the

GDP-tubulin restricted in its sampling (Figure 7.2A). This result has been recapic-

ulated in other work and extended to describe a lower free energy of kinking for

GTP-tubulin (∆GGTP
kink ∼ 2.0 kT versus ∆GGDP

kink ∼ 6.6 kT ), suggesting that it costs

less free energy for GTP-tubulin to adopt the straight MT conformation (Igaev and

Grubmüller , 2018). Further investigations, however, are required in characterizing

the intra-dimer rotation and twist angles along the first two principal components
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(PC1 and PC2). Our approach of decomposing angles obtained from the rotation

matrix of superimposing the β-subunit onto the α-subunit (Table 7.1 and Figure 7.3)

do not form a one-to-one correspondence with PC1 and PC2 of the unsupervised

PCA.

Finally, we have also combined molecular modeling and MD simulations to de-

scribe interactions of the highly acidic C-terminal tails (CTTs) with the tubulin dimer.

While the α-CTT, in both wildtype (WT) and detyrosinated (∆Y451) α-tubulin,

forms comparable interactions in GDP- and GTP- states, there are differences in the

frequency of secondary structures adopted (Figure 7.4). Of note are the interactions

of α-CTT with loop S9-H10 of the α-subunit (Figure 7.5), which along with helix

H10, longitudinally contacts the β-subunit of the neighbouring dimer. There are also

differences in the interactions of β-CTT in GDP- and GTP-state. While β-CTT

in GDP-state primarily contacts charged residues in intermediate- and C-terminal

domain of the same β-subunit, β-CTT in the GTP-state forms extensive interac-

tions with helices H11 and H12 in both the tubulin subunits, suggesting nucleotide-

dependent differences in interactions of the β-CTT (Figure 7.5B and D). In summary,

characterizing the intrinsic dynamics of tubulin dimer with CTTs as well as the inter-

actions of the CTTs with the tubulin dimer will help provide a deeper understanding

of the “tubulin code” (Janke, 2014; Yu et al., 2015; Sirajuddin et al., 2014), and their

functional significance in cells.
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CHAPTER VIII

Concluding Remarks and Future Directions

8.0.1 Open science considerations

In Chapter II, I discussed the development of Bio3D-web, an online application for

analyzing the sequence, structure and conformational heterogeneity of protein fam-

ilies (Skjærven et al., 2016; Jariwala et al., 2017). A wide variety of bioinformatics

tools and online servers are already available for exploring biomolecular structures,

performing pairwise structural alignment, and biophysics based tools including var-

ious normal mode analysis servers (Eyal et al., 2015; Suhre and Sanejouand, 2004;

Tiwari et al., 2014). However, detailed quantitative analysis of protein dynamics

require the use of local tools, often requiring computational expertise and hence, ac-

cessible only to expert users with relevant programming skills. For example, Bio3D,

a package extensively used throughout this dissertation requires knowledge of R,

Maven requires Matlab (Zimmermann et al., 2011), and ProDy (Bakan et al., 2011)

requires knowledge of Python. Furthermore, many tools, while free to use and ac-

cessbile online as webservers, do not have their source-code available. This limits

their usage to use cases designed by their author(s), and prevents researchers from

modifying the tools and incorporating them in their local analyses pipelines. To

this end, we developed Bio3D-web, a web application that implements a complete

workflow for user customized investigation of protein sequence-structure-dynamic
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relationships. Bio3D-web requires no programming knowledge and thus decreases

the entry barrier to performing advanced comparative sequence, structure and dy-

namics analysis. An online, free to use, and interactive server is made available

at http://bio3d.ucsd.edu/pca-app. Furthermore, we have made the source-code

available under GPLv2 license for modification, or for incorporating in local analyses

pipelines at http://bitbucket.org/Grantlab/bio3d. The accessbile, interactive,

and reproducible feature of my application has not only helped researchers, it is also

used for classroom teaching and workshops—for example by Dr. Patrick Fleming at

the Biophysics Department at Johns Hopkins University for teaching undergraduate

courses. We hope that researchers continue to make their tools freely accessible since

code-sharing and open-source licensing are essential for continued progress in this

domain.

8.0.2 Improving ensemble distance difference analysis

Analysis of residue-residue distances have been used for studying functional dy-

namics of biomolecules, both in form of distances matrices (Elber and Karplus, 1987)

and in terms of changes in residue contact maps generated from such distance matri-

ces (Doshi et al., 2016). Instead of averaging residue-residue differences or converting

them into contact maps (adjacency matrices) by use of a cutoff, we modify long-

range distances before comparison between systems by applying a smooth function.

The significance of residue-residue distance differences was then evaluated with the

Wilcoxon test (see Chapters III, IV, and V). We note, however, that this approach of

potentially identifying allosteric residues, or highlighting residues critical for protein

function, can be further improved. Firstly, the Wilcoxon test can compare only two

groups (such as wildtype versus a mutant state of a protein). A Kruskal-Willis test,

another non-parametric test, can first be applied for comparing multiple states, as

it can accomodate more than two groups (Kruskal and Wallis, 1952; Kruskal, 1952).
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Once we know that there is a significant difference between groups, further post hoc

tests can be applied to find wich pairs of groups are different. Furthermore, cor-

rections for multiple testing are also necessary for simultaneous tests (Kutner et al.,

2005), as is the case when comparing residue-residue distance differences of proteins.

This can be achieved by application of Bonferroni correction, or by controlling the

false discovery rate (Benjamini and Hochberg, 1995).

8.0.3 Combining computational predictions with experiments, or: How I

learned to stop worrying and love kinesin motors

In Chapter III, Chapter IV, and Chapter V, I analyze the dynamics of three rep-

resentative families of kinesin motor proteins. I identify residues critical for force

production in kinesin-1, and characterize the effects of a posttranslational modifi-

cation (PTM) and of disease-associated variants on kinesin-5 and kinesin-3 motors,

respectively. In all three studies, the predictions made from computational analyses

were directly transferable to experiments in vitro. In all three studies, however, the

results under physiological conditions were unexpected. In the case of kinesin-5 mi-

totic motor Eg5, acetylation of a lysine residue disrupts a salt bridge between K146

(helix α2) and D91 (helix α1). Simulation studies of both acetylated K146 (K146Ac)

and acetylcated mimetic mutation (K146Q) predicted that the disruption of this ionic

bond increases the allosteric coupling between neck linker (NL), a critical element in

kinesin force production, and the ATP binding/hydrolyzing active site. The predicted

enhanced interactions within the active site led us to predict enahnced motility prop-

erties of Eg5 motors carrying the K146Q mimetic mutation. Single-molecule motility

assays confirmed this prediction, with mutant motors behaving more akin to faster

and more processive kinesin-1 motors (Chapter III). However, cell-based assays clar-

ified the effect of this acetylation mimetic mutation. Enhanced coupling between

NL and the active site made the mutant motors more resistant to detachment from
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microtubules (MT) and increased their propensity to stall. Teams of modified Eg5

expressed in cells acted like a “brake”, slowing spindle pole separation in mitotically

active cells (Muretta et al., 2018). In the case of kinesin-1 neuronal transport motor

KIF5C, I identified residues critical for cover neck bundle formation and NL dock-

ing; assistive mechanisms for force production in kinesin motors. Analysis of MD

trajectories of kinesin motor domains carrying mutantations at these critical sites re-

vealed an allosteric effect on the active site. Both the mutant systems—N334A (NL

latch-disrupting) and A5G/S8G/N334A (CNB- and NL-latch-disrupting)—showed

enhanced residue-residue interactions within the active site, which led us to predict

an enhancement of their motility properties. Single-molecule motility assays under un-

loaded conditions supported these predictions, with mutant kinesin motors exhibiting

faster velocity, longer run lengths, and enhanced MT-binding. Force measurements

with optical trapping experiments and cell-based transport assays, however, revealed

that these mutant motors were severely crippled in their ability to generate force

and to transport high-load cargo in cells (Chapter IV) (Budaitis et al., 2019, in final

revision at eLife). Finally, in Chapter V, I study the dynamical effects of disease-

associated variants and mutations in the “superprocessive” motor kinesin-3. In my

analyses, an autosomal dominant mutation associated with neurological disorders,

V8M in strand β1, is predicted to impair ATPase activity of the kinesin motor do-

main. Motility assays support this hypothesis, showing that mutant KIF1A motors

are slower and undergo more non-processive and diffuse events than wildtype (WT)

motors (Chapter V). However, a recent manuscript on bioRxiv reports opposite ef-

fects of this mutation: they observed higher velocity and on-rates for KIF1A and C.

elegans homolog unc-104 mutant motors (Chiba et al., 2019). We note that our com-

putational and experimental setup utilized a truncated version of the KIF1A motor

lacking the tail domain, whereas (Chiba et al., 2019) utilized full-length proteins in

their study. The use of full-length kinesin introduces an additional variable of au-
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toinhibition and autoregulation. All the examples listed above highlight the need for

a combination of studies, including single-molecule experiments, force-measurements

with optical trapping, and cell-based dispersion assays in characterizing effects of mu-

tations or PTMs on motor function. Furthermore, a rigorous assessment of enzymes

involved in PTMs are critical, since a considerable portion of experiments studying

PTMs make use of PTM-mimetic mutations, which may not fully capture the size,

charge distribution or dynamics of a PTM (Barber and Rinehart, 2018).

8.0.3.1 Dynamics of tubulin oligomers

In Chapter VI, we analyzed the highly dynamic C. elegans tubulin using sequence

comparison, flexibility analysis, and secondary structure formation for a dimer in so-

lution. The mechanism for C. elegans achieving faster growth rates was not clear (Fig-

ure 6.1E and F; apparent on-rate constant of ka = 9.21± 0.46 dimers·µM−1·sec−1 for

C. elegans versus 2.90± 0.17 dimers·µM−1·sec−1 for B. taurus). These results were in-

triguing, especially since the α- and β-tubulins share∼ 88% and∼ 89% sequence iden-

tity with bovine (taken as reference vertebrate) tubulins, respectively. Comparison

with canonical tubulin sequences revealed divergence hotspots in the lateral contact

loops. Molecular dynamics (MD) simulations of dimers indicate that one of the lat-

eral contact loops in C. elegans tubulin dimer is more ordered, potentially explaining

a role in faster polymerization rates. In Chapter VII, we mapped the conformational

relationship of tubulin dimer using principal component analysis (PCA). PCA of

experimental X-ray and CryoEM structures revealed a nucleotide-independent intra-

dimer bend, differentiated (clustered) by their conformational states: that is, bent

dimers or dimer-of-dimers associated with regulatory proteins, or straight dimers part

of the MT lattice. The PCA highlights this difference in the intra-dimer bend of the

tubulin dimer, and provides a comformational map for comparing differences impact-

ing the intrinsic dynamics of the tubulin heterodimer, such as nucleotide states (Ge-
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bremichael et al., 2008; Grafmüller and Voth, 2011; Grafmüller et al., 2013; Igaev and

Grubmüller , 2018), sequence divergence (Chaaban et al., 2018), or disease-associated

mutations (Bahi-Buisson et al., 2014). These analyses were all based on the tubu-

lin heterodimer as an independent unit. However, MT functions such as serving as

tracks for molecular motors, and providing structural support within the cell depend

on higher-order interactions of the dimer (Nogales, 2000). As part of exploratory

analysis into the effects of diease-associated mutations and PTMs on MTs, we mod-

elled two-protofilament systems—eight tubulin subunits, four in each protofilament,

made infinitely long by use of period boundary conditions. However, we faced issues

with convergence of MD simulations of these systems (data not shown). Further

analysis and equilibration treatments are required for such studies. A useful ap-

proach for studying such systems, and even larger ones such as multiple turns of a

MT helix, is the use of coarge-graining (CG). CG-based strategies for simulation of

biomolecules compromise on atomistic details for gain in simulation speed-up. In

commonly used CG-based models such as MARTINI and AWSEM-MD, roughly four

atoms are grouped into a single bead, enabling simulations of large systems at long

time scales (Monticelli et al., 2008; Davtyan et al., 2012). Such CG-based approaches

will be useful in studying the dynamical effects of PTMs and in measuring mechanical

properties of such modified MTs.
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APPENDIX A

Additional Report for Chapter II

Bio3D-web Summary Report
Lars Skjærven, Shashank Jariwala & Barry J. Grant

March 15, 2019 (Report template updated: April 12, 2016)

Contents
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Citation information

Session and Software Version Information
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Overview

This report was generated on Friday, March 15 2019 at 11:30 (EST) by the Bio3D

principal component analysis and ensemble normal mode analysis web application

(Bio3D-web, http://bio3d.ucsd.edu/pca-app) version 0.1. For complete version

information of all dependencies please see the session and software version informa-

tion section below.

