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Abstract

Kinesin-1 is an ATP-dependent motor protein that plays a key role in the spatial and temporal
organisation of the cell by the anterograde transport of a diverse range of cargo including
proteins and membrane bound organelles on microtubules. The motor complex is
a heterotetramer of two heavy chains (KHCs) and two light chains (KLCs), built on a dimeric
KHC coiled-coil scaffold. Understanding the structure and mechanisms of activation of this
protein is important to gain insights into the normal and pathological roles it plays in
intracellular transport. In addition, the development of new strategies to manipulate kinesin-1
and other motor proteins could allow us to target transport systems in human disease. To date,
models of cargo transport have predominantly focussed on motor-microtubule interactions.
The work described in this thesis sought to use peptide-design approaches to explore the
mechanisms of cargo attachment and how this is linked to a transition from a regulated,

autoinhibited state to an active form capable of motility on the cytoskeleton.

In Chapter 3, a new structure-guided, fragment-linking, peptide-design approach is developed
to deliver a high-affinity peptide ligand that targets the kinesin-1:cargo interface through
binding to tetratricopeptide repeat (TPR)domains of KLCs.In Chapter 4, the de
novo peptide, KinTag, is shown to be effective in hijacking the transport function of
endogenous kinesin motors in cells and can deliver cargo into axons of primary neurons with
a high efficiency that correlates with its enhanced binding affinity. This demonstrates for the
first time that the more tightly the motor holds onto its cargo adaptor, the more efficiently the
cargo is transported. To enable inducible manipulation of transport in the cell, a de novo cell-
penetrating peptide tag is described that delivers KinTag to the cytosol and dimerizes with a

genetically encoded bait sequence, localized to an organelle of choice.

In Chapter 5, to understand better how conformational changes linked to cargo-binding in the
KLCs are coupled to downstream activation of the motor domains, the interaction between the
heavy and light chains in the tetrameric motor is investigated. The KHC-KLC interface is
formed by a short region within the coiled-coil stalk of the KHCs and a purported coiled-coil
region near the N terminus of the KLCs. This interaction is required for the autoinhibition and

activity of kinesin-1, however, the structure and organisation remains unresolved. Solution-



phase biophysical characterisation alongside model building and X-ray crystallography is
employed and reveals the KHC coils as a dynamic platform for protein-protein interactions.

In addition to its role in organelle transport, kinesin-1 performs a function in sliding pairs of
microtubules relative to one another for regulation of the microtubule network. In Chapter
6, the organelle transport and microtubule remodelling activities are linked in a shared,
acidification-induced activation mechanism. Mutations in full-length proteins in cells reveal
that a Glu residue in the core of the KHC-KLC interface may play an important role in the pH
sensing capacity of kinesin-1. This begins to develop a model for the long-unexplained pH
dependence of kinesin-1 activity, opening the door for future studies using peptide design to

target this interface.
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1 Introduction

Ideas described in Section 1.1.3 of this chapter have been included in the publication

Motor-cargo adaptors at the organelle-cytoskeleton interface
Jessica A. Cross and Mark P. Dodding
Curr. Opin. Cell. Biol. 2019, 59, 16-23 DOI: 10.1016/j.ceb.2019.02.010

1.1 Kinesin-1 is a cytoskeletal motor protein involved in intracellular transport

1.1.1 The cytoskeleton

Eukaryotic cells contain internal, membrane-bound compartments called organelles. These
organelles allow different environments to exist within the cell, which facilitate specific
functions effectively; for example, adenosine triphosphate (ATP) synthesis inside
mitochondria and enzymatic degradation inside lysosomes.!" The cell is organised further by
a structural framework called the cytoskeleton. The cytoskeleton is a network of intracellular
filaments essential for maintaining cell shape, internal organisation, and supporting many
functions including cell motility and division. The eukaryotic cytoskeleton is composed of
actin filaments, intermediate filaments and microtubules. Whilst previously thought to be
unique to eukaryotes, research in the 1990s led to the discovery of actin* and tubulin®”’
homologues in bacteria and archaea, revealing that prokaryotic cells also have active and
dynamic cytoskeletons.® It is now hypothesised that the complex eukaryotic cytoskeleton,
composed of filaments, motors and accessory proteins, may have evolved from simple

prokaryotic origins.’

Microtubules are typically assembled from 13 protofilaments which align together to form a
hollow, cylindrical structure. These protofilament polymers are assembled from a- and B-
tubulin heterodimers (Fig. 1.1).!° Microtubules are intrinsically polar structures that have a
rapidly growing plus end that exposes B-tubulin and a minus end exposing a-tubulin. In most
cases, cytoskeletal microtubule arrays are organised radially within the cell, with the minus
ends anchored at the centrosome in many cell types (a microtubule organising centre (MTOC))
and the plus ends pointing towards the cell periphery. In addition, linear, non-centrosomal
microtubule arrays are observed in polarized, nonmigratory cells such as neuronal, epithelial
and skeletal muscle fibre cells.!! Microtubules have a property known as dynamic instability,

rapidly switching between phases of growth and depolymerisation. These dynamic properties
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are essential for the remodelling of the cytoskeleton that occurs during mitosis and cell

migration.'?

The rates of microtubule growth and depolymerisation depend on a number of
factors including the availability of tubulin, tubulin post-translational modifications such as
detyrosination or acetylation, the presence of microtubule-associated proteins (MAPs), which

may play a stabilising or destabilising role, and the activity of motor proteins.!?

Growing microtubule

Fig. 1.1| Microtubule structure and dynamic instability. Microtubules are polarized
polymers of o- and B-tubulin heterodimers which assemble to form hollow cylindrical
filaments in the cytoskeleton of a cell. Usually, the minus end is anchored to nucleating material
in the cell, while the plus end is free to bind and hydrolyse GTP during polymerisation.
Microtubules show dynamic instability, rapidly switching between phases of growth (rescues)
and depolymerisation (catastrophe), which are essential for their roles in vivo.

1.1.2 Cytoskeletal motors

Cytoskeletal motor proteins interact with the actin and microtubule cytoskeletons, generating
mechanical energy from the hydrolysis of ATP. Motor proteins use this energy to produce
force, allowing transport of cellular components along the cytoskeletal network. There are three
classes of motor proteins: myosins interact with actin filaments; and kinesins and dyneins are
microtubule motors that predominantly move towards the plus and minus ends, respectively
(Fig 1.2)."* Within these superfamilies there are further divisions into sub-classes of motors,

performing different functions within the cell.

Within the myosin superfamily, there are 39 genes in the human genome which have been
divided into 12 classes by phylogenetic sequence analysis.!>!® These enzymes bind to actin

filaments with affinities dependent on nucleotide-binding state. A subset of myosins are found



exclusively in muscle, where the molecules assemble into bipolar thick filaments, which slide
relative to actin filaments during muscle contraction.!” (Fig 1.2a) Non-muscle myosins can also
assemble into filaments important for cell adhesion and migration.'® Class V myosins are active
in cargo transport. These proteins have two identical head domains with staggered ATPase
cycles, allowing the motor to take steps along the filamentous track (Fig 1.2b).!° Binding of
ATP triggers dissociation of the rear head domain from the actin filament allowing the front
head to undergo a lever-arm swing. This conformational change propels the rear head forward.
Hydrolysis of ATP and release of phosphate then allows the head to reattach to the actin

filament at a new site.2’

Dynein was originally discovered as an axonemal ATPase in Tetrahymena pyriformis cilia?!.
Subsequently, cytoplasmic dynein-1 has been shown to be widely expressed in cells, driving
intracellular transport of organelles, proteins, RNA and viruses towards the minus ends of
microtubules.?>?? Dynein motors assemble through homodimerization of two identical heavy
chains composed of a globular head domain, microtubule-binding stalk and cargo binding tail.
Dyneins also contain a variety of intermediate, light intermediate and light chains.?* Cargo
transport is mediated through a 23-subunit complex named dynactin, which interacts with
cargo adaptor proteins through coiled-coil interactions.?® Notably, in the cytoplasm of animal

cells, there is only a single dynein in contrast to ~40 kinesins performing related functions.?

The kinesin superfamily can be subdivided into 14 sub-families.?’” All kinesins have a
conserved motor domain for ATP hydrolysis and microtubule binding. Additionally, each
family has specific variable domains for regulation and isoform-specific functions,
including cargo binding and localization. In general, the position of the motor domain
dictates function. N-terminal motor domains, which are the most common, direct motility
towards the plus end of the microtubule. Conversely, C-terminal motor domains direct
movement towards the minus end.?® Kinesin motors with a central motor domain often

depolymerise microtubules rather than moving along their surface.?’

Historically, kinesins were given different names based on individual or systematic
identification or the position of the motor domain.>* At the 2003 meeting of the American
Society for Cell biology, a standardised nomenclature system was adopted, naming kinesins
by their subfamily kinesin 1-14. Within these subfamilies, individual sequences retained

their originally described names.?” In this thesis, the term kinesin-1 is used to refer to a
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complete heterotetrameric holoenzyme of kinesin family 1, KHC refers to the heavy chain
component from genes Kif5 A B or C and KLC the light chain component from genes KLC 1-
4.

a c .
Kinesin-1 § —
Microtubule
f +end
. ] o

Myosin V § Actin
-end 00 & 2% +end
b
>.___..___{‘:~ -

Myosin Il s

Fig. 1.2| Examples of cytoskeletal motor proteins of the Kinesin, dynein and myosin
families. a, Myosin-V proteins are important in cargo transport, two head domains with
staggered ATPase cycles allow the motor to take steps along the actin track. b, Class Il myosins
assemble into bipolar thick filaments which slide relative to actin filaments. ¢, Kinesin-1 and
dynein are microtubule motor proteins directed towards the plus and minus ends, respectively.

1.1.3 Kinesin-1

Kinesin-1 was the first family of kinesin motor proteins to be discovered, identified in giant
squid axoplasm as a microtubule dependent ATPase by Vale et al. in 1985.3! These microtubule
motors play a key role in the spatial and temporal organisation of the cell by the anterograde
transport of a diverse range of cargo, including proteins and membrane bound organelles.?’
Kinesin-1 is often hijacked by viruses and bacteria during their replication cycles and plays a
role in several neurological diseases.*’** Therefore, understanding the structure and
mechanisms by which kinesin-1 interacts with its cargo, and is activated, is important to gain

insights into the normal and pathological roles it plays in intracellular transport.

Whilst myosin-V and kinesin-1 have no amino-acid sequence identity and exhibit distinct
enzymatic*2¢ and motile’”3® properties, the structural organisation of the proteins have
similarities with the dimerization of coiled-coil domains bringing together a pair of motor

domains for cargo transport. In addition, the two proteins share a common force-generating



mechanism with crystal structures revealing structural similarity between the motor domains.

This suggests that myosins and kinesins may have evolved from a common ancestor.*

1.1.3.1 Structure of kinesin-1

Kinesin-1 exists predominantly as a heterotetramer comprising two heavy chains (KHCs) and
two light chains (KLCs) (Fig.1.3).4%* There are three mammalian genes that encode KHCs:
Kif5B is expressed ubiquitously while Kif5A and Kif5C are predominantly found in neuronal
cells.*? Notably, a search of the human gene mutation database reveals very few mutations in
KHC genes Kif5B and Kif5C and KLC genes KLC1-4. In contrast, a large number of mutations
have been identified in Kif5A and linked to diseases including spastic paraplegia, amyotrophic
lateral sclerosis (ALS) and charcot-Marie-Tooth (CMT) disease.* These mutations are largely

clustered in the motor domain in regions important for microtubule binding.**

ATP hydrolysis and microtubule binding occur at the N-terminal globular motor domains of
the heavy chains (Fig. 1.4).* These motor domains are linked to an extended a-helical coiled-
coil domain, which mediates heavy chain dimerization and contains a C-terminal region of four
highly conserved heptad repeats, shown to interact with the light chains (Fig. 1.5).4¢*” This
coiled-coil stalk plays a central role in the motility of kinesin-1 by coordinating intramolecular
strain within the motor and facilitating the microtubule stepping mechanism.*® In the inactive
state, both head domains are complexed with ADP. Upon microtubule binding, one head
releases ADP and binds ATP, triggering a conformational change in the neck linker.** This
results in the docking of the 15 amino acid neck-linker into the catalytic core of the motor.*’
This induces internal strain between the two head domains to drive the movement of the
unattached head to a forward microtubule-binding site, where it binds and subsequently
releases ADP. Intramolecular strain prevents binding of a second ATP by the forward head
until hydrolysis at the rear head has occurred.’®>! In this way, the motor processes in a hand-

over-hand stepping mechanism, taking 8 nm steps along the microtubule (Fig. 1.4).385254

The C-terminal tail domain is involved in cargo binding and incorporates a second, ATP-
independent, microtubule-binding site.>> This second microtubule association is largely due to
electrostatic interactions between the basic kinesin-1 tail and acidic C-terminus of tubulin.>®
The role of this microtubule binding site remains a topic of discussion but is likely to include

a role in regulation of motor and microtubule function. It has been suggested that tethering of



inactive kinesin-1 to microtubules enhances processivity by keeping close proximity to
microtubules in the event of motor-domain dissociation or that this interaction is important for
pausing the motor in an inactive microtubule-bound state with high ADP affinity.6-’
Microtubule association at this site may be prevented by the binding of regulatory proteins to
overlapping cargo sites of the KHC tail.’®>” Whilst a pool of homodimeric KHCs has been
shown to exist in mammalian cells, the majority is complexed to KL.Cs in the form of tetrameric

motors.>®

Relief of KHC and

. . KLC autoinhibition . ‘
® [ J

Cargo adaptor :. ‘
@ ®
®

Q@

KHC tail —»

KHC motor —»

KLCTPR—> .:i

(S
-~
KLC linker !—»@

KLC heptad repeats
KHC helical stalk

. Cargo binding

Fig. 1.3| Structure of kinesin-1 with a possible model for release of autoinhibition. Kinesin-
1 is an autoinhibited heterotetramer of two heavy chains (KHCs) and two light chains (KLCs).
KHCs (green) are composed of an N-terminal motor domain for ATP hydrolysis and
microtubule binding, an extended helical-stalk region for dimerization and KLC binding and a
C-terminal tail for cargo binding and regulation (IAK motif). KLCs (grey) interact with KHCs
through an N-terminal helical domain connected by an unstructured linker to a TPR domain,
important for regulation (LFP motif) and cargo binding. Organelle binding through cargo
adaptor peptides triggers activation from a folded inhibited state to an extended structure,
capable of motility on the microtubule cytoskeleton. Figure adapted from Yip et al. PNAS,
2016 with permission of the publishers.>



Fig. 1.4| Stepping mechanism of kinesin-1. a, Microtubule binding results in release of ADP
from the motor domain. b, Binding of ATP to the microtubule bound motor domain results in
conformational changes in the helical stalk domain, introducing intermolecular strain in the
tetrameric motor. This leads to docking of the 15 amino acid neck-linker to the catalytic core
of the motor. ¢, The associated strain facilitates microtubule binding of the second, unattached
motor domain at a forward site, along with ADP release. ATP hydrolysis at the rear motor
domain releases phosphate and microtubule binding, allowing the motor to cycle through these
stages, processing along a microtubule in 8 nm hand-over-hand steps.

KLCs consist of an N-terminal a helical domain, thought to be a coiled coil, that binds to the
conserved C-terminal region of the KHC stalk to form the heterotetrameric structure.*® This is
connected by a highly charged, unstructured linker to a conserved tetratricopeptide repeat
(TPR) domain and a variable C-terminal domain, both of which are important for cargo binding
(Fig. 1.5). Kinesin-1 TPR domains consist of 6 TPR repeats, which are made up of two anti-

60.61 TPR domains have been shown to mediate a diverse

parallel a helices, 34 residues long.
range of protein-protein interactions (PPIs), with targets binding in the concave groove of the
domain or to loop regions connecting helices.®*6>%¢ A range of kinesin-1 cargo interact with

25,67,68

the concave groove of the TPR domains and differences between these domains in KLC

isoforms has been shown to confer selectivity for cargo binding.®® Also, diversity of cargo

7



recognition is likely to be achieved through variability in the C-terminal region through four
light chain genes (KLC1-4) and a multitude of splice isoforms. These C-terminal domains have
been shown to contribute to targeting kinesin-1 to different cellular structures, in part through
protein-lipid interactions of a KLC amphipathic helix with organelle membranes.®®-’? Potential
diversity is also increased since different KLC isoforms can complex KHC dimers in cells to

form asymmetric tetrameric complexes.”

Motor Neck Coil-1 Coil-2 Coil-3 Coil-4 IAK
Microtubule Hinge 1 Hinge 2 KLC Cargo  Autoinhibition
binding binding binding
Heptad repeat LFP acidic TPR domain CTD helix
Binds KHC Autoinhibition Cargo binding Cargo binding

Fig. 1.5| Structure of KHCs and KLCs. Schematic showing the domain architecture of the
KHC and KLCs. KHCs (top) have an N-terminal globular motor domain linked to an extended
region of o-helical coiled-coil domains, important for heavy chain dimerization and
interactions with cargo and the KLCs. A C-terminal isoleucine-alanine-lysine (IAK) motif
binds to the motor domains and is important for autoinhibition. In the KLCs (bottom) an N-
terminal a helical domain binds to the conserved C-terminal region of the KHC stalk in the
tetrameric motor. A leucine-phenylalanine-proline (LFP) motif in an acidic unstructured linker
region interacts with the TPR domain and is important for autoinhibition. Cargo binding is
through the TPR domains and an amphipathic helix in the C-terminal tail domain (CTD).

1.1.3.2 Regulation of kinesin-1

When not involved in cargo transport, kinesin-1 exists in an autoinhibited conformation (Fig.
1.6). Initial evidence came from electron microscopy and sedimentation studies, showing that
kinesin-1 can have an extended or folded conformation depending on salt concentration.”*7>
Further experiments concluded that this folded conformation is due to an interaction between
the tail and motor domain of KHCs, inhibiting the motor.”6-%° This interaction has been mapped
to a highly conserved isoleucine-alanine-lysine (IAK) motif in the KHC C-terminal tail, which

binds to the homodimer interface of the N-terminal motor domain. This cross-links the motor



domains, preventing their stable association with microtubules and the corresponding
movement required for ADP release, thus preventing unnecessary cycles of ATP
hydrolysis.>”7°! Truncation of the tail domain encompassing this inhibitory motif results in
increased motility compared to the full-length protein.> Whilst this inhibition is an intrinsic

property of KHCs, KLCs also play a role in motor inhibition and regulation.3%777882-86
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Fig. 1.6] Kinesin-1 is autoinhibited through head-tail interactions. a, Autoinhibition of
kinesin-1 has been shown to be, in part, due to the interaction of the tail domain containing a
conserved isoleucine, alanine, lysine (IAK) motif, with the motor head domains. b, A crystal
structure of the inhibited Drosophila motor domain (PDB 2Y65) shows that a single IAK tail
crosslinks the two motor domains, acting as a bridge and preventing the movement required
for ADP release and thus microtubule binding. ¢, C-H-n and hydrogen bond interactions
(dotted lines) between the tail (green) and motor domains (chain A, gray; B, beige). Fig. b
and ¢ adapted from Kaan et al. Science with permission from the publishers.®!

Similar to KHCs, KLCs show dynamic conformational states regulated by autoinhibitory self-
interactions and cargo binding.’® A leucine-phenylalanine-proline (LFP) motif in the
unstructured KLC linker region interacts with the TPR domain, occluding the cargo binding

site.® Cargo adaptor peptides displace this LFP:TPR interaction, relieving autoinhibition and



causing a conformational shift within the TPR domain, increasing curvature via an induced-fit
mechanism.®® This structural change in the KLCs is thought to result in downstream
conformational changes in the KHC motor domains, relieving heavy chain inhibition and
resulting in the extended structure required for ATP hydrolysis and motility along
microtubules.””86-88 Yip et al. speculate that activation may be due to electrostatic interactions
between these autoinhibitory regions, whereby the KLC LFP containing linker, displaced from
the TPR by bound cargo, interacts with the KHC tail, releasing inhibition of the motor domains
(Fig. 1.3).%°

1.1.3.3 Kinesin-1 cargo recognition

Like many other motor proteins, kinesin-1 is known to take part in a vast number of transport
processes within the cell, highlighting the requirement for the selective recognition of multiple
cargo by a single motor. New structural insights have shown this is, in part, due to the function
of a class of proteins called “cargo-adaptors” acting as molecular bridges between specific
organelles and the cytoskeleton.?” Whilst the mechanisms underpinning motor activation are
not fully understood, these cargo-adaptors play a role in relieving autoinhibition and driving

an active conformation capable of motility on the cytoskeleton.