All included figures and report values in this document reflect those displayed in the

online app with user supplied options (including actual input, graph type, clustering

and similarity thresholds etc.). Further customization of analysis protocols and all re-

sulting figures is possible with Bio3D (http://thegrantlab.org/bio3d/index.php)

(Skjærven et al., 2014) itself. Please see the conventional usage example section to-

gether with our collection of tutorials (http://thegrantlab.org/bio3d/tutorials)

for further details about using Bio3D directly on your own computers.

We also automatically save your data as you proceed through the analysis. To revisit

your session, please click the following link:

http://bio3d.ucsd.edu/pca-app/?SSUID=2019-03-15_dbb7db4169.

1 SEARCH: Structure Search Summary

User input consisted of a single PDB structure code: 1AKE.

This structure is annotated as: ADENYLATE KINASE (Escherichia coli) in
the RCSB PDB database (Berman et al., 2002). The user selected chain for further
analysis was chain id: A. Pfam database annotation of this chain can be found in
Table A.1 (Finn et al., 2014) along with a simplified structure visualization in Figure
A.1 and structural composition log below.
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Table A.1: Pfam database annotation.

ID PFAM Annotation eValue

1AKE A ADK (PF00406.20) Adenylate kinase 0.0

Figure A.1: PDB overview.

Input PDB composition log

##
## RCSB PDB ID:1AKE
## Selected Chain ID:A
##
## Total Models#: 1
## Total Atoms#: 1954
## Chains#: 1 (values: A)
##
## Protein Atoms#: 1656
## (residues/Calpha atoms#: 214)
## Nucleic acid Atoms#: 0
## (residues/phosphate atoms#: 0)
##
## Non-protein/nucleic Atoms#: 298
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## (residues: 242)
## Non-protein/nucleic resid values:
## [ AP5 (1), HOH (241) ]

A sequence based HMMER (3.1b2 (February 2015); http://hmmer.org) (Eddy, 2011)
search identified 167 sequences similar hits in the RCSB PDB database. The distri-
bution of alignment bitscores to the input sequence is shown in Figure A.2. From
these hits 26 were selected for further analysis based on bitscore cutoff of 457 (en-
compassing 26 structures above this cutoff) and inclusion limit of 26 structures. See
Table 2 for selected structures for further analysis.
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Figure A.2: Summary of search results for user input query structure sequence against
the RCSB PDB chain database.

3 FIT: Structure Superposition

Structures were superposed on their 83 invariant core positions. See Figure A.3.
Superposed coordinate sets and PyMol session files are available from the FIT tab of
the web-app.
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Figure A.3: Superposed PDBs colored from N-terminal (blue) to C-terminal (red)
alignment position.

A hierarchical cluster analysis of these RMSD values was performed with the ward.D2
method yielding a dendrogram that was partitioned into 2 major cluster groups. See
Figure A.4.

4 PCA: Principal Component Analysis

Principal component analysis (PCA) was used to provide a lower dimensional rep-
resentation of the superposed structure set that usefully summarizes inter-conformer
relationships (Grant et al., 2006). Applying PCA to all 26 structures revealed that
98.71% of the total coordinate variance can be captured in three dimensions (97.01%
in the first PC, 1.22% in the second, and 0.48% in the third; see Figure A.5B for
a so-called scree plot or egienvalue spectrum of these values).

A projection of the structures onto PC1 (X-axis) and PC2 (Y-axis) (that collectively
account for 98.23% of mean square displacements in the original coordinate data) is
also shown in Figure A.5A. Points represent individual structures and are colored
by user defined cluster groups from either PC subspace, RMSD or sequence identity
clustering (user selection in bold) as selected in the PCA tab of the web-app. Both
sequence identity and RMSD clustering have been described separately above. PC
subspace clustering is described separately further below.

Residue contributions to the first 3 PCs are shown in Figure A.6.
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Figure A.4: RMSD Cluster Dendrogram.

Conventional Usage Example

To read your selected input structure (with PDB ID: PDBCODE) into Bio3D directly
you can use the following command sequence:

# NOTE: Replace PDBCODE with your chosen 4 character PDB ID
library(bio3d)
pdb <- read.pdb("PDBCODE")
summary(pdb)

To search the online RCSB PDB database with the sequence of your query structure
you could use the following commands:

# Use hmmer or blast
blast <- blast.pdb(pdbseq(pdb))
hits <- plot(blast)
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Figure A.5: Principal component analysis of structures. (A) Conformer plot: projec-
tion of all structures onto the principal planes defined by the user selected principal
components (termed PCs). (B) Eigenvalue spectrum: results obtained from diag-
onalization of the covariance matrix of superposed coordinates. The magnitude of
each eigenvalue is expressed as the percentage of the total variance (mean-square
fluctuation) captured by the corresponding eigenvector. Labels beside each point in-
dicate the cumulative sum of the proportion of the total variance accounted for in all
preceding eigenvectors.

To download and align the identified structures you can use the following commands:

# Use the optional ’path’ input argument
# to set a specific a download location
files <- get.pdb(hits$pdb.id, split=TRUE)
pdbs <- pdbaln(files)

For rigid core identification and structural superposition use:

core <- core.find(pdbs)

# Use the optional ’outpath’ argument
# to write superimposed PDBs to disk
xyz <- pdbfit(pdbs, core)

Investigate pairwise structural deviations and perform cluster analysis with:
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Figure A.6: The contribution of each residue to selected principal components (PCs).

rd <- rmsd(xyz)
hc <- hclust(as.dist(rd))
hclustplot(hc, k=2)

Perform principal component analysis with:

pc <- pca(xyz)
plot(pc)
mktrj(pc)

To perform normal mode analysis use:

modes <- nma(pdbs)
plot(modes)
mktrj(modes)

Citation Information

This Bio3D web-app should be referenced with the URL http://thegrantlab.org/
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bio3d/webapps and the following citations: Skjærven, L., S. Jariwala, X.-Q. Yao, and

B. J. Grant (2016), Online interactive analysis of protein structure ensembles with

Bio3D-web, Bioinformatics, (July), btw482, doi: 10.1093/bioinformatics/btw482; and

Jariwala, S., L. Skjærven, X.-Q. Yao, and B. J. Grant (2017), Investigating Protein

Sequence-structure-dynamics Relationships with Bio3D-web, Journal of Visualized

Experiments, doi: 10.3791/55640.

Session and Software Version

This report was auto-magically generated by Bio3D along with the additional R
packages noted below.

You can install and run Bio3D-web locally by following these instructions.

## R version 3.5.1 (2018-07-02)
## Platform: x86_64-redhat-linux-gnu (64-bit)
## Running under: CentOS Linux 7 (Core)
##
## Matrix products: default
## BLAS/LAPACK: /usr/lib64/R/lib/libRblas.so
##
## locale:
## [1] LC_CTYPE=en_US.UTF-8 LC_NUMERIC=C
## [3] LC_TIME=en_US.UTF-8 LC_COLLATE=en_US.UTF-8
## [5] LC_MONETARY=en_US.UTF-8 LC_MESSAGES=en_US.UTF-8
## [7] LC_PAPER=en_US.UTF-8 LC_NAME=C
## [9] LC_ADDRESS=C LC_TELEPHONE=C
## [11] LC_MEASUREMENT=en_US.UTF-8 LC_IDENTIFICATION=C
##
## attached base packages:
## [1] stats graphics grDevices utils datasets methods base
##
## other attached packages:
## [1] knitr_1.20 data.table_1.11.8 RCurl_1.95-4.11
## [4] bitops_1.0-6 rmarkdown_1.10 shinyBS_0.61
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## [7] abind_1.4-5 threejs_0.3.1 igraph_1.2.2
## [10] maptools_0.9-4 sp_1.3-1 reshape2_1.4.3
## [13] rgl_0.99.16 rCharts_0.4.5 lattice_0.20-35
## [16] DT_0.4 bio3d.view_0.1.0.9000 bio3d_2.3-4.9000
## [19] shiny_1.1.0
##
## loaded via a namespace (and not attached):
## [1] Rcpp_0.12.19 highr_0.7
## [3] compiler_3.5.1 later_0.7.5
## [5] plyr_1.8.4 shinyjs_1.0
## [7] base64enc_0.1-3 tools_3.5.1
## [9] digest_0.6.18 evaluate_0.12
## [11] jsonlite_1.5 rlang_0.3.0
## [13] pkgconfig_2.0.2 crosstalk_1.0.0
## [15] yaml_2.2.0 parallel_3.5.1
## [17] stringr_1.3.1 htmlwidgets_1.3
## [19] rprojroot_1.3-2 manipulateWidget_0.10.0
## [21] grid_3.5.1 webshot_0.5.1
## [23] R6_2.3.0 foreign_0.8-71
## [25] RJSONIO_1.3-0 pander_0.6.2
## [27] magrittr_1.5 whisker_0.3-2
## [29] backports_1.1.2 promises_1.0.1
## [31] htmltools_0.3.6 mime_0.6
## [33] xtable_1.8-3 httpuv_1.4.5
## [35] stringi_1.2.4 miniUI_0.1.1.1
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APPENDIX B

Additional Tables for Chapter III

Table B.1: Average inter-residue distances from MD simulations. All residue pairs
listed, with their secondary structure location in parentheses, have a significant (P <
10−5) difference between wild type (WT) and mutant (K146Q) simulations. Standard
deviation values in parantheses. Abbreviations: CS, cover strand; NL, neck linker; L,
loop.