Cargo binding sites have been mapped to both the C-terminal tail of KHCs and the TPR domain
of KLCs. There are many examples of KHC binding cargo reported in the literature, emerging
from studies in fly, worm and mammalian systems.?*!% Some examples including JIP3,%

TRAK1 (OIP106/MILTON1)?® and TRAK2 (GRIF-1/0IP98/Milt2)*® are well established

01 102

whilst others such as kinectin'”" and myosin Va,'® identified through yeast two-hybrid
experiments, are from single reports. Despite this wealth of literature, no common mechanisms
of molecular recognition have been identified. In the absence of a common mechanism,
identification and validation of these motor-cargo interactions remains a challenge.
Interestingly, a recent study by Dimitrova-Paternoga et al. provides the first structural
characterization of a direct cargo adaptor—KHC interface. An atypical tropomyosin, important
for oskar mRNA transport in Drosophila oocytes, is shown to bind to the C-terminal region of
the KHCs forming an antiparallel trimeric coiled-coil assembly. It will be interesting to see if

this emerges as a common mechanism for KHC binding of other cargo.
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In contrast, the mechanisms of cargo binding to KLCs have begun to be understood. KLC™R
domains have been shown to accommodate ligand binding through distinct sites.®>!%A recent
structure reveals that a JIP3 coiled coil binds and cross-links two TPR domains via their
TPR1s.!% In addition, acidic peptide motifs that bind to the positively charged, concave surface
of the KLC™® domain have been identified in a wide range of cargo. Pernigo ef al. separate
these into two distinct classes of cargo adaptor peptides.®”-*® The first, tryptophan acidic (W-
acidic) motifs, include a tryptophan residue flanked by aspartic or glutamic acid within the
consensus L/M-D/E-W-D/E. These W-acidic motifs are found in a growing list of well-
validated adaptors including the lysosome adaptor SifA-kinesin interacting protein (SKIP), the
neuronal protein calsyntenin-1 (CSTN-1), dynein intermediate chain (DIC), nesprin-2, gadkin,
and cayman ataxia protein (BNIP-H).6788103.105-111 \ _acidic motifs have been shown to encode
the capacity to both recruit and activate kinesin-1. Functional transport of cargo has been
demonstrated when these motifs are substituted for homologous regions within the vaccinia
virus KLC binding protein A36,'% fused to the lysosome associated membrane protein 1

(LAMP1)'"? and in an artificial membrane protein containing two CSTN-1 W-acidic motifs.5

A second class, Y-acidic motifs (tyrosine flanked by acidic residues), has been shown to bind
the TPR domain in a KLC-isoform specific manner. These motifs are present in both the c-Jun
N-terminal kinase (JNK)-interacting protein 1 (JIP1), involved in the anterograde transport of

113,114; and

the amyloid precursor protein (APP) and a key determinant in Alzheimer’s disease
in TorsinA, a constitutively inactive AAA+ protein, whose gene is linked to early-onset
dystonia type 1 (DYT1).!!"> Unlike their W-acidic counterparts, Y-acidic motifs are sufficient
for motor recruitment but apparently require secondary, KHC binding proteins such as FEZ1

or JIP3 for full activity.>-8586

11



Cargo
Organelle

Cargo
adaptor

e

KHC F-pocket LY-pocket W-pocket

Microtubule

Fig. 1.7 | Structures of W and Y acidic cargo adaptor peptides bound to the TPR domain
of Kkinesin light chains. a, Cartoon representation of kinesin-1 showing interaction of cargo
adaptor W-acidic or Y-acidic peptides associated with the organelle surface (green) with
KLCTPR (grey). b, Crystal structures of W acidic cargo adaptor peptides from SKIP (dark blue;
PDB code, 3ZFW) and Y acidic from JIP1, (pink; 6FUZ) and Torsin A (cyan; 6FV0) bound to
the TPR domain of KLC1 (grey). N.B. SKIP is complexed with KLC2 and so KLC1/2TPR
domains were aligned to produce the model. Hydrophobic W, Y and F residues occupy
hydrophobic pockets and flanking acidic residues make electrostatic interactions with the
positively charged surface of the TPR domain. These two classes of adaptor peptides bind to
distinct but overlapping sites and induce curvature upon binding in an induced-fit
mechanism.67-68

W- and Y-acidic motifs bind to distinct but partly overlapping sites on the concave surface of
the TPR domain, increasing curvature via an induced fit mechanism (Fig. 1.7). Y-acidic cargo
adaptor binding results in closure of the TPR receptor to a greater extent than W-acidic binding.
This demonstrates the adaptive plasticity of these domains as platforms for PPIs. Yip et al. and
Sanger et al. show that binding of W-acidic motifs displaces the autoinhibitory LFP interaction,
causing global conformational changes in the KLCs, revealing an additional binding site on
the KHC-tail and promoting motor activity.*#” Whilst inclusion of the LFP motif on the
KLC™R significantly reduces the affinity for W-acidic peptides, it has little effect on the
binding of Y-acidic peptides. The authors suggest that Y-acidic binding might co-exist with
LFP-acidic binding, requiring cooperative interactions from a second binding partner to relieve
autoinhibition. The model they propose begins to explain how two distinct classes of cargo
adaptor peptides can bind to the TPR domains of KLCs with similar affinity (uM) but different

functional ourtcomes.®®
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1.1.3.4 Microtubule sliding

A role for kinesin-1 has also been identified in microtubule remodelling through the sliding of
microtubules against one another. Using microtubule binding sites in both the N-terminal motor
domain and the C-terminal tail of the KHC, kinesin-1 can bridge two microtubules, allowing
them to act as the cargo and track, respectively (Fig. 1.8). As the kinesin moves along the

microtubule track it moves the “cargo” microtubule relative to the track.!'®

Organelle Transport Microtubule Sliding/Bundling

Cargo Organelle

\Q \\ ,/ microtubule
. ?
Regulation
| /
ATPase Autoinhibition
motor domains
microtubule

microtubule

.~~~ ATP independent MT

"+ Organelle adaptor N binding site

_- binding sites

Fig. 1.8 | Cartoon representation of kinesin-1 activity. In addition to cargo transport,
kinesin-1 can slide pairs of microtubules relative to one another by binding a second
microtubule in the C-terminal region of the KHCs. These functions are linked by a shared
activation mechanism.

An example of where this function is important is in Drosophila oogenesis, the process by
which germ cells develop into an oocyte which then matures into an egg. During oogenesis,
transport processes are essential to the define the asymmetries specifying the embryonic axes
for patterning the egg.!'” The posterior pole of the future embryo is determined by local
accumulation of oskar mRNA which requires transport by kinesin-1. This process has been

shown to be KHC dependent, but independent of KLCs and dynein.!'®!!° Lu ef al. demonstrate
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that a KHC mutant deficient in microtubule sliding but able to transport other cargo, reduces
cytoplasmic streaming in Drosophila oocytes. This suggests that the function of the protein to
slide microtubules relative to one another is important to generate force for cytoplasmic
streaming. They propose that there are two populations of cellular microtubules, one
immobilised network forming a stable assembly anchored to the actin network, and the other a

cytoplasmic population moving in the ooplasm.'?°

Kinesin-1 microtubule sliding has also been shown to be important for neurite extension
in young Drosophila neurons by pushing against the peripheral membrane.!?! Neuronal cells
must transmit forces over long distances through axons, which are susceptible to mechanical
damage as a result of their length. Microtubule sliding by kinesin-1 is also important in neuron
regeneration following injury. Lu et al. demonstrate that calcium influx at the injury site
triggers transient microtubule disassembly and reassembly of mixed-polarity arrays, allowing

kinesin-1 driven microtubule sliding to regenerate axons.'??

Microtubules have also been observed to buckle and loop in cultured cells, and this has been
linked to the microtubule sliding capacity of kinesin-1.123!24 This has direct links to cargo
transport, with multiple peroxisomes shown to be transported alongside a moving microtubule.
This shows that in addition to forming tracks for motors, microtubules demonstrate the capacity
to transduce the force of distant motors onto cargo.!?> These studies suggest that microtubules
are not limited to a rigid, structural role in the cell but form a dynamic network, responding to

mechanical forces in the cell.!26:1?7

1.1.3.5 Kinesin-1 activity in human disease

Loss of kinesin-1 cargo-transport function results in defects in intracellular transport leading
to pathologies associated with human diseases. This is particularly apparent in neurons where
proteins required for the axon and synapses must be transported long distances along the axon,
requiring carefully controlled intracellular transport by kinesin and dynein motors. Disruption
to transport has been associated with several neurodegenerative diseases including
Alzheimer’s, Huntington’s, amyotrophic lateral sclerosis (ALS), and Charcot— Marie-Tooth
(CMT) disease.'?®13%  One example of a well-established kinesin-1 cargo thought to be
involved in the development of Alzheimer’s disease is the amyloid precursor protein (APP).

Proteolysis of APP by B and y-secretases gives rise to the amyloid-f peptide (af}), which, in

14



turn, leads to formation of amyloid plaques.'*! Whilst some studies suggest that APP binds to
KLCs and acts as a kinesin-1 cargo adaptor for axonal transport, other contrasting hypotheses
are presented in the literature.'*?-13> Both CSTN-1!%¢ and JIP1!'3 have been shown to be
important for mediating APP transport, and to bind to KLC™Rs through W and Y- acidic
adaptors respectively.®”%® It is clear that the role of APP in kinesin-1 dependent axonal
transport is a complex question that remains an active area of research. Future insights into the
mechanisms of dysregulation may facilitate the development of cargo-adaptor tags to

upregulate transport where it is impaired.

In addition to pathologies associated with transport defects, viruses and bacteria have been
shown to recruit kinesin-1 and hijack intracellular transport mechanisms to facilitate their
replication and spread in human infection.’>* A study from Dodding et al. reveals the
mechanism of cargo attachment on viral hijack, in which a bipartite W-acidic motif, originally
identified in CSTN-1 and present in A36 (a vaccinia integral membrane protein), is sufficient
for the kinesin-1 dependent transport of the virus to the cell periphery.!% Cargo adaptor
interactions have also been shown to be important for the intracellular fate of Salmonella
enterica bacteria, where interaction of the salmonella virulence factor SifA and cargo-adaptor
SKIP are required for kinesin-1 dependent transport of vesicles that bud from the Sa/monella-
containing vacuole to the cell periphery.'?” In the future, increased understanding of the
mechanisms of kinesin-1 recruitment by viruses and bacteria may allow the development of

inhibitors as novel therapeutics.

The capacity of kinesin-1 to slide pairs of microtubules relative to one another, regulating the
organisation of the microtubule network, suggests that it could also be a therapeutic target for
indirect microtubule manipulation. Existing microtubule targeting agents are important drugs
used for the treatment of cancers.'*® Examples include taxanes that bind directly to tubulin to
stabilise microtubules, inhibiting cell division and vinca alkaloids which act to destabilise
microtubules resulting in metaphase arrest.!3%!40 Inhibition of mitotic kinesins such as kinesin-
11 is also considered a potential cancer therapeutic strategy to block cell division.!*! Since
neurological diseases are also associated with microtubule defects, recent work has also begun
to investigate a role for microtubule-targeting chemotherapeutic agents in the treatment of these

disorders.'#?
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An exciting study from Randall et al. reports the discovery of a cell-permeable small molecule
named kinesore (Fig. 1.9), capable of displacing the inhibitory interaction between the KLC
LFP motif and TPR domain. This molecule also inhibits the binding of a W-acidic peptide from
the lysosomal cargo-adaptor SKIP to the TPR domain of KLC2.'* In contrast to the cargo-
transport activity observed upon release of LFP-autoinhibition by adaptor peptides, treatment
with kinesore results in dramatic remodelling of the microtubule network in cells. While
control cells show a radial microtubule network with lysosomes distributed throughout the
cytoplasm, when treated with kinesore the microtubule network reorganises into a series of
loops and bundles with lysosomes clustered around the nucleus (Fig. 1.9). This is reversible,
with a radial microtubule network re-established after kinesore washout, and kinesin-1
dependent since it is strongly supressed in Kif5B knockout cells, the major KHC isoform. The
authors hypothesise that kinesore activation of kinesin-1 occurs in a similar manner to the
binding of W-acidic cargo, by displacing the KLC LFP and KHC IAK autoinhibitory
motifs.>7>%6780 This suggests that the organelle transport and microtubule sliding/bundling
functions of the motor are coupled through a shared activation mechanism and that activation
of kinsin-1 under conditions where a capacity to interact with organelles is limited, promotes
its role in microtubule sliding.'* Since kinesin-1 has no known function in mitosis and is likely
strongly inhibited to avoid perturbation of spindle dynamics during cell division, chemically
induced kinesin-1 dependent sliding of microtubules could act to disturb the delicate balance
of motor activities required for chromosome alignment and segregation. This suggests the
possibility that with improved affinity and specificity, kinesin-1 inhibitors could become a new
class of indirect microtubule targeting agents as therapeutics for cancer or neurodegenerative

diseases.
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Kinesore

JLAMP1

Fig. 1.9 | A small molecule displaces KL.C autoinhibition and causes remodelling of the
microtubule network. A cell permeable small molecule named kinesore causes kinesin-1
dependent remodelling of microtubules into loops and bundles. HeLa cells were treated with
kinesore (50 uM) or vehicle control (0.1 % DMSO) for 1 h and immunostained for B-tubulin
(green) and LAMP1 (magenta). This molecule is able to relieve KLC autoinhibition and
compete for KLC™R binding with cargo adaptor peptides. This suggests the microtubule
sliding and cargo transport functions of kinesin-1 are linked by a common activation
mechanism. Fig. adapted from Randall et al, PNAS, 2017 with permission of the authors.!*

1.1.4 Summary

Kinesin-1 is a ubiquitous microtubule-dependent motor protein that plays a key role in the
spatial and temporal organisation of the cell through transport along microtubules of a diverse
range of cargoes.?®?! Kinesin-1 is a heterotetramer of two heavy chains (KHCs) and two light
chains (KLCs).!*#! A coiled-coil stalk domain mediates KHC dimerization and association
with KLCs. The motor is autoinhibited and exists in a folded conformation when not
transporting cargo. Autoinhibition is due to the interaction of KHC IAK and KLC LFP
regulatory motifs in unstructured linker regions with the motor and TPR domains, respectively.
Cargo recognition has been shown to be due, in part, to the binding of short, acidic, cargo-
adaptor peptides on the surface of the cargo by TPR domains of the KLCs.%7-% Cargo binding
displaces autoinhibition through conformational changes in the motor and activates kinesin-1
transport activity. This cargo transport activity is linked to a second function of kinesin-1 in
microtubule-microtubule sliding by a shared activation mechanism.'* Kinesin-1 is hijacked by
viruses and bacteria during their replication cycles and plays roles in several neurological
diseases.333+105:128-130 With improved affinity and specificity, kinesin-1 inhibitors could
become a new class of indirect microtubule targeting agents or anti-virals/anti-bacterials.

Additionally, developing tags for cargo transport may allow manipulation of motor-transport
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for the orchestrated repositioning of organelles, upregulation where transport is impaired or the

development of new classes of spatially targeted therapeutics.

1.2 Peptide design can be applied to manipulate protein-protein interactions to
understand cell biology

PPIs underpin most biological processes and are an important novel therapeutic target for a
wide range of diseases.!**!45 PPIs have been identified as playing important roles in signal
transduction, metabolic pathways, enzyme activity, environmental sensing, cellular
organisation and motor transport amongst many other cellular processes. These interactions
form highly organised interactome networks allowing precise control of dynamic cellular
systems.!'* Protein design offers the opportunity to manipulate natural PPIs to probe their
function and develop new research tools and therapeutics. In the kinesin-1 complex, two
classes of PPIs are key to the successful functioning of the motor protein in the cellular
environment. The first is the interaction between autoinhibitory peptide motifs in unstructured
regions of the polypeptide chain and the motor domains of the KHCs or TPR domains of the
KLCs, to allow precise regulation of the motor. The second involves coiled-coil domains,
mediating KHC dimerization and association with KLCs to form the heterotetrameric complex.
In addition, motor-cargo PPIs between adaptor peptides and TPR domains are critical for motor
activation and cargo transport. The application of protein design to target these interfaces may
offer novel insights into the activity of the motor and facilitate manipulation of intracellular

transport.

1.2.1 Protein design

The field of protein design seeks to use knowledge of protein folding to generate new protein
folds and structures not observed in nature. The complexity of the protein-folding problem
means that the design of new proteins remains a challenge, though significant progress has
been made and a search of the PDB reveals an increasing number of examples of de novo

designed proteins and peptides (Fig 1.10).146:147

The field of protein design has promise to
deliver structures with properties and functions that can be made to order, to solve important
problems in cell biology.'*® In addition, successful protein design is a powerful way to test our
understanding of protein function, after the maxim from Richard Feynman, “What I cannot

create, | do not understand”.'#’
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Fig. 1.10 | A gallery of de novo designed peptide and protein structures. Selected structures
from the PDB labelled with publication dates and 4-letter codes.'° Structures are represented
as backbone cartoons, mostly coloured blue to red from the N to C terminus. Structures
identified as positive for knobs-into-holes interactions by coiled coil structure identification
programme SOCKET are labelled with CC.'3! This fig. is reproduced from a review by Derek
Woolfson in the Journal of Molecular Biology with permission from the publisher.'4

Protein design is distinct from protein engineering, which seeks to redesign natural proteins, to
understand, alter or repurpose their functions. Protein engineering involves modification of a

protein sequence through substitution, insertion or deletion of DNA nucleotides to generate
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variants of the protein. Engineered proteins can be modified to increase efficiency in an existing
function or have new functionality introduced.'>>!5 In particular, there has been a great deal

156-158 In

of research into engineering the active site of enzymes to generate novel biocatalysts.
2018 the Nobel prize in chemistry was awarded to Frances Arnold, George Smith and Gregory
Winter for their work in the development of directed evolution and phage display for protein
engineering.!3”15%-165 Directed evolution mimics natural selection to select proteins best
matching a chosen criterion through successive rounds of sequence diversification and
selection. Engineered proteins have now been developed with both industrial and medical
applications, demonstrating our ability to understand, harness and repurpose protein

activity. 166167

In addition to mutagenesis, it is now possible to incorporate unnatural amino
acids into proteins to introduce a range of chemical functionalities not available to nature.
Pioneering efforts to develop orthogonal aminoacyl-tRNA synthase/tRNA pairs has allowed
incorporation of 70 unnatural amino acids in bacteria, yeast and mammalian cells.!®%1¢ Bio-
orthogonal reactivity of these amino acids allows proteins to be modified with greater
selectivity and efficiency, for example to covalently link other proteins or small molecules in

antibody-drug complexes.'*!”!

In contrast to protein engineering, de novo protein design seeks to identify sequences to fold
into a target protein shape or assembly to explore completely novel structures and functions.
Due to the vast number of possible protein sequences, evolution has not yet had time to explore
all possible structural space. In addition, since divergence occurs through random mutation,
the structures that do exist are clustered in structural space.!”?!7* De novo protein design seeks
to create novel, unsampled structures by exploring the "dark matter" of protein fold space.!”>!76
In comparison to directed evolution approaches, rational protein design relies on using
sequence-to-structure relationships to develop rules for protein folding.!”” This approach can
be considered the inverse of the protein-folding problem, in which a sequence of amino acids

is determined to fit a target backbone structure.!”®!7

Both approaches can be used to modulate PPIs in cells for therapeutic purposes through the

engineering of protein interfaces or the de novo design of peptide ligands for protein surfaces.
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1.2.2 Interactions of linear peptides with a-helical repeat domains

Up to 40% of PPIs are now estimated to involve short, linear, adaptor peptide motifs that

180-184 Quch interactions

contain key binding residues and interact with larger protein domains.
are important for signalling, gene expression and DNA replication as well as intracellular
transport.67:183:185-187 Thege linear motifs are difficult to identify as they occupy short stretches
in often disordered regions of proteins, necessitating time-consuming experimental work for
identification. It is likely that many undiscovered examples exist, and there is ongoing work

into predicting and identifying these motifs, 32183188

A subset of peptide-protein interactions involves the recognition of short linear motifs by o-
solenoid structures of repeat proteins such as TPR domains, armadillo repeat
proteins (ArmRPs) and HEAT proteins (Fig. 1.11).'%° In these proteins, repetitive tandem
arrays of small helical domains stack together to form extended, stable structures. This results
in a larger surface-area-to-volume ratio than the average globular protein, leading to a large
binding surface.!”® TPR motifs are composed of highly degenerate 34-amino acid repeats that
encode two anti-parallel o helices separated by a turn. Several of these motifs are arranged at
regular angles in a right-handed superhelix. The large surface area and concave groove of these
domains make them common targets for ligand binding. TPR domains have been shown to
support variable peptide binding modes. Often, as described in kinesin-1 cargo recognition,
peptides are accommodated in a concave groove formed by the assembly of pairs of antiparallel
o helices. However, there have also been examples of peptides binding at alternative sites, for
example to loop regions.®*62% In general, these interactions occur with low micromolar
affinity.®>67-%8 TPR domains are important for a diverse range of PPIs in the cell including cell-
cycle regulation, chaperone activity, transcription and protein translocation.®® It is becoming

clear that these interactions are amenable to design, engineering and chemical manipulation.'>*
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Fig. 1.11 | Peptide ligands bind to a-helical repeat proteins. Cartoon diagrams of structures
of a-helical repeat proteins (grey) in association with their peptide ligands (blue). a, Hop
(TPR2A) in complex with the C-terminal peptide of Hsp90 (PDB 1ELR). b, HEAT domain of
karyopherinb2 in complex with the NLS of hnRNP A1 (2H4M) . ¢, ArmRP of yeast importin-
a(karyopherina) binding to bipartite nuclearlocalization signal of Xenopus nucleoplasmin
(1EES).