Residue position WT distance (Å) K146Q distance (Å) K146Q − WT (Å)

K11 (CS) – Q367 (NL) 17.38 (8.57) 8.29 (4.77) −9.09
K12 (CS) – E364 (NL) 13.36 (5.06) 6.14 2.43 −7.22
K12 (CS) – V365 (NL) 14.11 (6.87) 5.87 (2.72) −8.24
E13 (CS) – R329 (β8) 8.44 (6.02) 10.22 (1.93) 1.78
E13 (CS) – E364 (NL) 10.55 (4.58) 5.25 (2.18) −5.3
E13 (CS) – V365 (NL) 12.17 (5.59) 5.88 (3.2) −6.29
E14 (CS) – R327 (L13) 10.48 (1.93) 5.76 (3.45) −4.72
E14 (CS) – K362 (NL) 6.77 (2.19) 4.43 (1.36) −2.34
E14 (CS) – E364 (NL) 10.31 (2.19) 5.53 (2.17) −4.78
K15 (CS) – R329 (β8) 6.27, (3.59) 8.56, (2.37) 2.29
G16 (CS) – R329 (β8) 6.17 (2.52) 7.78 (0.98) 1.61
K17 (CS) – E92 (α1) 5.57 (1.63) 4.26 (1.55) −1.31
Q20 (β1) – R329 (β8) 5.74 (1.71) 3.96 (1.26) −1.78
R24 (β1) – A74 (β2b) 4.97 (1.15) 6.18 (0.39) 1.21
R26 (β1) – M229 (L9) 9.93 (2.58) 5.04 (0.63) −4.89
F28 (α0) – A37 (L2a) 3.79 (0.56) 6.01 (2.23) 2.22
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Residue position WT distance (Å) K146Q distance (Å) K146Q − WT (Å)

F28 (α0) – H38 (L2a) 3.94 (0.58) 6.72 (2.16) 2.78
F28 (α0) – S39 (L2a) 4.02 (0.61) 6.03 (2.02) 2.01
F28 (α0) – P338 (L14) 3.87 (0.37) 5.12 (1.1) 1.25
N29 (α0) – M228 (L9) 8.9 (3.49) 4.37 (2.47) −4.53
N29 (α0) – N229 (L9) 10 (2.56) 6.55 (2.54) −3.45
A31 (α0) – L227 (L9) 13.45 (5.41) 5.38 (3.02) −8.07
A31 (α0) – M228 (L9) 9.73 (5.19) 5.4 (2.9) −4.33
E32 (α0) – M228 (L9) 9.41 (3.75) 5.28 (1.56) −4.13
A35 (α0) – L341 (L14) 9.4 (5.36) 4.69 (2.02) −4.71
A37 (L2a) – S340 (L14) 6.22 (2.89) 3.99 (1.84) −2.23
A37 (L2a) – L341 (L14) 7.96 (4.1) 4.71 (2.43) −3.25
H38 (L2a) – A339 (L14) 4.92 (1.69) 3.57 (0.75) −1.35
H38 (L2a) – S340 (L14) 4.34 (1.76) 3.13 (0.85) −1.21
K77 (α1) – P131 (L5) 4.47 (1) 5.78 (0.36) 1.31
K77 (α1) – L132 (L5) 5.45 (1.69) 7.51 (0.51) 2.06
Q78 (α1) – R138 (α2b) 4.99 (1.07) 3.83 (0.49) −1.16
I79 (α1) – P131 (L5) 4.39 (1.31) 5.42 (0.36) 1.03
D91 (α1) – K146 (α2b) 3.56 (1.49) 4.88 (1.21) 1.32
Q106 (P Loop) – T349 (α6) 4.13 (0.51) 3.00 (0.24) −1.13
T107 (P Loop) – T226 (L9/Sw1) 6.62 (1.2) 4.27 (0.59) −2.35
T107 (P Loop) – M228 (L9/Sw1) 7.68 (2.07) 3.85 (0.63) −3.83
T107 (P Loop) – N229 (L9/Sw1) 7.8 (0.95) 4.9 (0.39) −2.9
T107 (P Loop) – S233 (L9/Sw1) 4.2 (0.73) 6.21 (0.43) 2.01
G108 (P Loop) – M228 (L9/Sw1) 8.91 (2.3) 4.36 (0.46) −4.55
G108 (P Loop) – N229 (L9/Sw1) 7.92 (0.69) 3.81 (0.27) −4.11
T112 (P Loop) – Y231 (L9/Sw1) 8.31 (1.26) 5.39 (0.36) −2.92
T112 (P Loop) – S233 (L9/Sw1) 6.08 (0.5) 3.29 (0.88) −2.79
R119 (L5) – E123 (L5) 4.35 (1.48) 5.75 (1.4) 1.4
R119 (L5) – Y125 (L5) 3.85 (1.4) 5.03 (1.46) 1.18
R119 (L5) – E215 (α3) 8.23 (3.41) 4.52 (1.67) −3.71
W127 (L5) – E215 (α3) 5.68 (1.44) 4.11 (0.55) −1.57
E129 (L5) – R138 (α2b) 3.76 (1.09) 4.91 (0.86) 1.15
Y164 (β4) - K280 (L11/Sw2) 7.81 (1.27) 5.06 (0.89) −2.75
N173 (L8a) – V178 (L8a) 5.32 (1.24) 3.82 (0.94) −1.5
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Residue position WT distance (Å) K146Q distance (Å) K146Q − WT (Å)

D186 (β5b) – R312 (L12) 5.49 (1.33) 3.78 (1.14) −1.71
R192 (L8b) – R318 (α5) 4.78 (0.47) 7.27 (1.61) 2.49
R192 (L8b) – L324 (L13) 5.2 (1.89) 8.1 (2.02) 2.9
R192 (L8b) – G325 (L13) 4.77 (1.34) 7.91 (1.76) 3.14
R192 (L8b) – G326 (L13) 4.3 (0.84) 6.58 (1.09) 2.28
G193 (L8b) – Q321 (α5) 5.14 (0.66) 3.9 (0.93) −1.24
V194 (β5c) – Q321 (α5) 5.48 (0.83) 3.92 (0.48) −1.56
A218 (α3) – T223 (L9) 6.49 (0.68) 4.97 (0.72) −1.52
R221 (L9/Sw1) – S233 (L9/Sw1) 4.73 (0.39) 3.47 (0.22) −1.26
T223 (L9/Sw1) – R281 (α4) 5.1 (1.8) 6.43 (1.02) 1.33
A224 (L9/Sw1) – E284 (α4) 4.46 (0.61) 5.68 (0.65) 1.22
A225 (L9/Sw1) – S275 (L11/Sw2) 5.41 (0.9) 8.28 (0.6) 2.87
A225 (L9/Sw1) – G276 (L11/Sw2) 5.82 (1.51) 8.99 (1.01) 3.17
T226 (L9/Sw1) – R274 (L11/Sw2) 4.09 (1.2) 8.81 (0.75) 4.72
T226 (L9/Sw1) – S275 (L11/Sw2) 4.38 (0.63) 5.88 (0.8) 1.5
T226 (L9/Sw1) – G276 (L11/Sw2) 5.18 (1.01) 8.08 (0.8) 2.9
T226 (L9/Sw1) – R281 (α4) 7.46 (1.06) 5.51 (1.25) −1.95
L227 (L9/Sw1) – E270 (L11/Sw2) 6.77 (1.3) 4.56 (1.04) −2.21
L227 (L9/Sw1) – G273 (L11/Sw2) 4.92 (1.7) 7.89 (0.71) 2.97
L227 (L9/Sw1) – G276 (L11/Sw2) 4.84 (1.07) 6.1 (0.75) 1.26
L227 (L9/Sw1) – A277 (L11/Sw2) 5.06 (1.06) 8.27 (1.31) 3.21
M228 (L9/Sw1) – E270 (L11/Sw2) 6.67 (1.45) 4.61 (0.96) −2.06
M228 (L9/Sw1) – L341 (L14) 7.31 (2.4) 4.3 (1.01) −3.01
M228 (L9/Sw1) – N342 (α6) 8.62 (2.79) 4.95 (1.19) −3.67
N229 (L9/Sw1) – S233 (L9) 6.98 (1.15) 4.94 (0.23) −2.04
S232 (L9/Sw1) – E270 (L11/Sw2) 4.7 (1.26) 6.16 (0.46) 1.46
S233 (L9/Sw1) – D265 (L11/Sw2) 5.95 (0.42) 3.55 (0.78) −2.4
R234 (L9/Sw1) – G268 (L11/Sw2) 4.74 (1.03) 3.59 (1.13) −1.15
R234 (L9/Sw1) – E270 (L11/Sw2) 3.31 (0.9) 5.05 (0.48) 1.74
R234 (L9/Sw1) – S275 (L11/Sw2) 5.35 (0.65) 8.44 (0.73) 3.09
H236 (β6) – N287 (α4) 6.84 (0.64) 5.12 (1.36) −1.72
V256 (β7) – K371 (NL) 8.01 (2.08) 5.67 (1.97) −2.34
T328 (β8) – P363 (NL) 5.55 (1.22) 4.3 (0.45) −1.25
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APPENDIX C

Additional Tables for Chapter IV

Table C.1: Average inter-residue distances from MD simulations of WT and apo
states. All residue pairs listed, with their secondary structure location in parenthe-
ses, have a significant (P < 10−5) difference between ATP-bound wild type (WT)
and nucleotide-free (apo) simulations. Standard deviation values in parantheses. Ab-
breviations: CS, cover strand; NL, neck linker; L, loop.

Residue position WT distance (Å) apo distance (Å) apo − WT (Å)

P4 (CS) – V331 (NL) 5.52 (2.53) 28.61 (5.73) 23.09
A5 (CS) – V331 (NL) 4.69 (2.47) 28.09 (4.81) 23.40
A5 (CS) – T330 (NL) 6.02 (3.36) 26.51 (3.43) 20.49
A5 (CS) – N295 (L13) 9.72 (3.19) 6.23 (3.58) −3.49
E6 (CS) – V331 (NL) 4.80 (0.72) 25.76 (3.46) 20.96
E6 (CS) – N329 (NL) 4.60 (1.46) 21.85 (2.27) 17.25
E6 (CS) – K328 (NL) 4.31 (1.66) 19.00 (2.65) 14.69
E6 (CS) – G294 (L13) 9.09 (1.63) 4.98 (2.24) −4.11
E6 (CS) – N295 (L13) 9.72 (1.80) 5.65 (2.36) −4.07
C7 (CS) – V331 (NL) 4.01 (0.55) 24.83 (2.54) 20.82
C7 (CS) – N329 (NL) 2.89 (0.13) 20.74 (2.05) 17.85
C7 (CS) – K328 (NL) 3.45 (0.24) 17.57 (2.61) 14.12
C7 (CS) – I327 (NL) 4.52 (0.28) 15.24 (2.16) 10.72
C7 (CS) – G294 (L13) 7.68 (1.50) 4.30 (2.17) −3.38
S8 (CS) – N329 (NL) 4.61 (0.48) 19.57 (3.71) 14.96
S8 (CS) – K328 (NL) 3.81 (0.49) 16.85 (4.78) 13.04
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Residue position WT distance (Å) apo distance (Å) apo − WT (Å)