1.2.3 Design of peptide inhibitors of natural PPIs

Until recently PPIs were considered “undruggable”, largely due to the large, flat, interaction
surfaces being incompatible with small-molecule-binding-pocket design strategies. A further
challenge comes from the adaptive plasticity often observed between two complementary
protein interfaces, meaning that available binding conformations may not be apparent within a
single crystal structure.'”! The discovery of “hot-spot” residues, critical for binding and often
clustered at the centre of the interface, gave hope to the small-molecule drug discovery
approach.!'®>!?3 These hot-spot residues can be identified by alanine-scanning mutagenesis in
which each interface residue is sequentially mutated to alanine, to remove the side chain
beyond the B-carbon and the impact on binding affinity measured.'** Examples of successfully
engineered small-molecule PPI inhibitors include SP4206, which binds to the cytokine
interleukin-2 (IL-2) with mid-nanomolar affinity; ABT-737, which binds to Bcl-Xi, a
member of the B-cell lymphoma 2 family important for regulation of apoptosis with sub
nanomolar affinity; and Nutlin-3, which binds the human protein double minute 2 (HDM2),
an important cancer target.'”>"'°® Improvements in high throughput screening (HTS) have
significantly accelerated the discovery of inhibitors for some categories of PPIs, while others,

including multi-protein complexes, remain a significant challenge.!'®
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An alternative approach is the use of peptides and peptidomimetics (modified peptides) to
target these interfaces. Peptides are ideal candidates for inhibitors of protein-protein
interactions since they can mimic the natural protein surface, compete for binding and are
synthetically readily available and modified. Peptide inhibitors can be rationally designed
based on the natural interface sequences and can be chemically modified with unnatural amino
acids to generate peptidomimetics, mimicking the three-dimensional protein structure of the

bioactive conformation and thus increasing affinity.

Peptide inhibitors are often identified by phage display HTS assays.!93-15 Bacteriophage that
have been engineered to display a library of random-sequence peptides on their surface are
screened against an immobilised target protein and phage that bind are isolated to identify the
amino acid sequences that lead to binding.?*° This technique is faster and less expensive than
the analogous HTS approaches for small-molecule libraries.?’! It is also possible to use similar

202204 While these screens are an

display screens in yeast, bacteria or mammalian cells.
attractive approach where little structural information is known about a target PPI, screening a
large random library remains time and cost intensive. Improved understanding of protein
interfaces through X-ray crystal structures and in silico modelling enables the alternative

approach of rationally designed peptides to target a specific interface.

High-resolution X-ray crystal structures, NMR structures and homology models allow in silico
analysis of protein-protein interaction interfaces and structure-based rational design of
inhibitors.?*> These approaches include the design of pre-organised structural mimics of the
target interface such as stapled peptidomimetics and fragment-based approaches. Coupled with
structural information, in silico alanine scanning and analysis of changes in solvent-accessible
surface area facilitate the identification of residues that make important binding

206,207

contributions. Identification of these hot-spot residues gives an important starting point

for such rational design approaches, with peptides that successfully recapitulate key binding

interactions shown to act as potent inhibitors.?0%2%°

PPIs often involve secondary and tertiary structural motifs such as o helices, 3 sheets and loops
or turn regions.?!® While short peptides are often flexible and unstructured, inhibitor potency
can be increased by stabilisation or induction of the desired secondary structure. Roughly 60%

of PPIs feature a helix at the interface with most displaying hot spot residues on one helical
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face.?” Short a-helical peptidomimetics are common and can be stabilised by covalent N-
terminal capping between the 1 and i+3 residue or incorporation of non-natural amino acids
with high helical propensity.?!!?!12 Alternatively peptides can be stapled by incorporation of a
hydrocarbon linker between two hydrophobic residues, which is often found to improve both

affinity and proteolytic resistance.?!3

An alternative approach for the design of peptidomimetic or small molecule PPI inhibitors is
the use of fragment-centric topographical mapping (FCTM) to characterise the large interaction
interface as a set of localised fragment-targetable regions (Fig. 1.12).2!# Initial hits often bind
with very low affinity due to reduced contact area but this can be overcome by a covalent
‘tethering’ approach in which fragments containing thiol moieties are utilized to form disulfide
bonds with strategically located native or engineered cysteine residues.?'> Optimization of
fragment-based inhibitors can be achieved by fragment linking; joining small fragment
moieties after concurrent optimisation or fragment growing; progressively extending the

fragment chain with successive optimization after each elongation step.?!%2!7

Natural PPIs are often dynamic and transient in nature with synthetic inhibitors only mimicking
a portion of the interface, leading to weaker affinity. An ongoing challenge in the design of
peptide ligands for protein surfaces is to overcome this limitation in affinity by making

additional binding interactions at the interface.?'8
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Fig. 1.12 | PPI inhibitors can be designed by fragment-centric topographical mapping.
This approach builds on principles of fragment-based drug discovery to detect the fragment
centric modularity of the protein surface and then characterize the PPI interface as a set of
localized, fragment-targetable regions. AlphaSpace is a computational analysis tool that uses
the alpha sphere construct, a geometric feature of a protein’s Voronoi diagram, to map out
concave interaction space at the protein surface. Stage 1 involves identifying pockets by
detecting all alpha spheres, removing those outside the minimum or maximum radius cutoffs
and clustering the remainder into fragment-centric pockets Only alpha-clusters in contact with
the peptide or ligand are selected for evaluation. Evaluation of pockets involves ranking,
calculation of the percentage occupation of each pocket, matching between different structures
of the protein, and grouping of communities to identify potentially druggable surface regions.
Image reproduced from Rooklin et al. Journal of chemical information and modeling, 2015.2'4

1.2.4 Coiled-coil interactions

Coiled-coil structural motifs occur ubiquitously in nature, occurring in approximately 3% of
all protein sequences.’’” These domains act as both tight and dynamic protein-protein
interaction sites allowing assembly and disassembly of multimeric protein complexes.??° These
highly specific interactions can be homomeric or heteromeric, have different oligomeric states

and be orientated parallel or antiparallel.??! In nature, these interaction domains show both
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structural and functional diversity.?*?>?” Examples include cytoskeletal,>?®?? transcription-
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factor,?*° signal-transduction,??'! and membrane proteins.?*?

Classical coiled coils have 2 - 4 amphipathic a helices with heptad sequence repeats of
hydrophobic (h) and polar (p) residues hpphppp, often denoted abcdefg. >3 Coiled-coil
formation is driven by the burial of hydrophobic @ and d residues in the core of multi-helix
assemblies (Fig.1.13). There is a mismatch between the periodicities of the 3.5 residue
sequence repeat of the hydrophobic residues and the 3.6 residues per turn of the a helix, which
results in the helices wrapping around one another to form a left-handed supercoil.**23> One
consequence of this is that the side chains of adjacent helices interlock forming highly specific
knobs-into-holes (KIH) interactions in the quaternary structure.??!2* Side chains from one
helix (knobs) dock into diamond-shaped holes formed by the side chains of four residues on

the neighbouring helix. This highly regular assembly means that coiled coils can be described
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parametrically by a minimal number of parameters.

Fig. 1.13 | Coiled coils assemble from heptad repeats of hydrophobic (h) and polar (p)
residues in a left handed supercoil. a, Helical wheel of a single heptad of a dimeric coiled
coil showing assembly to bury hydrophobic residues at the a and d positions. b, View down
the long axis of a single heptad of a de novo designed coiled-coil dimer showing burial of
hydrophobic side chains in a and d residues (PDB 4DZM).''¢ ¢, Highly specific knobs into
holes (KIH) interactions are formed between the side chain of knob residues on one helix and
diamond shaped holes formed by four residues on the adjacent helix.

The heptad repeat sequences, specific backbone geometry and side-chain KIH interactions can
all be used to identify coiled coils in natural sequences and structures?43-24¢ A large number of
algorithms are able to predict coiled-coil motifs in protein sequences. PCOILS detects regions
of coiled coils in a protein sequence or multiple sequence alignment using profile-profile
comparisons.?*’ An alternative method is employed by MARCOIL, which is a windowless

hidden Markov model (HMM) tool that calculates posterior probabilities to detect canonical
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coiled coils.?*® The most recent software, DeepCoil, is a neural network based method, trained
on over 10 400 coiled coils which can detect both canonical and noncanonical coiled coils,
often missed by other approaches.?* For validation of these structures, the development of
programs such as SOCKET/iISOCKET has enabled automatic detection of coiled-coil
structures in the Protein Data Bank (PDB) through identification of the specific geometry of
KIH interactions.!'#*!3! These tools have allowed the development of coiled-coil databases such
as CC+ and The Atlas of Coiled Coils.?>*32 Analysis of such databases has provided insights
into the determinants of coiled-coil oligomeric state, which has been shown to be largely due
to amino-acid composition of knob residues at the helical interface. Indeed, the oligomer state
of classical coiled coils can now be predicted using bioinformatic tools, though these results
are still prone to errors due to the relatively small set of training data of protein structures with
complex coiled-coil arrangements.>>>* One of these tools, LOGICOIL, uses an algorithm
based on simultaneous use of Bayesian variable selection, and multinomial probit regression

to deliver ab initio multi-state classification of coiled-coil oligomers.?>

1.2.5 Designing coiled-coil peptides

The well-established sequence-to-structure relationships that determine coiled-coil assembly
makes them attractive targets for both rational and computational protein design.?3”-*%° In
addition, their ubiquitous occurrence in nature means there are many therapeutically relevant

223.261.262 parameterisation of these structures has

PPI targets centred around coiled coils.
allowed the development of bioinformatic tools for de novo design. The first of these was
described by Parry in 1982, utilizing residue frequency at each position of the abcedefg heptad
repeat.?*® More recently, software such as CCCP, CCBuilder, ISAMBARD and Rosetta have
been developed to allow the design, optimisation, modelling and analysis of coiled-coil
assemblies,?38-240263.264 Thege tools have allowed the design of a diverse range of coiled coils
of varying oligomeric state and orientation (parallel/antiparallel) in both homomeric and

heteromeric systems, with structures selected for the desired applications. Examples include
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highly stable helical bundles,?® pore-forming barrels,?® self-assembling coiled coils,?*” a
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transmembrane zinc transporting tetramer,?%® a lanthanide binding assembly for imaging,>%° a

synthetic bacterial cytoscaffold?’® and a molecular motor.?’!

Robust understanding of the design parameters required for formation of coiled-coil dimers,

timers and tetramers has facilitated the development of a ‘basis set’ of coiled coils in the
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Woolfson group, for use as scaffolds in synthetic biology (Fig. 1.14).2% Recent and ongoing
work to expand this set introduces larger oligomeric assemblies in addition to heteromeric and
antiparallel systems.?6%272.273 The high thermostability of these de novo coiled coils gives them
potential to interfere with natural PPIs. In these designed assemblies, the side chains of residues
in the b, ¢ and f'positions of the heptad repeats are not involved in the coiled-coil interface and
therefore have scope to be decorated with residues of choice. Fletcher ef al. demonstrate that
these positions can be used to incorporate hot-spot binding residues in the MCL-1/NOXA-B
interface to generate a synthetic peptide to inhibit this natural PPI (Fig. 1.15).27° The designed
coiled coil stabilises the helical conformation required for interaction of key binding residues
at the interface. Design knowledge can be applied to manipulate natural coiled-coil interfaces
to probe function through mutations to disrupt interactions or increase affinity.?6>2’* De novo
coiled coils can also be used as templates for protein folding and to introduce PPIs for new
biological activity in living systems.?’>2’7 These approaches have potential to offer structural
insights into kinesin-1 tetramer assembly and the role of the KHC coiled-coil stalk in motor

activation and motility.
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Fig. 1.14 | A basis set of designed hyperstable coiled coils can be used as templates and
scaffolds to disrupt natural PPIs and introduce new interactions in cells. Crystal structures,
helical-wheel diagrams and KIH packing for basis set de novo coiled coils a, CC-Di (PDB
ID 3R4A), b, CC-Tri (E4DZL), and ¢, CC-Tet (3R4A).

Fig.1.15 | De novo coiled coils can be used as scaffolds to disrupt natural PPIs. Hot spot
binding residues in the MCL-1/NOXA-B PPI were identified by computational alanine
scanning. These residues were grafted onto the solvent exposed surfaces of a designed
heterodimeric coiled-coil peptide. The peptides selectively inhibited a cognate MCL-1/BID
complex in the mid-nM range. Image reproduced from an Fletcher et al., Chem. Sci, 2018 with
permission from the publisher.?’8
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1.2.6 Summary

PPIs are critical for most biochemical processes and, when dysregulated, can result in
disease.'*!% In addition to globular interactions between protein subunits, common classes of
PPIs include those directed through peptide-protein interactions and coiled-coil domains.'3%-
182,223,261,262 An important subclass involve recognition of short linear motifs by repeat proteins
such as TPR domains, where helices stack together to form extended, binding surfaces.'*° TPR-
peptide binding is observed in cell-cycle regulation, chaperone activity, transcription and
protein translocation.®® Examples in kinesin-1 include cargo recognition by the binding of
acidic adaptor peptides to the KLC™R domains and the association of the LFP regulatory motif
involved in KLC autoinhibition.>*¢768 Coiled coils are formed by the assembly of amphipathic
a helices, which wrap around one another in a left-handed supercoil to form a hydrophobic
core. 233234235 These assemblies are found in a wide range PPIs, allowing dynamic assembly
and disassembly of multimeric protein complexes.??%222-227 One example is in the assembly of
the tetrameric motor protein kinesin-1. Coiled-coil domains mediate both KHC dimerization

46,47

and association with KLCs. In addition, coiled coils are essential for mediating the

intramolecular strain that drives microtubule-based motility.*

Understanding of sequence-to-structure relationships has allowed the field of protein design to

generate new assemblies, not seen in nature.!*?

These design approaches can be used to
manipulate natural PPIs, to probe their function and develop new research tools and
therapeutics. Peptide design to disrupt or augment PPIs involved in kinesin-1 cargo recognition
and autoinhibition could increase our molecular understanding of motor activity and regulation
and may allow us to hijack the motor to manipulate intracellular transport. In addition, applying
coiled-coil design knowledge to kinesin-1 has the potential to offer structural insights into how
KHCs and KLCs assemble in the heterotetramer, how this is linked to motor regulation and the

role of the KHC coiled-coil stalk in motor activation and motility.

1.3 Scope of this thesis

Kinesin-1 activity and regulation is critical for healthy cell function. Current structural
understanding of the motor protein demonstrates the importance of PPIs, through binding of
short peptide motifs to TPR and motor domains in cargo recognition and autoinhibition and

between coiled-coil domains in tetramer assembly, regulation and motility. Protein design has
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been used to manipulate natural PPIs in cells to inhibit, augment and hijack biological activities
and answer new questions in cell biology. This thesis aims to use protein design to investigate
kinesin-1 structure and activity, probing the roles it plays in healthy and disease states by
targeting PPIs within the motor and between the motor and its cargo. New peptide tools were
developed to disrupt and facilitate kinesin-1 activity, offering new insights into the mechanisms
of motor activity and regulation in both organelle transport and microtubule sliding. Chapter 3
describes the design of de novo cargo-adaptor peptides that bind KLC™R domains in vitro with
high affinity. Chapter 4 investigates the capacity of a de novo cargo adaptor to hijack kinesin-
1 activity within cells. Chapter 5 applies coiled coil-design principles to probe the nature of the
KHC-KLC interaction. Chapter 6 considers a role for pH dependence in regulation of PPIs
involved in motor activation. Together, these studies offer new insights into the structure and

function of kinesin-1 motors in the cell.
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2 Methods

2.1 Materials

2.1.1 Peptide synthesis and characterisation

Fluorenylmethyloxycarbonyl (Fmoc) protected amino acids, dimethylformamide (DMF) and
6-Chloro-1-hydroxybenzotriazole (CI-HOBt) were purchased from Cambridge Reagents. Rink
amide supporting resin (100-200 mesh) and 5-Carboxytetramethylrhodamine (TAMRA) were
purchased from Novabiochem® and ChemMatrix solid support from PCAS BioMatris Inc. N,
N'-Diisopropylcarbodiimide (DIC) was purchased from Carbosynth, morpholine from Merck
Millipore, formic acid, Triisopropyl silane (TIPS), and Trifluoroacetic acid (TFA) from Acros
Organics, pyridine and dichloromethane (DCM) from Fisher, acetic anhydride from BDH
Laboratories, diethyl ether from Honeywell, and HPLC-grade acetonitrile (MeCN) from VWR
Chemicals. (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU), N,N- Diisopropylethylamine (DIPEA), methanol, ammonium
bicarbonate and biotin were purchased from Sigma Aldrich. All chemicals were used as
supplied. Synthesis-grade ultra-pure DMF (Cambridge Reagents) was used exclusively during
peptide synthesis. Commercial crystallisation screens JCSG, Structure Screen 1+2,ProPlex and

PACT Premier™ were from Molecular Dimensions.

2.1.2 Molecular biology

Restriction enzymes, T4 DNA ligase, the corresponding buffers, purple DNA loading dye and
chemically competent E.coli BL21(DE3) cells were supplied by New England Biolabs.
Chemically competent E.coli TOP10 cells were purchased from Invitrogen. Lysogeny broth

(LB), LB-agar, ampicillin (Amp), kanamycin (Kan), isopropyl B-D-1-thiogalactopyranoside
(IPTG), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic ~ acid (HEPES), imidazole,
hydrochlodic acid (HCI) pB-mercaptoethanol (BME), sodium chloride (NaCl),
ethylenediaminetetraacetic acid (EDTA), tris(hydroxymethyl)aminomethane hydrochloride
(Tris HCI), 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris base), agarose, and
Vivaspin® sample concentrators were purchased from Sigma Aldrich. QIAprep spin miniprep,
plasmid plus midi and QIAquick gel extraction kits were from Qiagen. SYBR® Safe stain,
NuPAGE® Novex® Bis-Tris gels, NuPAGE® MOPS Running Buffer and
NeutrAvidin Agarose Resin, were purchased from Thermo Fischer Scientific. Taq plus

precision polymerase was from Agilent. Protease inhibitor cocktail tablets were from Roche.
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His-trap HP columns and 1660 HilLoad Superdex 75 columns were from GE Healthcare.
Protein Marker V PeqGOLD, was from VWR. Oligonucleotide synthesis, PCR primer
synthesis and DNA sequencing was from Eurofins Genomics. Plasmids were purchased from

Genscript, Novagen and Addgene or donated by other researchers.

2.1.3 Cell culture

Dulbecco’s Modified Eagle’s Medium (DMEM), phosphate buffered saline (PBS), Neurobasal
media, GlutaMAX and B27 were from Gibco Invitrogen. Lipofectamine LTX was from
Invitrogen. Foetal calf serum (FCS), Bovine Serum Albumin (BSA), potassium chloride (KCl),
calcium chloride (CaCly) magnesium chloride (MgClz), monosodium phosphate (NaH2POs),
glucose, dimethyl sulfoxide (DMSO), glycine, Triton X-100, polyethylene glycol sorbitan
monolaurate (Tween-20), horse serum and poly-lysine were from Sigma-Aldrich. Effectene
transfection reagent was purchased from Qiagen. Penicillin and streptomycin were from PAA.
Paraformaldehyde 16% solution and NP-40 were from Thermo Fischer Scientific. Skimmed
milk powder and FluorSave reagent was purchased from Merck and PVDF membranes were
from Immobilon-P, Millipore. Kinesore was from Tocris Bioscience. Anti-HA monoclonal
antibody (HA-7) used for Western blot, anti-HA polyclonal antibody (H6908) used for
immunofluoresence, and anti—B-tubulin (B-5-1- 2) were supplied by Sigma-Aldrich. Anti-
LAMPI1, rabbit monoclonal, was from Cell Signalling Technologies. Anti-Ankyrin-G was
from NeuroMab. Alexa 488-, 568-, and 633-conjugated anti-mouse or anti- rabbit secondary

antibodies were from Thermoscientific. GFPTrap beads were from ChromoTek.

2.1.4 Figure preparation

All structures included in the manuscript were created using educational-use PyMOL software
(https://www.pymol.org/). Exact peptide masses were calculated using Peptide Synthetic’s
online Peptide Mass Calculator tool (http://www.peptidesynthetics.co.uk/tools/). Data
analysis was performed using the Prism (GraphPad Software Inc., San Diego CA, USA)
package. Confocal images were collected using a Leica SP5SII system with a 40x or 60x
objective running Leica LAS X and are presented as maximum intensity projections. Figures

were assembled using ImageJ in conjunction with Inkscape and Biorender.