S8 (CS) – I327 (NL) 3.50 (0.22) 14.14 (4.15) 10.64
S8 (CS) – G294 (L13) 9.74 (1.22) 5.07 (0.96) −4.67
I9 (CS) – N329 (NL) 3.86 (0.46) 17.28 (2.90) 13.42
I9 (CS) – K328 (NL) 4.59 (0.42) 14.42 (4.51) 9.83
I9 (CS) – I327 (NL) 2.98 (0.17) 12.28 (3.42) 9.30
I9 (CS) – A270 (α4) 9.02 (0.67) 4.87 (0.85) −4.15
I9 (CS) – S291 (α5) 4.62 (0.85) 8.54 (0.64) 3.92
I9 (CS) – K325 (α6) 3.88 (0.43) 7.25 (3.13) 3.37
I9 (CS) – L269 (α4) 6.44 (0.73) 4.07 (0.44) −2.37
I9 (CS) – I266 (α4) 6.12 (0.82) 3.95 (0.41) −2.17
V11 (β1) – K325 (α6) 3.75 (0.21) 7.35 (2.82) 3.60
R14 (β1) – P55 (β2d) 4.28 (1.30) 5.93 (0.47) 1.65
R16 (β1) – E22 (α0) 5.28 (2.58) 2.74 (0.08) −2.54
R16 (β1) – S307 (L14) 6.39 (0.73) 4.51 (0.99) −1.88
N19 (α0) – M198 (L9/S1) 3.91 (1.19) 9.93 (4.46) 6.02
A21 (α0) – N197 (L9/S1) 5.06 (2.25) 12.57 (4.74) 7.51
K34 (β2a) – N334 (NL) 35.54 (0.93) 5.71 (3.07) −29.83
G44 (L2c) – V333 (NL) 40.35 (0.74) 6.61 (3.31) −33.74
P46 (β2c) – S332 (NL) 31.10 (0.72) 5.24 (1.65) −25.86
P46 (β2c) – V331 (NL) 26.91 (0.63) 5.17 (1.90) −21.74
V48 (β2c) – I327 (NL) 11.33 (0.48) 5.29 (1.91) −6.04
V48 (β2c) – T326 (NL) 8.65 (0.53) 4.44 (1.77) −4.21
V48 (β2c) – K325 (α6) 3.20 (0.65) 6.45 (1.41) 3.25
F49 (L2d) – K325 (α6) 4.57 (0.51) 7.98 (1.83) 3.41
E76 (α1) – V333 (NL) 4.42 (0.92) 39.35 (2.24) 34.93
G77 (α1) – N334 (NL) 2.97 (0.21) 41.82 (2.98) 38.85
G77 (α1) – V333 (NL) 3.56 (0.47) 41.35 (1.76) 37.79
G77 (α1) – S332 (NL) 4.94 (0.57) 40.06 (2.35) 35.12
Y78 (β3) – V333 (NL) 3.63 (0.25) 37.53 (1.83) 33.90
Y78 (β3) – N334 (NL) 4.50 (0.47) 38.19 (2.73) 33.69
Y78 (β3) – S332 (NL) 3.62 (0.28) 36.20 (2.49) 32.58
Y78 (β3) – V331 (NL) 3.97 (0.40) 35.16 (2.30) 31.19
Y78 (β3) – N295 (L13) 5.67 (0.33) 3.75 (0.59) −1.92
N79 (β3) – N334 (NL) 3.61 (1.21) 36.68 (2.63) 33.07
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Residue position WT distance (Å) apo distance (Å) apo − WT (Å)

N79 (β3) – S291 (α5) 7.35 (0.43) 3.76 (0.43) −3.59
N79 (β3) – D290 (α5) 5.35 (0.62) 3.04 (0.43) −2.31
G80 (β3) – S291 (α5) 5.56 (0.35) 3.56 (0.41) −2.00
T81 (β3) – L292 (L13) 6.71 (0.38) 3.87 (0.35) −2.84
T81 (β3) – C296 (β8) 3.75 (0.48) 5.73 (0.32) 1.98
Y85 (β3) – G235 (L11/S2) 7.13 (0.54) 4.08 (0.64) −3.05
Y85 (β3) – L262 (α4) 4.25 (0.46) 7.05 (0.49) 2.80
Y85 (β3) – A234 (L11/S2) 6.14 (0.39) 3.74 (0.45) −2.40
G86 (PL) – S236 (L11/S2) 3.61 (1.10) 6.31 (0.69) 2.70
Q87 (PL) – N310 (α6) 4.02 (1.47) 6.47 (0.53) 2.45
Q87 (PL) – K92 (PL) 3.54 (0.38) 5.23 (0.35) 1.69
T88 (PL) – E237 (L11/S2) 4.24 (0.76) 8.03 (1.07) 3.79
T88 (PL) – S236 (L11/S2) 3.83 (0.60) 7.53 (0.62) 3.70
T88 (PL) – G235 (L11/S2) 3.70 (0.26) 6.60 (0.67) 2.90
T88 (PL) – E313 (α6) 6.95 (1.41) 4.42 (0.96) −2.53
S89 (PL) – T196 (L9/S1) 4.51 (0.96) 8.24 (2.07) 3.73
K92 (PL) – G235 (L11/S2) 3.67 (0.31) 5.71 (0.39) 2.04
T93 (PL) – S203 (L9/S1) 2.82 (0.13) 5.96 (0.96) 3.14
T93 (PL) – D232 (L11/S2) 2.72 (0.14) 5.35 (0.56) 2.63
T93 (PL) – R191 (L9/S1) 4.15 (0.41) 6.58 (0.77) 2.43
F117 (α2b) – Y121 (α2b) 3.16 (0.37) 5.65 (0.90) 2.49
D118 (α2b) – Y121 (α2b) 3.69 (0.49) 6.12 (0.43) 2.43
I120 (α2b) – M123 (α2b) 3.45 (0.43) 5.47 (0.33) 2.02
Y121 (α2b) – E128 (β4) 9.69 (0.97) 3.87 (1.31) −5.82
Y121 (α2b) – L127 (β4) 8.42 (0.79) 4.40 (1.10) −4.02
Y121 (α2b) – F129 (β4) 5.89 (0.94) 3.21 (0.29) −2.68
Y121 (α2b) – D124 (α2b) 6.29 (0.53) 4.20 (0.76) −2.09
M123 (α2b) – Q215 (β6) 5.18 (1.50) 8.54 (1.20) 3.36
K151 (L8a) – T170 (L8c) 5.93 (2.43) 3.61 (1.19) −2.32
E158 (β5b) – R280 (L12) 6.64 (1.32) 3.44 (0.65) −3.20
K188 (α3) – H201 (L9/S1) 4.17 (1.65) 6.38 (1.44) 2.21
H192 (L9/S1) – E251 (L11/S2) 6.49 (1.49) 3.94 (0.94) −2.55
K214 (β6) – E336 (NL) 4.49 (1.68) 48.05 (2.94) 43.56
L224 (β7) – E336 (NL) 5.32 (1.59) 46.81 (3.07) 41.49
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Residue position WT distance (Å) apo distance (Å) apo − WT (Å)

L224 (β7) – N334 (NL) 4.40 (1.16) 45.88 (3.41) 41.48
S225 (β7) – E336 (NL) 3.24 (0.85) 45.90 (2.68) 42.66
S225 (β7) – N334 (NL) 2.98 (0.18) 44.78 (2.97) 41.80
G226 (β7) – N334 (NL) 4.06 (0.56) 42.61 (2.93) 38.55
K227 (β7) – N334 (NL) 5.01 (1.19) 39.08 (2.74) 34.07
K227 (β7) – D290 (α5) 7.30 (1.05) 2.91 (0.39) −4.39
K227 (β7) – S291 (α5) 8.22 (0.55) 3.96 (0.98) −4.26
Y229 (β7) – C296 (β8) 4.79 (0.88) 8.40 (0.49) 3.61
Y229 (β7) – L288 (α5) 6.05 (1.24) 3.66 (0.38) −2.39
Y229 (β7) – D290 (α5) 6.28 (0.96) 4.04 (0.86) −2.24
E237 (L11/S2) – T242 (L11/S2) 3.67 (1.11) 7.79 (2.77) 4.12
K238 (L11/S2) – E313 (α6) 4.02 (1.54) 6.22 (1.34) 2.20
K241 (L11/S2) – E313 (α6) 4.81 (2.33) 8.62 (2.62) 3.81
L259 (α4) – F320 (α6) 5.57 (0.53) 3.93 (0.40) −1.64
G263 (α4) – R323 (α6) 5.41 (0.61) 3.47 (0.45) −1.94
N264 (α4) – R323 (α6) 7.15 (0.67) 4.56 (0.95) −2.59
I266 (α4) – I327 (NL) 3.78 (0.30) 13.78 (2.67) 10.00
I266 (α4) – F320 (α6) 3.74 (0.27) 5.39 (0.91) 1.65
L269 (α4) – I327 (NL) 3.73 (0.19) 14.18 (3.12) 10.45
L269 (α4) – T326 (NL) 5.11 (0.73) 11.35 (3.04) 6.24
L269 (α4) – K274 (L12) 4.55 (1.18) 7.57 (2.10) 3.02
L269 (α4) – G294 (L13) 6.85 (0.93) 4.24 (0.55) −2.61
A270 (α4) – I327 (NL) 4.18 (0.47) 11.03 (2.65) 6.85
A270 (α4) – T326 (NL) 3.87 (0.65) 8.13 (2.60) 4.26
A270 (α4) – K325 (α6) 6.92 (0.61) 5.02 (2.14) −1.90
K274 (L12) – V277 (L12) 4.00 (0.89) 5.88 (1.24) 1.88
Q289 (α5) – G294 (L13) 4.00 (0.46) 7.34 (0.62) 3.34
D290 (α5) – G294 (L13) 3.26 (0.21) 8.35 (0.55) 5.09
D290 (α5) – N295 (L13) 2.96 (0.18) 6.82 (0.76) 3.86
S291 (α5) – N329 (NL) 4.52 (1.61) 28.64 (2.74) 24.12
S291 (α5) – G294 (L13) 4.51 (0.48) 7.02 (0.55) 2.51
L292 (L13) – N329 (NL) 5.28 (1.36) 24.96 (2.82) 19.68
L292 (L13) – I327 (NL) 5.06 (0.77) 20.43 (2.93) 15.37
L292 (L13) – C296 (β8) 5.73 (0.40) 4.03 (0.62) −1.70
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Residue position WT distance (Å) apo distance (Å) apo − WT (Å)

G293 (L13) – T330 (NL) 4.68 (1.17) 27.87 (3.34) 23.19
G293 (L13) – N329 (NL) 3.99 (1.54) 25.33 (3.26) 21.34
G293 (L13) – K328 (NL) 4.61 (0.95) 21.76 (5.16) 17.15
G293 (L13) – I327 (NL) 5.03 (0.95) 20.25 (3.50) 15.22
G293 (L13) – C296 (β8) 6.10 (0.40) 3.15 (0.41) −2.95
G293 (L13) – T298 (β8) 6.13 (0.55) 3.39 (0.86) −2.74
G294 (L13) – T330 (NL) 3.15 (0.37) 28.15 (3.47) 25.00
G294 (L13) – V331 (NL) 4.95 (1.15) 29.62 (1.77) 24.67
G294 (L13) – N329 (NL) 3.88 (1.34) 25.61 (3.43) 21.73
N295 (L13) – V333 (NL) 4.54 (1.00) 34.80 (1.64) 30.26
N295 (L13) – S332 (NL) 3.15 (0.50) 33.04 (2.48) 29.89
N295 (L13) – V331 (NL) 4.23 (1.38) 31.79 (1.73) 27.56
N295 (L13) – T330 (NL) 3.62 (0.44) 30.39 (3.25) 26.77
C296 (β8) – V331 (NL) 4.81 (1.74) 29.63 (1.66) 24.82
C296 (β8) – N329 (NL) 3.33 (0.83) 25.98 (2.97) 22.65
R297 (β8) – V331 (NL) 3.97 (0.39) 28.28 (2.24) 24.31
R297 (β8) – N329 (NL) 4.47 (0.64) 25.01 (2.38) 20.54
T298 (β8) – N329 (NL) 3.90 (0.89) 21.62 (2.70) 17.72
I300 (β8) – A324 (α6) 4.03 (0.40) 7.63 (2.61) 3.60
F320 (α6) – A324 (α6) 2.97 (0.14) 6.13 (1.73) 3.16
G321 (α6) – K325 (α6) 3.13 (0.20) 7.02 (1.68) 3.89
Q322 (α6) – K325 (α6) 3.39 (0.38) 5.37 (1.02) 1.98
R323 (α6) – I327 (NL) 4.15 (0.36) 9.64 (1.00) 5.49
R323 (α6) – T326 (NL) 3.03 (0.39) 6.24 (1.01) 3.21
A324 (α6) – I327 (NL) 3.31 (0.23) 6.66 (0.76) 3.35

Table C.2: Average inter-residue distances from MD simulations of WT and
CNB+Latch mutant. All residue pairs listed, with their secondary structure loca-
tion in parentheses, have a significant (P < 10−5) difference between wild type (WT)
and mutant (CNB+Latch) simulations. Standard deviation values in parantheses.
Abbreviations: CS, cover strand; NL, neck linker; L, loop.

Residue position WT dist. (Å) CNB+Latch (Å) CNB+Latch − WT (Å)

D3 (CS) – K328 (NL) 11.38 (2.88) 6.45 (4.02) −4.93
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Residue position WT dist. (Å) CNB+Latch (Å) CNB+Latch − WT (Å)

D3 (CS) – C7 (CS) 8.35 (2.73) 5.43 (2.70) −2.92
D3 (CS) – E6 (CS) 5.98 (1.79) 4.28 (1.74) −1.70
P4 (CS) – V333 (NL) 10.00 (3.78) 4.58 (1.89) −5.42
A5 (CS) – V333 (NL) 10.14 (3.21) 5.25 (1.19) −4.89
A5 (CS) – N329 (NL) 5.69 (2.02) 3.83 (1.03) −1.86
E6 (CS) – I9 (CS) 7.48 (0.74) 5.33 (2.14) −2.15
C7 (CS) – L335 (NL) 16.03 (0.96) 7.77 (4.61) −8.26
C7 (CS) – V333 (NL) 10.58 (0.94) 5.41 (2.07) −5.17
C7 (CS) – N329 (NL) 2.89 (0.13) 4.77 (1.89) 1.88
C7 (CS) – K328 (NL) 3.45 (0.24) 4.99 (1.61) 1.54
S8 (CS) – V333 (NL) 14.19 (0.66) 7.27 (3.64) −6.92
S8 (CS) – V331 (NL) 7.13 (0.67) 4.67 (1.10) −2.46
S8 (CS) – I327 (NL) 3.50 (0.22) 5.26 (1.79) 1.76
S8 (CS) – K328 (NL) 3.81 (0.49) 5.29 (1.22) 1.48
R14 (β1) – ATP 3.69 (0.50) 5.56 (2.15) 1.87
R16 (β1) – E22 (α0) 5.28 (2.58) 2.72 (0.07) −2.56
L18 (α0) – ATP 6.82 (0.60) 5.09 (1.27) −1.73
N19 (α0) – ATP 5.90 (1.25) 3.80 (0.83) −2.10
N19 (α0) – M198 (L9/S1) 3.91 (1.19) 5.29 (0.79) 1.38
A21 (α0) – N197 (L9/S1) 5.06 (2.25) 6.62 (1.08) 1.56
E22 (α0) – ATP 8.99 (1.95) 4.86 (0.42) −4.13
E22 (α0) – S89 (PL) 7.49 (1.97) 4.40 (1.29) −3.09
R25 (α0) – M198 (L9/S1) 7.38 (2.28) 3.92 (0.56) −3.46
I41 (β2b) – K45 (β2c) 4.04 (0.98) 5.63 (0.67) 1.59
G42 (L2c) – K45 (β2c) 4.66 (1.40) 6.44 (0.68) 1.78
Q59 (α1) – R111 (α2b) 4.20 (0.83) 5.91 (0.42) 1.71
Q69 (α1) – E336 (NL) 18.86 (0.96) 8.62 (5.60) −10.24
I70 (α1) – G80 (β3) 5.13 (1.25) 7.00 (0.52) 1.87
K72 (α1) – E336 (NL) 14.82 (0.99) 7.55 (5.01) −7.27
D73 (α1) – S332 (NL) 8.03 (0.45) 5.48 (2.77) −2.55
V74 (α1) – G80 (β3) 4.56 (0.62) 6.20 (0.54) 1.64
E76 (α1) – V333 (NL) 4.42 (0.92) 7.68 (2.08) 3.26
G77 (α1) – N334 (NL) 2.97 (0.21) 13.38 (1.03) 10.41
G77 (α1) – V333 (NL) 3.56 (0.47) 10.85 (0.76) 7.29
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Residue position WT dist. (Å) CNB+Latch (Å) CNB+Latch − WT (Å)

G77 (α1) – S332 (NL) 4.94 (0.57) 9.82 (2.29) 4.88
Y78 (β3) – N334 (NL) 4.50 (0.47) 8.64 (1.10) 4.14
Y78 (β3) – V331 (NL) 3.97 (0.40) 6.88 (0.81) 2.91
Y78 (β3) – V333 (NL) 3.63 (0.25) 6.21 (0.93) 2.58
N79 (β3) – N334 (NL) 3.61 (1.21) 13.19 (1.58) 9.58
N79 (β3) – S332 (NL) 5.29 (0.37) 8.61 (1.42) 3.32
N79 (β3) – G226 (β7) 3.63 (0.28) 5.34 (0.38) 1.71
N79 (β3) – Y229 (β7) 5.77 (0.73) 4.23 (0.85) −1.54
Q87 (PL) – K238 (L11/S2) 7.18 (1.32) 4.84 (0.88) −2.34
Q87 (PL) – M198 (L9/S1) 8.29 (1.51) 6.94 (3.24) −1.35
Q104 (L5) – R111 (α2b) 4.10 (0.98) 6.26 (1.40) 2.16
K151 (L8a) – T170 (L8c) 5.93 (2.43) 3.46 (1.04) −2.47
K151 (L8a) – G168 (L8c) 4.87 (2.00) 3.07 (0.46) −1.80
A194 (L9/S1) – E251 (L11/S2) 6.43 (1.15) 4.53 (0.81) −1.90
T196 (L9/S1) – E237 (L11/S2) 6.97 (1.38) 4.35 (0.64) −2.62
T196 (L9/S1) – R204 (L9/S1) 5.99 (1.82) 4.03 (0.60) −1.96
N197 (L9/S1) – F309 (L14) 9.36 (2.39) 4.53 (1.06) −4.83
M198 (L9/S1) – F309 (L14) 8.53 (1.68) 5.13 (1.38) −3.40
M198 (L9/S1) – N310 (α6) 7.64 (1.65) 6.53 (3.17) −1.11
R204 (L9/S1) – N254 (L11/S2) 7.35 (0.67) 4.82 (1.88) −2.53
R204 (L9/S1) – E237 (L11/S2) 5.34 (1.95) 3.02 (0.68) −2.32
K214 (β6) – E336 (NL) 4.49 (1.68) 21.72 (3.38) 17.23
K223 (β7) – L335 (NL) 6.23 (2.81) 21.43 (3.36) 15.20
K223 (β7) – E336 (NL) 5.60 (1.94) 20.55 (3.09) 14.95
L224 (β7) – N334 (NL) 4.40 (1.16) 15.71 (1.48) 11.31
L224 (β7) – L335 (NL) 6.18 (2.26) 17.13 (3.20) 10.95
L224 (β7) – E336 (NL) 5.32 (1.59) 16.11 (2.94) 10.79
S225 (β7) – E336 (NL) 3.24 (0.85) 18.40 (3.01) 15.16
S225 (β7) – N334 (NL) 2.98 (0.18) 17.24 (0.99) 14.26
G226 (β7) – N334 (NL) 4.06 (0.56) 17.06 (0.96) 13.00
K227 (β7) – N334 (NL) 5.01 (1.19) 16.45 (1.36) 11.44
Y229 (β7) – C296 (β8) 4.79 (0.88) 6.44 (0.62) 1.65
E237 (L11/S2) – T242 (L11/S2) 3.67 (1.11) 6.35 (2.66) 2.68
E237 (L11/S2) – N256 (α4) 4.12 (1.18) 5.79 (0.85) 1.67
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Residue position WT dist. (Å) CNB+Latch (Å) CNB+Latch − WT (Å)

K238 (L11/S2) – N256 (α4) 5.21 (1.58) 8.03 (1.06) 2.82
G272 (L12) – H276 (L12) 7.05 (0.72) 4.90 (1.44) −2.15
N295 (L13) – N334 (NL) 5.23 (1.11) 12.33 (0.96) 7.10
N295 (L13) – V333 (NL) 4.54 (1.00) 8.77 (1.28) 4.23
N295 (L13) – S332 (NL) 3.15 (0.50) 6.52 (0.66) 3.37
R297 (β8) – E336 (NL) 14.16 (1.35) 8.70 (5.04) −5.46
R297 (β8) – V333 (NL) 7.56 (1.19) 4.84 (0.99) −2.72

Table C.3: Average inter-residue distances from MD simulations of WT and Latch mu-
tant. All residue pairs listed, with their secondary structure location in parentheses,
have a significant (P < 10−5) difference between wild type (WT) and mutant (Latch,
N334A) simulations. Standard deviation values in parantheses. Abbreviations: CS,
cover strand; NL, neck linker; L, loop.

Residue position WT dist. (Å) Latch (Å) Latch − WT (Å)

D25 (L2a) – F309 (L14) 4.63 (1.32) 7.41 (1.32) 2.78
D25 (L2a) – S307 (L14) 4.12 (2.30) 6.34 (2.00) 2.22
G40 (L2c) – K45 (β2c) 4.66 (1.40) 6.52 (0.69) 1.86
D48 (L2d) – K325 (α6) 5.68 (1.03) 4.06 (1.55) −1.62
E74 (α1) – V333 (NL) 4.42 (0.92) 10.38 (4.68) 5.96
G75 (α1) – N334 (NL) 2.97 (0.21) 8.81 (4.94) 5.84
G75 (α1) – V333 (NL) 3.56 (0.47) 9.15 (4.19) 5.59
G75 (α1) – S332 (NL) 4.94 (0.57) 9.16 (2.35) 4.22
Y76 (β3) – V331 (NL) 3.97 (0.40) 6.20 (1.87) 2.23
N77 (β3) – N334 (NL) 3.61 (1.21) 10.41 (3.70) 6.80
T86 (PL) – T242 (L11/S2) 8.03 (1.27) 5.57 (3.09) −2.46
T86 (PL) – N199 (L9/S1) 6.27 (1.50) 4.12 (0.54) −2.15
Y137 (β4) – E251 (L11/S2) 3.19 (0.97) 5.01 (1.39) 1.82
R170 (L8c) – E186 (α3) 3.59 (1.53) 5.33 (1.74) 1.74
T194 (L9/S1) – T242 (L11/S2) 9.41 (1.82) 4.92 (2.50) −4.49
T194 (L9/S1) – E237 (L11/S2) 6.97 (1.38) 4.49 (0.83) −2.48
N195 (L9/S1) – T242 (L11/S2) 9.47 (2.70) 3.70 (1.43) −5.77
N195 (L9/S1) – G243 (L11/S2) 11.00 (3.86) 5.35 (2.57) −5.65
M196 (L9/S1) – K241 (L11/S2) 11.86 (2.69) 6.03 (2.98) −5.83
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Residue position WT dist. (Å) Latch (Å) Latch − WT (Å)

M196 (L9/S1) – T242 (L11/S2) 10.80 (1.79) 5.19 (2.49) −5.61
M196 (L9/S1) – F309 (L14) 8.53 (1.68) 5.09 (1.45) −3.44
R202 (L9/S1) – E251 (L11/S2) 3.42 (1.14) 6.06 (2.39) 2.64
R202 (L9/S1) – E237 (L11/S2) 5.34 (1.95) 3.16 (0.75) −2.18
K212 (β6) – E336 (NL) 4.49 (1.68) 16.34 (6.66) 11.85
S223 (β7) – E336 (NL) 3.24 (0.85) 11.96 (6.28) 8.72
S223 (β7) – N334 (NL) 2.98 (0.18) 11.17 (4.91) 8.19
G224 (β7) – N334 (NL) 4.06 (0.56) 12.81 (4.77) 8.75
K225 (β7) – N334 (NL) 5.01 (1.19) 13.14 (3.74) 8.13
G244 (L11/S2) – D250 (L11/S2) 3.13 (0.31) 5.17 (2.11) 2.04

166



APPENDIX D

Additional Tables for Chapter V

Table D.1: Average inter-residue distances from MD simulations of WT and V8M
mutant. All residue pairs listed, with their secondary structure location in parenthe-
ses, have a significant (P < 10−5) difference between wild type (WT) and mutant
(V8M) simulations. Standard deviation values in parantheses. Abbreviations: CS,
cover strand; NL, neck linker; L, loop; S, switch.