2.2 Peptide synthesis and purification
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2.2.1 Peptide synthesis

Standard Fmoc solid-phase peptide synthesis was performed on a 0.1 mM scale using CEM
Liberty Blue automated peptide synthesis apparatus with inline UV monitoring. Activation was
achieved with DIC/CI-HOBt. Fmoc deprotection was performed with 20% v/v
morpholine/DMF with addition of 5% formic acid to prevent aspartimide formation where DG,
DA, DS, DD or DN appeared in the sequence. Double couplings were used for B-branched
residues and the subsequent amino acid. All peptides were synthesised from C to N terminus
as the C-terminal amide on Rink amide resin or, in the case of challenging synthesis,
ChemMatrix solid support. N-terminally acetylated peptides were produced by addition of
acetic anhydride (0.25 mL) and pyridine (0.3 mL) in DMF (5 mL) for 30 minutes at room
temperature (rt). Fluorescently labelled peptides were produced by addition of TAMRA (0.1
mM, 2 eq.), HATU (0.095 mM, 1.9 eq.) and DIPEA (0.225 mM, 4.5 eq) in DMF (3 mL) to
DMF washed peptide resin (0.05 mM) with agitation for 3 hours. Resin was washed with 20%
piperidine in DMF (5 mL) for 2 x 30 minutes to remove any excess dye. All manipulations
were carried out under foil to exclude light. Biotinylated peptides were produced by addition
of CI-HOBt (1 ml, 0.5 M) to a solution of biotin (0.25 mM, 5 eq.) and DIC (1 ml, 1 M) in DMF
and the mixture added to DMF washed peptide resin with agitation at rt for 2 hours. Peptides
were cleaved from the solid support by addition of TFA (9.5 mL), TIPS (0.25 mL) and water
(0.25 mL) for 3 hours with shaking at rt. The cleavage solution was reduced to approximately
I mL under a flow of nitrogen. Crude peptide was precipitated upon addition of ice-cold diethyl
ether (40 mL) and recovered via centrifugation. The resulting precipitant was dissolved in 1:1

acetonitrile and water (= 15 mL) and lyophilised to yield crude peptide as a solid.

2.2.2 Peptide purification

Peptides were purified by reverse phase HPLC on a Phenomenex Luna C18 stationary phase
column (150 x 10 mm, 5 uM particle size, 100 A pore size) using a preparative JASCO HPLC
system. A linear gradient of 20-80% acetonitrile and water (with 0.1% TFA) was typically
applied over 30 minutes with gradient adjusted for each peptide to optimise separation. For
acidic peptides, a linear gradient of 10-60% ammonium bicarbonate (25 mM) and water was
typically applied over 30 minutes with gradient adjusted for each peptide to optimise
separation. Where peptides were insoluble in HPLC solvents, DMSO was added to improve

solubility. Chromatograms were monitored at wavelengths of 220 and 280 nm. The identities
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of the peptides were confirmed using MALDI-TOF mass spectrometry using a Bruker
ultrafleXtreme II instrument in reflector mode. Peptides were spotted on a groundsteel target
plate using dihydroxybenzoic acid or a-Cyano-4-hydroxycinnamic acid (CHCA) as the matrix.
Masses quoted are for the monoisotopic mass as the singly protonated species. Masses were
measured to 0.1% accuracy. Peptide purities were determined using a JASCO analytical HPLC
system, fitted with a reverse-phase Kinetex® C18 analytical column (100 x 4.6 mm, 5 um
particle size, 100 A pore size). Fractions containing pure peptide were pooled and lyophilised.
Peptides were dissolved in buffer, typically PBS or FP assay buffer (25 mM pH 7.4 HEPES
buffer with 150mM NaCl, 5mM BME) and their concentrations determined by UV-Vis at 280
nm on a ThermoScientific Nanodrop 2000 spectrophotometer using the known extinction
coefficients for Tyrosine (230 = 1280 M cm!) and Tryptophan (g230 = 5690 M! cm!). The
total extinction coefficients for a sequence was calculated by adding the extinction coefficient
for each chromophore. For TAMRA coupled peptides concentration was calculated by

measurement of UV absorbance at 555 nm (gsss(TAMRA) = 85 000 mol™' cm™).

2.3 Recombinant protein expression

2.3.1 Molecular genetics

The TPR domain of KLC1 alone (His-KLC1™R, amino acids A211-S495), a longer version
containing the conserved LFP motif (His-KLC1*TPR K 173-S495), and equivalent constructs
for KLC2 (His-KLC2™"R | A196-S480 and His-KLC2*'T"R K 161-S480) cloned in the bacterial
expression vector pET28His-Thrombin have been described previously.” A codon-
optimized DNA sequence encoding the TPR domain of mouse KLCI1 (residues 205 — 496,
Uniprot QSUE59, KLC1TPR) fused N-terminally to the KinTag peptide via a (Thr-Gly-Ser);o-
Gly flexible connector was purchased from Genscript and subcloned between the Ndel/Xhol
sites of a pET28 vector (Novagen). This strategy allowed for the expression of a chimeric
protein KLC1T"R-(TGS)0-G-KinTag (His-KLC1™R:KinTag) bearing a thrombin-cleavable N-

terminal hexa-histidine tag.

For mammalian cell expression rat kinesin-1 heavy chain (KHC, Kif5C) was obtained as an N-
terminally mCit-tagged clone.”” Full-length, wild-type mouse kinesin light chain 1 and 2
(KLC1, KLC2) and rat KIFSC were cloned into the cytomegalovirus-driven mammalian
expression vector CB6-HA and CB6-GFP. Plasmids for LAMP1-mGFP plasmid number
34831,”° for mCherry-Peroxisomes plasmid number 254520,%%° mCherry-TOMM?20-N-10,
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plasmid number 55146,28! and pMito-GBPen, plasmid number 128269%%? were obtained from
Addgene. SKIP or Kin-Tag sequences followed by a (TGS), linker were introduced by
annealing of the relevant oligonucleotides and cloned between LAMP1 and mGFP in Sall-
BamHI1 restriction enzyme sites, between mCherry and TOMM20 in BamH1 and Agel sites
and at the N termius of mCherry-PEX in EcoRI and Agel sites (Table 2.1). The KinTag and
CC-AP-Di-A sequences followed by a (TGS), linker were cloned to the C-terminus of CB6-
GFP between Notl and EcoR1 restriction sites by annealing of the relevant oligonucleotides
(Table 2.1). A (TGS): linker followed by the CC-AP-Di-A sequence was cloned C terminal to
LAMPI1-GFP through Golden Gate assembly using Sapltype Il restriction sites (Table 2.1).
All plasmids were verified by DNA sequencing by Eurofins Genomics.

Table 2.1 | Oligonucleotide sequences used for sub-cloning, 5’-3’

LAMP1-SKIP-GFP-For: TCGACGGCAGCACCAACCTGGAGTGGGATGATAGCGCGATTACCGGCA
GCACTGGATCAG

LAMP1-SKIP-GFP-Rev: GCCGTCGTGGTTGGACCTCACCCTACTATCGCGCTAATGGCCGTCGTG
ACCTAGTCCTAG

LAMP1-KinTag-GFP-For: TCGACGGCACCGTGTTTACCACCGAAGATATCTATGAATGGGATGATA
GCGCGATTACCGGCAGCACTGGATCAG

LAMP1-KinTag-GFP-Rev: GCCGTGGCACAAATGGTGGCTTCTATAGATACTTACCCTACTATCGCG
CTAATGGCCGTCGTGACCTAGTCCTAG

KinTag-mCherry-PEX-For: AATTCATGGGCACCGTGTTTACCACCGAAGATATCTATGAATGGGATG
ATAGCGCGATTACCGGCAGCACCGGCAGCGGA

KinTag-mCherry-PEX-Rev: CCGGTCCGCTGCCGGTGCTGCCGGTAATCGCGCTATCATCCCATTCAT

AGATATCTTCGGTGGTAAACACGGTGCCCATG
mCherry-KinTag-TOMM?20-For: GATCCAGGCACCGTGTTTACCACCGAAGATATCTATGAATGGGATGAT

AGCGCGATTACCGGCAGCACCGGCAGCGGA
mCherry-KinTag-TOMM20Rev: CCGGTCCGCTGCCGGTGCTGCCGGTAATCGCGCTATCATCCCATTCAT

AGATATCTTCGGTGGTAAACACGGTGCCTG

GFP-KinTag-For: GGCCGCACCGGCAGCACTGGATCAACAGGGTCTGGCACCGTGTTTACC
ACCGAAGATATCTATGAATGGGATGATAGCGCGATTTGAG

GFP-KinTag-Rev: AATTCTCAAATCGCGCTATCATCCCATTCATAGATATCTTCGGTGGTA
AACACGGTGCCAGACCCTGTTGATCCAGTGCTGCCGGTGC

GFP-CC-Di-A-For: GGCCGCACCGGCTCTACCGGCAGCGGCCAGCTGGAACAAGAACTGGCC

GCTCTGGATCAGGAGATCGCCGCCGCCGAGCAGGAGCTGGCTGCCCTG
GACTGGCAGATCCAGGGCTGAG

GFP-CC-Di-A-Rev: AATTCTCAGCCCTGGATCTGCCAGTCCAGGGCAGCCAGCTCCTGCTCG
GCGGCGGCGATCTCCTGATCCAGAGCGGCCAGTTCTTGTTCC
AGCTGGCCGCTGCCGGTAGAGCCGGTGC

LAMP1-GFP-CC-Di-A-For: AGTAGCTCTTCAGCCGCGGCTGAACAGGAATTGGCCGCGCTTGATTGG
CAAATTCAAGGCTAAAGCGGCCGCGACTC
LAMP1-GFP-CC-Di-A-For: AGTAGCTCTTCAGGCTATCTCCTGGTCCAGCGCTGCAAGTTCTTGTTC

CAATTGACCGGATCCTGTGGAACCGGTCTTGTACAGCTCGTCCATGCC

For site directed mutagenesis, complementary oligonucleotides incorporating one or more
nucleotide changes were designed to target the region of interest (Table 2.2). The IAK/AAA
and LFP/AAA constructs have been described previosuly.>*®” Typically, reactions were in a
final volume of 100ul and contained 100 ng template plasmid DNA, 125 ng of forward and
reverse primer, lul 10uM dNTP’s, 1ul (2.5U) Native Pfu Polymerase, and 10ul 10x
polymerase buffer. In a BioRad C1000 thermal cycler, reactions were subject to a 2 minute
denaturing step at 95 °C followed by 18 cycles of 1 minute at 95 °C, 1 minute at 55 °C and 15

minutes at 68 °C. Reactions were completed by a 15 minute incubation at 68 °C and then cooled
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to 4°C. Reaction mixtures were incubated with 1ul Dpnl for 1 hour at 37°C to digest
methylated template DNA before transformation.