Residue position WT dist. (Å) V8M(β1) (Å) V8M − WT (Å)

A4 (CS) – R355 (NL) 5.84 (2.25) 3.49 (0.28) −2.35
S5 (CS) – R324 (β8) 4.73 (1.46) 7.37 (1.07) 2.64
S5 (CS) – N357 (NL) 5.02 (1.64) 7.62 (0.87) 2.60
S5 (CS) – R355 (NL) 5.54 (1.26) 3.64 (0.55) −1.90
V8 (β1) – A329 (β8) 5.72 (0.44) 3.98 (0.43) −1.74
R13 (β1) – E19 (α0) 7.23 (1.32) 2.72 (0.07) −4.51
R13 (β1) – M210 (L9/S1) 7.97 (1.49) 4.84 (1.70) −3.13
P14 (β1) – E19 (α0) 6.94 (1.21) 4.50 (0.19) −2.44
N16 (α0) – M210 (L9/S1) 5.91 (1.57) 4.02 (1.31) −1.89
E19 (α0) – P333 (L14) 6.54 (0.89) 4.34 (0.39) −2.20
Y89 (β3) – S242 (β7) 4.83 (1.13) 3.21 (0.47) −1.62
F94 (β3) – N318 (α5) 7.19 (1.16) 3.98 (0.48) −3.21
Y96 (β3) – S252 (L11/S2) 6.37 (1.57) 3.95 (0.70) −2.42
G97 (PL) – S252 (L11/S2) 5.79 (1.08) 3.14 (0.38) −2.65
Q98 (PL) – R254 (L11/S2) 4.00 (0.94) 7.54 (0.60) 3.54
Q98 (PL) – S332 (L14) 6.56 (0.66) 3.76 (1.02) −2.80
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Residue position WT dist. (Å) V8M(β1) (Å) V8M − WT (Å)

Q98 (PL) – T341 (α6) 5.95 (0.74) 3.36 (0.50) −2.59
Q98 (PL) – M210 (L9/S1) 5.11 (1.77) 7.51 (1.43) 2.40
Q98 (PL) – L331 (β8) 6.56 (0.28) 4.52 (1.22) −2.04
T99 (PL) – E253 (L11/S2) 7.14 (0.87) 3.12 (0.58) −4.02
T99 (PL) – R216 (L9/S1) 6.19 (1.54) 3.99 (0.91) −2.20
T99 (PL) – S252 (L11/S2) 5.80 (0.49) 3.61 (0.53) −2.19
T99 (PL) – N211 (L9/S1) 3.26 (0.43) 5.30 (1.11) 2.04
M108 (α2a) – Y189 (α3) 4.25 (0.89) 7.50 (1.25) 3.25
Q111 (L5) – D194 (α3) 4.07 (1.52) 7.31 (1.89) 3.24
P120 (α2b) – M196 (α3) 6.66 (0.78) 4.41 (0.97) −2.25
C123 (α2b) – M196 (α3) 6.86 (0.83) 4.39 (0.96) −2.47
N131 (α2b) – N135 (L6) 7.14 (1.24) 4.91 (1.95) −2.23
V144 (β4) – L195 (α3) 7.21 (0.75) 4.57 (1.19) −2.64
R155 (β5a) – N162 (L8a) 6.26 (0.38) 4.20 (1.18) −2.06
N162 (L8a) – S182 (L8c) 3.80 (0.46) 6.31 (1.43) 2.51
N162 (L8a) – L181 (L8c) 4.06 (0.35) 6.15 (1.19) 2.09
N162 (L8a) – D180 (L8c) 2.95 (0.23) 5.02 (1.30) 2.07
K163 (L8a) – D180 (L8c) 4.28 (1.42) 7.58 (2.14) 3.30
K163 (L8a) – L166 (L8a) 3.92 (0.70) 6.02 (1.27) 2.10
L184 (L8c) – I192 (α3) 4.22 (0.56) 6.68 (1.24) 2.46
V186 (L8c) – L195 (α3) 7.49 (0.68) 4.78 (1.36) −2.71
V186 (L8c) – D191 (α3) 6.03 (0.89) 3.85 (0.90) −2.18
T187 (L8c) – D191 (α3) 5.95 (0.81) 3.47 (1.04) −2.48
M210 (L9/S1) – R254 (L11/S2) 5.35 (2.01) 9.25 (2.00) 3.90
R216 (L9/S1) – N270 (L11/S2) 3.45 (0.89) 7.19 (0.89) 3.74
D231 (L10) – T234 (L10) 5.14 (1.38) 2.96 (0.36) −2.18
A232 (L10) – N235 (L10) 3.79 (1.37) 6.53 (0.30) 2.74
A232 (L10) – I236 (L10) 4.03 (1.79) 6.71 (0.94) 2.68
G251 (L11/S2) – I271 (α4) 3.49 (0.26) 5.19 (1.30) 1.70
S252 (L11/S2) – T344 (α6) 8.74 (1.40) 4.87 (1.20) −3.87
S252 (L11/S2) – N272 (α4) 3.61 (0.44) 5.70 (1.50) 2.09
E253 (L11/S2) – A269 (L11/S2) 4.60 (1.58) 7.81 (1.36) 3.21
E253 (L11/S2) – E340 (α6) 7.67 (1.18) 4.49 (1.21) −3.18
E253 (L11/S2) – G268 (L11/S2) 4.13 (0.82) 6.75 (1.45) 2.62
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Residue position WT dist. (Å) V8M(β1) (Å) V8M − WT (Å)

E253 (L11/S2) – I271 (α4) 4.62 (1.08) 7.05 (1.33) 2.43
E253 (L11/S2) – L265 (L11/S2) 4.47 (0.52) 6.85 (1.45) 2.38
R254 (L11/S2) – D339 (α6) 6.29 (1.24) 3.78 (1.93) −2.51
R254 (L11/S2) – S343 (α6) 6.31 (1.51) 4.20 (2.04) −2.11
S257 (L11/S2) – K261 (L11/S2) 7.47 (0.72) 5.79 (2.95) −1.68
G259 (L11/S2) – R264 (L11/S2) 7.55 (0.61) 4.88 (1.86) −2.67
T263 (L11/S2) – E267 (L11/S2) 3.44 (0.85) 5.80 (2.40) 2.36
N270 (L11/S2) – S274 (α4) 4.57 (0.46) 2.99 (0.22) −1.58
K273 (α4) – S309 (L12) 3.91 (0.51) 5.70 (0.55) 1.79
L285 (α4) – G321 (L13) 4.74 (1.16) 6.84 (0.42) 2.10
L285 (α4) – R355 (NL) 3.30 (0.58) 5.27 (0.40) 1.97
L285 (α4) – D289 (α4) 4.74 (1.03) 3.16 (0.35) −1.58
A286 (α4) – R355 (NL) 4.52 (1.27) 7.09 (0.43) 2.57
A286 (α4) – R350 (α6) 5.98 (0.87) 4.17 (0.46) −1.81
A286 (α4) – S290 (α4) 4.72 (1.49) 2.98 (0.37) −1.74
M288 (α4) – G321 (L13) 5.85 (3.11) 9.05 (0.94) 3.20
M288 (α4) – N295 (L12) 7.08 (1.00) 4.79 (1.36) −2.29
D289 (α4) – Q353 (NL) 6.69 (2.03) 3.37 (0.75) −3.32
K299 (L12) – E317 (α5) 3.49 (1.21) 5.84 (2.59) 2.35
K300 (L12) – G320 (L13) 8.29 (1.17) 5.72 (2.97) −2.57
R316 (α5) – G321 (L13) 6.31 (0.92) 4.10 (0.58) −2.21
E317 (α5) – G321 (L13) 5.96 (1.69) 3.18 (0.22) −2.78
L319 (L13) – M327 (β8) 7.68 (0.86) 5.00 (1.05) −2.68
G320 (L13) – R355 (NL) 5.51 (1.70) 3.39 (0.39) −2.12
G320 (L13) – N357 (NL) 5.38 (1.38) 3.40 (0.49) −1.98
M327 (β8) – I354 (NL) 7.42 (0.82) 4.72 (0.98) −2.70
M327 (β8) – Y347 (α6) 4.21 (0.47) 6.24 (1.01) 2.03
M327 (β8) – A348 (α6) 4.29 (0.73) 6.24 (0.67) 1.95
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Table D.2: Average inter-residue distances from MD simulations of WT and Y89D
mutant. All residue pairs listed, with their secondary structure location in parenthe-
ses, have a significant (P < 10−5) difference between wild type (WT) and mutant
(Y89D) simulations. Standard deviation values in parantheses. Abbreviations: CS,
cover strand; NL, neck linker; L, loop; S, switch.

Residue position WT dist. (Å) Y89D(α1/β3) (Å) Y89D − WT (Å)

G3 (CS) – R355 (NL) 6.89 (3.32) 3.84 (1.24) −3.05
A4 (CS) – R355 (NL) 5.84 (2.25) 3.42 (0.21) −2.42
A4 (CS) – R324 (β8) 5.02 (1.72) 6.98 (1.38) 1.96
S5 (CS) – A358 (NL) 6.34 (2.96) 9.62 (1.05) 3.28
S5 (CS) – K352 (α6) 6.75 (1.61) 3.78 (0.72) −2.97
S5 (CS) – R324 (β8) 4.73 (1.46) 7.29 (0.99) 2.56
S5 (CS) – S323 (β8) 5.90 (1.93) 8.41 (0.80) 2.51
S5 (CS) – N357 (NL) 5.02 (1.64) 7.50 (0.48) 2.48
S5 (CS) – R355 (NL) 5.54 (1.26) 3.84 (0.49) −1.70
S5 (CS) – T325 (β8) 3.89 (0.95) 5.54 (0.61) 1.65
S5 (CS) – I354 (NL) 5.01 (1.16) 3.51 (0.34) −1.50
R13 (β1) – M210 (L9/S1) 7.97 (1.49) 4.84 (1.16) −3.13
R18 (α0) – N209 (L9/S1) 5.60 (2.49) 3.58 (1.28) −2.02
R22 (α0) – N209 (L9/S1) 8.50 (2.63) 5.15 (1.94) −3.35
R22 (α0) – D335 (L14) 4.75 (1.84) 6.45 (0.76) 1.70
M30 (β2a) – N66 (L3) 3.89 (1.10) 8.80 (2.86) 4.91
S31 (β2a) – N66 (L3) 4.98 (1.13) 10.10 (2.95) 5.12
G32 (L2b) – N66 (L3) 4.94 (1.31) 10.07 (2.78) 5.13
D53 (L2d) – K352 (α6) 6.04 (1.26) 4.38 (1.66) −1.66
Y54 (β2d) – N66 (L3) 4.93 (1.22) 10.20 (3.24) 5.27
S55 (β2d) – N66 (L3) 5.09 (1.32) 9.16 (2.21) 4.07
W57 (L3) – D64 (L3) 3.90 (1.29) 7.26 (2.04) 3.36
W57 (L3) – N66 (L3) 3.39 (0.33) 4.98 (1.56) 1.59
W57 (L3) – A68 (L3) 3.07 (0.32) 4.49 (1.41) 1.42
P62 (L3) – Q115 (L5) 8.78 (1.47) 5.62 (2.11) −3.16
H84 (α1) – G88 (α1) 3.28 (0.53) 4.88 (0.45) 1.60
E87 (α1) – I360 (NL) 7.19 (5.06) 12.21 (3.23) 5.02
E87 (α1) – R324 (β8) 5.86 (2.34) 4.37 (2.64) −1.49
G88 (α1) – I360 (NL) 6.62 (5.14) 12.95 (2.14) 6.33
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Residue position WT dist. (Å) Y89D(α1/β3) (Å) Y89D − WT (Å)

G88 (α1) – V241 (β7) 4.92 (1.05) 3.26 (0.31) −1.66
Y89 (β3) – I360 (NL) 5.57 (3.49) 10.04 (1.64) 4.47
Y89 (β3) – V359 (NL) 5.22 (2.30) 7.75 (1.43) 2.53
Y89 (β3) – V241 (β7) 6.29 (1.04) 3.77 (0.37) −2.52
Y89 (β3) – A358 (NL) 4.66 (1.92) 6.73 (1.13) 2.07
Y89 (β3) – K243 (β7) 4.41 (0.49) 3.05 (0.20) −1.36
Y89 (β3) – S242 (β7) 4.83 (1.13) 3.48 (0.25) −1.35
Q98 (PL) – R254 (L11/S2) 4.00 (0.94) 6.91 (0.95) 2.91
Q98 (PL) – M210 (L9/S1) 5.11 (1.77) 6.59 (0.54) 1.48
G100 (PL) – M210 (L9/S1) 6.17 (1.27) 4.50 (1.18) −1.67
S104 (PL) – S215 (L9/S1) 5.49 (0.35) 3.71 (1.17) −1.78
N135 (L6) – H230 (β6) 7.25 (1.57) 5.04 (1.63) −2.21
S139 (β4) – H230 (β6) 6.52 (1.09) 4.39 (1.47) −2.13
Y150 (L7) – E267 (L11/S2) 4.67 (1.94) 6.25 (1.29) 1.58
M210 (L9/S1) – R254 (L11/S2) 5.35 (2.01) 10.25 (2.65) 4.90
S215 (L9/S1) – MG2 4.19 (0.31) 2.85 (0.84) −1.34
R216 (L9/S1) – G268 (L11/S2) 4.04 (1.03) 6.16 (1.66) 2.12
R216 (L9/S1) – N270 (L11/S2) 3.45 (0.89) 5.37 (1.22) 1.92
K228 (β6) – N235 (L10) 8.85 (1.44) 6.14 (2.99) −2.71
R229 (β6) – T234 (L10) 7.94 (0.94) 5.08 (1.35) −2.86
R229 (β6) – T238 (β7) 2.91 (0.16) 4.25 (1.20) 1.34
H230 (β6) – T237 (β7) 3.91 (0.53) 5.82 (1.94) 1.91
H230 (β6) – I236 (L10) 3.77 (0.80) 5.44 (1.55) 1.67
D231 (L10) – T238 (β7) 4.27 (1.13) 8.11 (2.16) 3.84
D231 (L10) – T237 (β7) 4.48 (0.81) 6.79 (1.87) 2.31
D231 (L10) – T234 (L10) 5.14 (1.38) 2.94 (0.35) −2.20
D231 (L10) – I236 (L10) 3.29 (0.92) 5.48 (1.75) 2.19
A232 (L10) – I236 (L10) 4.03 (1.79) 7.28 (1.19) 3.25
A232 (L10) – N235 (L10) 3.79 (1.37) 6.18 (0.97) 2.39
S252 (L11/S2) – N272 (α4) 3.61 (0.44) 5.59 (1.47) 1.98
E253 (L11/S2) – T258 (L11/S2) 9.04 (1.99) 3.98 (1.23) −5.06
E253 (L11/S2) – S257 (L11/S2) 9.90 (1.75) 5.21 (1.70) −4.69
E253 (L11/S2) – L265 (L11/S2) 4.47 (0.52) 6.56 (0.92) 2.09
E253 (L11/S2) – A269 (L11/S2) 4.60 (1.58) 6.38 (0.94) 1.78
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Residue position WT dist. (Å) Y89D(α1/β3) (Å) Y89D − WT (Å)

R254 (L11/S2) – T258 (L11/S2) 7.06 (2.26) 4.33 (1.58) −2.73
R254 (L11/S2) – S257 (L11/S2) 6.68 (1.93) 4.04 (1.24) −2.64
R254 (L11/S2) – E340 (α6) 3.31 (1.25) 5.12 (2.00) 1.81
R254 (L11/S2) – D339 (α6) 6.29 (1.24) 4.66 (1.78) −1.63
A255 (L11/S2) – T258 (L11/S2) 5.73 (1.35) 3.83 (0.94) −1.90
G268 (L11/S2) – I271 (α4) 3.47 (0.39) 5.32 (1.75) 1.85
L285 (α4) – C356 (NL) 5.16 (1.19) 7.38 (1.02) 2.22
L285 (α4) – R355 (NL) 3.30 (0.58) 4.71 (0.98) 1.41
A286 (α4) – R355 (NL) 4.52 (1.27) 6.10 (0.81) 1.58
K299 (L12) – E317 (α5) 3.49 (1.21) 5.86 (3.18) 2.37
T301 (L12) – G321 (L13) 3.89 (0.55) 6.05 (1.77) 2.16
D302 (L12) – R316 (α5) 4.57 (1.21) 6.33 (1.37) 1.76
N322 (L13) – V359 (NL) 3.53 (0.94) 5.56 (2.43) 2.03
S323 (β8) – A358 (NL) 4.40 (1.06) 5.98 (1.10) 1.58
R324 (β8) – A358 (NL) 4.80 (1.79) 6.56 (1.34) 1.76

172



APPENDIX E

Additional Tables for Chapter VII
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Table E.1: Experimental structures selected for PCA. PPI: protein-protein interactions present in a given structure.

PDB ID Chains Nucleotide Ligands (α) Ligand (β) PPI Reference

5W3J A, B GDP GTP,MG GDP,TA1 Howes et al. J. Cell Biol. (2017)

4U3J A, B GTP GTP,MG GTP,MG TOG Ayaz et al. Elife (2014)

4FFB A, B GTP GTP,MG GTP,MG TOG Ayaz et al. Science (2012)

5W3F A, B GDP GTP,MG GDP Howes et al. J. Cell Biol. (2017)

5W3H A, B GDP GTP,MG EP,GDP Howes et al. J. Cell Biol. (2017)

5MJS H, A GDP GTP GDP EB1/3 von Loeffelholz et al. Nat Commun (2017)

5UCY A, B GDP GTP,MG GDP Ichikawa et al. Nat Commun (2017)

5JCO B, K GMPCPP GTP,MG G2P,MG Vemu et al. J.Biol.Chem. (2016)

5IJ9 A, B GDP GTP,MG GDP Ti et al. Dev.Cell (2016)

5IJ0 A, B GDP GTP,MG GDP Ti et al. Dev.Cell (2016)

5N5N K, B GMPCPP GTP,MG G2P,MG Vemu et al. Mol. Biol. Cell (2017)

3E22 C, D GDP GTP,MG GDP,LOC Stathmin Cormier et al. Embo Rep. (2008)

3DU7 C, D GDP MG CN2,GDP,GTP,HOS Stathmin Cormier et al. Embo Rep. (2008)

5SYG A, B GDP GTP,MG GDP,ZPN Kellogg et al. J. Mol. Biol. (2017)

5SYF A, B GDP GTP,MG GDP,TA1 Kellogg et al. J. Mol. Biol. (2017)

5SYE A, B GDP GTP,MG GDP,POU,TA1 Kellogg et al. J. Mol. Biol. (2017)

5SYC A, B GDP GTP,MG GDP,POU Kellogg et al. J. Mol. Biol. (2017)

5FNV C, D GTP CA,GTP,MG,X3H GTP,MG Stathmin, TTL Yang et al. Nat.Commun. (2016)

5JQG C, D GTP CA,GTP,MG GTP,MG Stathmin, TTL Yang et al. Nat Commun (2016)

4ZOL C, D GDP CA,GTP,MG 55Q,GDP,MG Stathmin, TTL Wang et al. Mol.Pharmacol. (2016)

4ZHQ C, D GDP CA,GTP,MG GDP,MG Stathmin, TTL Wang et al. Mol.Pharmacol. (2016)

4ZI7 C, D GDP CA,GTP,MG GDP,MG Stathmin, TTL Wang et al. Mol.Pharmacol. (2016)
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PDB ID Chains Nucleotide Ligands (α) Ligand (β) PPI Reference

5BMV C, D GDP CA,GTP,MG,VLB GDP,MG Stathmin, TTL Wang et al. Mol.Pharmacol. (2016)

5KMG A, B GDP GTP,MG GDP,POU PRC1 Kellogg et al. Proc.Natl.Acad.Sci.USA (2016)

3JAK K, B GDP-Pi GTP,MG GSP EB1/3 Zhang et al. Cell (2015)

3JAL K, B GMPCPP GTP,MG G2P EB1/3 Zhang et al. Cell (2015)

3JAR K, B GDP GTP,MG GDP EB1/3 Zhang et al. Cell (2015)

3JAW A, B GDP-Pi GTP,MG GSP Zhang et al. Cell (2015)

6BJC K, B GMPCPP GTP,MG G2P,MG TPX2 Zhang et al. Elife (2017)

3JAS K, B GDP GTP,MG GDP Zhang et al. Cell (2015)

3JAT K, B GMPCPP GTP,MG G2P,MG Zhang et al. Cell (2015)

1SA1 C, D GDP GTP,MG GDP,POD Stathmin Ravelli et al. Nature (2004)

1SA0 C, D GDP GTP,MG CN2,GDP Stathmin Ravelli et al. Nature (2004)

1JFF A, B GDP GTP,MG,ZN GDP,TA1 Lowe et al. J.Mol.Biol. (2001)

1TVK A, B GDP GTP EP,GDP Nettles et al. Science (2004)

5ND4 A, B GDP GTP,MG GDP,TA1 Kinesin Atherton et al. Elife (2017)

5OGC A, B GDP GTP,MG,ZN GDP,TA1 Kinesin Locke et al. Proc. Natl. Acad. Sci. U.S.A. (2017)

3J6E A, B GMPCPP GTP,MG G2P,MG Alushin et al. Cell (2014)

3J6F A, B GDP GTP,MG GDP Alushin et al. Cell (2014)

5M5C A, B GDP GTP,MG GDP,TA1 CAMSAP Atherton et al. Nat. Struct. Mol. Biol. (2017)

4LNU A, B GDP GTP,MG,SO4 GDP,MES,SO4 DARPin, Kinesin Cao et al. Nat Commun (2014)

4EB6 C, D GDP GTP,MG,VLB GDP,SO4 Stathmin Ranaivoson et al. Acta Crystallogr.,Sect.D (2012)

3UT5 C, D GDP GTP,MG GDP,LOC,SO4 Stathmin, Vinca Ranaivoson et al. Acta Crystallogr.,Sect.D (2012)

3RYI C, D GDP GTP,MG,SO4 GDP,SO4 Stathmin Nawrotek et al. J.Mol.Biol. (2011)

4F6R A, B GDP GTP,MG,SO4 GDP,MES DARPin, Stathmin Mignot et al. J.Biol.Chem. (2012)
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PDB ID Chains Nucleotide Ligands (α) Ligand (β) PPI Reference

3RYH C, D GMPCPP GTP,MG,SO4 G2P,MG,SO4 Stathmin Nawrotek et al. J.Mol.Biol. (2011)

3RYC C, D GTP GTP,MG,SO4 GTP,MG,SO4 Stathmin Nawrotek et al. J.Mol.Biol. (2011)

3RYF C, D GTP GTP,MG,SO4 GTP,MG,SO4 Stathmin Nawrotek et al. J.Mol.Biol. (2011)

1Z2B C, D GDP GTP,MG,VLB CN2,GDP Stathmin Gigant et al. Nature (2005)

5KX5 C, D GDP CA,GTP,MG 6YK,GDP,MG Stathmin, TTL Leverett et al. ACS Med Chem Lett (2016)

3HKD C, D GDP GTP,MG GDP,N16 Stathmin Dorleans et al. Proc.Natl.Acad.Sci.USA (2009)

3N2G C, D GDP GTP,MG G2N,GDP Stathmin Barbier et al. J.Biol.Chem. (2010)

3N2K C, D GDP GTP,MG GDP,K2N Stathmin Barbier et al. J.Biol.Chem. (2010)

3HKE C, D GDP GTP,MG GDP,T13 Stathmin Dorleans et al. Proc.Natl.Acad.Sci.USA (2009)

3HKC C, D GDP GTP,MG E70,GDP Stathmin Dorleans et al. Proc.Natl.Acad.Sci.USA (2009)

3HKB C, D GDP GTP,MG GDP Stathmin Dorleans et al. Proc.Natl.Acad.Sci.USA (2009)

4X1I C, D GDP GTP,MG 3WD,GDP,LOC Stathmin Maderna et al. J.Med.Chem. (2014)

4X1K C, D GDP GTP,MG 3WZ,GDP,LOC Stathmin Maderna et al. J.Med.Chem. (2014)

4X1Y C, D GDP GTP,MG 3WV,GDP,LOC Stathmin Maderna et al. J.Med.Chem. (2014)

4X20 C, D GDP GTP,MG 3WY,GDP,LOC Stathmin Maderna et al. J.Med.Chem. (2014)

5EIB C, D GTP GTP,MG GTP,MG CENPJ, DARPin Zheng et al. Nat Commun (2016)

4DRX A, B GTP GTP,MG GTP,MG DARPin Pecqueur et al. Proc.Natl.Acad.Sci.USA (2012)

3J8X A, B GDP GTP GDP Kinesin Shang et al. Elife (2014)

3J8Y A, B GDP GTP GDP Kinesin Shang et al. Elife (2014)

4HNA A, B GDP GTP,MG ALF,GDP,MG DARPin, Kinesin Gigant et al. Nat.Struct.Mol.Biol. (2013)

4F61 C, D GDP GTP,MG GDP Stathmin Mignot et al. J.Biol.Chem. (2012)

5ITZ A, B GDP GTP,MG GDP,LOC CENPJ, DARPin Sharma et al. Dev.Cell (2016)

5JCB C, D GDP CA,GTP,IMD,MG,NA GDP,MG,NV4 Stathmin, TTL Zhao et al. ACS Chem. Biol. (2017)
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5M7G C, D GDP CA,GTP,MG FB7,GDP,MG Stathmin, TTL Bohnacker et al. Nat Commun (2017)

5NQT A, B GDP GTP,MG GDP DARPin Weinert et al. Nat Commun (2017)

5EYP A, B GDP GTP,MG,SO4 GDP,LOC,SO4 DARPin Ahmad et al. Sci Rep (2016)

5MIO A, B GDP GTP,MG GDP,LOC DARPin, Kinesin Wang et al. Nat Commun (2017)

4I50 C, D GDP CA,GTP,MG EP,GDP,MES,MG Stathmin, TTL Prota et al. Science (2013)

5NG1 C, D GDP CA,GTP,MG 8WB,GDP,MG,ZPN Stathmin, TTL Field et al. J. Nat. Prod. (2017)

5LXS C, D GDP CA,GTP,MG 7AO,GDP,MG Stathmin, TTL Prota et al. Chembiochem (2017)

5EZY C, D GTP CA,GTP,MG GTP,MG,TAJ Stathmin, TTL Wang et al. Nat Commun (2017)

4O4L C, D GDP GTP,MG EP,GDP,MG,POU Stathmin, TTL Prota et al. Angew.Chem.Int.Ed.Engl. (2014)

4O4J C, D GDP GTP,MG GDP,MG,POU Stathmin, TTL Prota et al. Angew.Chem.Int.Ed.Engl. (2014)

4O4I C, D GDP CA,GTP,MG EP,GDP,MG Stathmin, TTL Prota et al. Angew.Chem.Int.Ed.Engl. (2014)

4I4T C, D GDP CA,GTP,MG GDP,MG,ZPN Stathmin, TTL Prota et al. Science (2013)

5OV7 C, D GDP GTP,MG 6FS,GDP,MG Stathmin, TTL Jost et al. Mol. Cell (2017)

5NJH C, D GDP GTP,MG GDP,MG Stathmin, TTL Saez-Calvo et al. Cell Chem Biol (2017)

5JH7 C, D GDP CA,GTP,MG 6K9,GDP Stathmin, TTL Doodhi et al. Curr.Biol. (2016)

5J2T C, D GDP GTP,MG,VLB GDP Stathmin, TTL Waight et al. Plos One (2016)

5JVD C, D GDP CA,GTP,MG 6NL,GDP,MG Stathmin Canela et al. Oncotarget (2017)

4IIJ C, D GDP CA,GTP,MG GDP,MG Stathmin, TTL Prota et al. J.Cell Biol. (2013)

4I55 C, D GDP CA,GTP,MG GDP,MG Stathmin, TTL Prota et al. Science (2013)

5NM5 A, B GDP GTP,MG GDP,LOC DARPin Weinert et al. Nat Commun (2017)

5O7A C, D GDP GTP 9N5,GDP,MG Stathmin, TTL Sharma et al. Int J Mol Sci (2017)

4O2A C, D GDP CA,GTP 2RR,GDP,MG Stathmin, TTL Prota et al. J.Mol.Biol. (2014)

4O2B C, D GDP CA,GTP,IMD,MG GDP,LOC,MG Stathmin, TTL Prota et al. J.Mol.Biol. (2014)
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4TV9 C, D GDP CA,GTP,MG 3H4,GDP,MG Stathmin, TTL Prota et al. Proc.Natl.Acad.Sci.USA (2014)

4YJ2 C, D GDP CA,GTP,IMD,MG 4ED,GDP,MG Stathmin, TTL McNamara et al. Protein Sci. (2015)

4YJ3 C, D GDP CA,GTP,IMD,MG 4EE,GDP,MG Stathmin, TTL McNamara et al. Protein Sci. (2015)

5C8Y C, D GDP CA,GTP,MG GDP,PN6 Stathmin, TTL Wang et al. Febs J. (2016)

5CA0 C, D GDP CA,GTP,MG GDP,LXL Stathmin, TTL Wang et al. Febs J. (2016)

5CA1 C, D GDP CA,GTP,MG GDP,MES,NZO Stathmin, TTL Wang et al. Febs J. (2016)

5CB4 C, D GDP CA,GTP,MG GDP,TIV Stathmin, TTL Wang et al. Febs J. (2016)

5GON C, D GDP CA,GTP,IMD,MG GDP,MG Stathmin, TTL Zhou et al. J. Med. Chem. (2016)

5H7O C, D GTP CA,GTP,MG 7Q7,GTP,MG Stathmin, TTL Arnst et al. Cancer Res. (2018)

5XAF C, D GDP CA,GTP,IMD,MG 84F,GDP,MG Stathmin, TTL Zhou et al. Eur J Med Chem (2017)

5XHC C, D GTP CA,GTP,MG GTP,MG Stathmin, TTL Chu et al. To Be Published (null)

5XI5 C, D GTP CA,GTP,MG GTP,MG,PN6 Stathmin, TTL Chu et al. To Be Published (null)

5XI7 C, D GTP CA,GTP,MG GTP,MG,PO7 Stathmin, TTL Chu et al. To Be Published (null)

5XLT C, D GDP CA,GTP,MG 89O,GDP,MG Stathmin, TTL Niu et al. Biochem. Biophys. Res. Commun. (2017)

5XLZ C, D GTP CA,GTP,MG 89U,GTP,MG Stathmin, TTL Cheng et al. Biochem. Biophys. Res. Commun. (2018)

5XP3 C, D GTP CA,GTP,MG GTP,MG Stathmin, TTL Wei et al. To Be Published (null)

5YL4 C, D GTP CA,GTP,MG GTP,MG Stathmin, TTL Fu et al. To Be Published (null)

5OSK C, D GDP CA,GTP,IMD,MG GDP,MG Stathmin, TTL Dohle et al. J. Med. Chem. (2018)

5LOV C, D GDP 71E,GTP,MG GDP Stathmin, TTL Wieczorek et al. Sci Transl Med (2016)

5H74 C, D GTP CA,GTP,MES,MG 7LG,GTP,MG Stathmin, TTL Wang et al. To Be Published (null)

5IYZ C, D GDP CA,GTP,MG 4Q5,GDP,MG Stathmin, TTL Waight et al. Plos One (2016)

5NFZ C, D GDP CA,GTP,MG 8WB,GDP,MG Stathmin, TTL Field et al. J. Nat. Prod. (2017)

5LYJ C, D GDP CA,GTP,MG 7BA,GDP,MG Stathmin, TTL Gaspari et al. Chem (2017)
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5M7E C, D GDP CA,GTP,MG GDP,MG Stathmin, TTL Bohnacker et al. Nat Commun (2017)

5M8D C, D GDP CA,GTP,MG GDP,MG Stathmin, TTL Bohnacker et al. Nat Commun (2017)

5M8G C, D GDP CA,GTP,MG 918,GDP,MES,MG Stathmin, TTL Bohnacker et al. Nat Commun (2017)

4WBN C, D GDP CA,CL,GTP,MG CA,GDP Stathmin, TTL Weinert et al. Nat.Methods (2015)

5LP6 C, D GDP CA,GTP,MG GDP Stathmin, TTL Marangon et al. Biochem. Biophys. Res. Commun. (2016)

5MF4 C, D GDP CA,GTP,MG 7LZ,GDP,MES,MG Stathmin, TTL Trigili et al. Acs Omega (2017)

4IHJ C, D GDP CA,GTP,MG GDP,MG Stathmin, TTL Prota et al. J.Cell Biol. (2013)

5J2U C, D GDP GTP,MG 6DO,GDP Stathmin Waight et al. Plos One (2016)

4O4H C, D GDP GTP,MG GDP,MG Stathmin, TTL Prota et al. Angew.Chem.Int.Ed.Engl. (2014)

5LXT C, D GDP CA,GTP,MG 7AK,GDP,MG Stathmin, TTL Prota et al. Chembiochem (2017)

4TUY C, D GDP CA,GTP,MG 36L,GDP,MG Stathmin, TTL Prota et al. Proc.Natl.Acad.Sci.USA (2014)

4TV8 C, D GDP CA,GTP,MG 3GT,GDP,MG Stathmin, TTL Prota et al. Proc.Natl.Acad.Sci.USA (2014)

5NQU A, B GDP GTP,MG GDP DARPin Weinert et al. Nat Commun (2017)
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