Table 2.2 | Oligonucleotide sequences used for site-directed mutagenesis, 5’-3’

E794L-For: GTGTCCAGACTTCTCCAGACTCTTCACAAC

E794L-Rev: AGTCTGGAGAAGTCTGGACACAGTCTCTTC
KIF5C-WT-H918R-For GAACATGGCCAGGAGGGCAAGATCGGCTCAGATCGCCAAG
KIF5C-WT-H918R-Rev CTTGGCGATCTGAGCCGATCTTGCCCTCCTGGCCATGTTC
KIF5C-WT-H930R-For CATCCGCCCAGGACGATATCCTGCATCATC
KIF5C-WT-H930R-Rev GATGATGCAGGATATCGTCCTGGGCGGATG
KIFSC-IAK/AAA-H918R-For GGCCAGGAGGGCAAGATCGGCTGCAGCAG

KIF5C-IAK/AAA -H918R-Rev CTGCTGCAGCCGATCTTGCCCTCCTGGCC

KIF5C-IAK/AAA -H930R-For GCCGCCGCCGCACGATATCCTGCATCATC

KIF5C-IAK/AAA -H930R-Rev GATGATGCAGGATATCGTGCGGCGGCGGC

Genes for CC-Di-Gs-Kif5SB and CC-Di-Gs-KLCl1were purchased from Twist Bioscience and
cloned between Bglll and Xhol sites in pET-21(+) and Ndel and Xhol sites in pET-28a(+)
respectively (Table 2.3).

Table 2.3 | Gene sequences for CC-Di fusion proteins

CC-Di-G5-Kif5B  CGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTA
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGTTCCAGTCACCACCACCACCAC
CATTCTTCAGGACTCGTTCCCCGTGGGTCCCACATGGAAATTGCAGCGTTGAAGCAGGAGATT
GCAGCTCTGAAGAAGGAGAATGCCGCGTTGAAGTGGGAAATCGCTGCGCTCAAGCAAGAAG
GTGGTGGGGGGGGTCTGACGGTGATGCAAGACCGCCGTGAACAGGCGCGCCAGGATCTTAA
GGGGCTCGAAGAGACCGTCGCCAAGGAGCTGCAGACTCTGCATAACTTACGTAAGCTGTTTGT
TCAAGACCTCGCCACGTGATAA

CC-Di-G5-KLC1 ~ GAGATTGCGGCCCTTAAGCAAGAGATCGCGGCGTTGAAGAAGGAGAATGCGGCGTTAAAGT
GGGAAATCGCAGCCCTGAAGCAGGAAGGCGGAGGAGGTGGCATGGCATTAAGCAACCATTT
GAACGCGGTGGAAAGCGAGAAGCAGAAATTACGTGCGCAAGTGCGCCGTCTTTGCCAAGAG
AACCAGTGGTTACGCGATGAGCTTGCCAATACACAGCAGAAGTTGCAAAAGAGCGAACAAAG
TGTTGCACAGCTTGAAGAGGAAAAGAAACATTTAGAGTTTATGTGATGATAATGA

For sub-cloning, or to confirm the identity of plasmids according to restriction digest profile,
plasmid DNA was digested with the relevant restriction enzymes in buffers recommended by
the manufacturer. A typical reaction made up to 50 pl with H,O contained DNA (2 pg), 10x
digestion buffer (5 pl) and restriction enzymes (1 pl), incubated at 37°C for 2 hours. Reactions
were analysed by agarose gel electrophoresis. For sub-cloning, oligonucleotides were
resuspended in H>O to give a concentration of 1 pg/ul. Forward and reverse oligonucleotides
(2 pl each) were annealed in 46 pl of annealing buffer (10 mM Tris pH 7.8, 50 mM NaCl,
ImM EDTA) at 95°C for 5 minutes and gradually cooled to room temperature over 45 minutes.
Ligation reactions were carried out at 16°C overnight using T4 DNA ligase in 1x T4 DNA
ligase buffer. A typical reaction consisted of vector (2 pl), insert (10 ul), buffer (2 pl) and
ligase (1pl) made up to 20 pl with H>O.
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Chemically competent E.coli TOP10 cells (typically 20 pl) and DNA (typically 1 pl) were
incubated on ice for 30 minutes. Transformation was achieved by heat-shock at 42 °C for 45
seconds followed by incubation on ice for 10 minutes. S.0.C medium (250 pl) was added and
the transformation reaction incubated at 37°C with agitation at 180 rpm for 1 hour.
Transformed bacteria (100 pl) were spread onto LB-agar plates containing appropriate
antibiotics ampicillin or kanamycin (50 pg/ml) and incubated overnight at 37°C. A single
bacterial colony of E.coli TOP10 cells was picked and grown overnight in LB (5 ml or 100 ml)
supplemented with either ampicillin or kanamycin (50 pg/ml). The DNA was purified using
QIAprep spin miniprep or Plasmid Plus Midi kits according to manufacturer’s protocol. DNA
was added to 6x purple loading dye and loaded onto a 1% (W/V) agarose gel containing 1X
SYBR® Safe gel stain. A 1 kb plus ladder was used as a DNA marker. DNA bands were
visualised and excised on an Odyssey Sa (LI-COR) imaging system and DNA extracted using

the QIAquick Gel Extraction Kit according to the manufacturers guidelines.

Polymerase chain reactions with Taq plus precision polymerase were used to amplify
fragments of DNA from plasmids. Reaction mixtures were made up to 100 pl with H>O and
contained template DNA (100 ng), forward and reverse primers (0.5 pl, 100 uM), dNTP’s (1
ul,10 mM), 10X Polymerase buffer (10ul), and polymerase (1pul). In a BioRad C1000 thermal
cycler, reactions were subject to a 2 minute denaturing step at 95°C followed by 25 cycles of
30 seconds at 95°C, 1 minute at 55°C and 1 minute per kb of sequence to be amplified at 72°C.

Reactions were completed by a 10 minute incubation at 72°C and then cooled to 4°C.

2.3.2 Protein expression and purification

Chemically competent E.coli BL21(DE3) cells were transformed as above. Single bacterial
colonies of E.coli BL21(DE23) cells were picked and grown overnight in 5 ml LB supplemented
with ampicillin or kanamycin (50 pg/ml) at 37°C, 180 rpm. Small scale overnight bacterial
cultures (5 ml) were used to inoculate larger cultures (1 L) which were incubated at 37°C until
they reached an OD600 of 0.8. Protein expression was induced by the addition of 300 uM
Isopropyl B-D-1-thiogalactopyranoside (IPTG) and the cultures incubated at 16°C, 180 rpm for
16 hours. Cells were harvested in a Beckman Counter Avanti J-25 centrifuge with J-10 rotor
at 2824 x g for 30 minutes at 4°C and resuspended in 35 ml lysis buffer (25 mM HEPES pH
7.4, 500 mM NaCl, 20mM imidazole, SmM B-mercaptoethanol supplemented with protease
inhibitor cocktail (Roche)). Cell lysis was accomplished by sonication for 3 minutes (SONICS,
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Vibra Cell, Pulses of 5 seconds on, 10 seconds off, 70% amplitude). Insoluble material was
sedimented in a Beckman Counter Avanti J-25 centrifuge with J-20 rotor at 20 388 x g for 30
minutes at 4°C and the supernatant loaded onto a His-trap HP column preequilibrated with
lysis buffer. The protein was eluted with an imidazole gradient (20 mM to 500 mM imidazole)
and fractions containing the target protein identified by SDS polyacrylamide gel
electrophoresis. Samples were resuspended inl x SDS loading buffer (10% glycerol, 2% SDS
(w/v) 60mM Tris pH 6.8, 0.001% bromophenol blue, 100 mM DTT) and denatured at 95 °C
for 5 minutes. Samples were run alongside a protein marker ladder in 12% acrylamide Bis-Tris
gels at 180 V for 1 hour in 1 x MOPS Running Buffer (20X = 50 mM MOPS, 50 mM Tris
Base, 0.1% SDS, 1 mM EDTA, pH 7.7). Fractions containing the target protein were further
purified by size exclusion chromatography (SEC) on a HiLoad 16600 Superdex 75 prep grade
column preequilibrated with sample buffer (25 mM HEPES pH 7.4, 500mM NacCl, 5SmM -
mercaptoethanol) and 2 ml fractions collected using an AKTA prime plus. Fractions containing
pure protein were identified by SDS polyacrylamide gel electrophoresis, pooled and
concentrated using spin sample concentrators. Protein concentration was determined using a

UV/Vis spectrometer.

A collaboration with the Steiner lab, Kings College London was established for crystallization
of KLC1™®:KinTag. In the Steiner lab, protein eluted from the immobilized metal affinity
chromatography step was buffer exchanged in lysis buffer and was further incubated overnight
at room temperature with thrombin conjugated beads (Thrombin CleanCleave Kit, Sigma-
Aldrich). The protein-bead mixture was filtered using a gravitational column and non-tagged
protein was collected utilizing reverse IMAC on a HisTrap HP column, followed by size
exclusion chromatography on a HiLoad 16/600 Superdex 75 column (GE Healthcare) pre-
equilibrated with 25 mM HEPES pH 7.5, 150 mM NaCl and 5mM p-mercaptoethanol.

Crystallization conditions are reported in Cross et al.?%?
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2.4 Cell culture

HeLa cells were maintained in high glucose Dulbecco’s Modified Eagle’s Medium with 10%
(v/v) FCS and 5% penicillin/streptomycin (herein referred to as DMEM) at 37 °C and 5% CO..
For transfection, cells were seeded in 6-well plates on fibronectin coated 13 mm coverslips,
generally at a density of 1 x 10° cells per well and incubated at 37 °C and 5% CO for 16 h
prior to transfection. Cells were transfected with 0.4 ug DNA using Effectene transfection
reagent as per the manufacturer’s instructions. For transfection of GFP and GFP nanobody
(GBPen) constructs a ratio of DNA of 1:2 was used. For confocal imaging, cells were generally
left for 24 hours before fixation by addition of 4% (v/v) paraformaldehyde in PBS at room
temperature for 10 minutes (2 ml per well for 6-well plate) and washed 3 x with PBS. For
preservation of microtubules, instead cells were fixed with ice cold methanol at — 20 °C and
then permeabilised with 0.1% Triton X-100 in PBS for 10 minutes. For immunofluorescence,
fixed cells were incubated in blocking buffer at (1% BSA, 3% FCS) rt for 10 minutes before
probing with primary and secondary antibodies, each for 1 hour, with 3 x washes in blocking
buffer following each antibody incubation. Coverslips were mounted on microscope slides

using FluorSave mounting media.

Primary hippocampal neuron cultures were prepared from embryonic day E18 Wistar rats as
previously described.?®* Dissociated neurons, gifted from Dr Kevin Wilkinson and Dr Kirsty
McMillan, were grown on 22 mm glass coverslips coated in poly-L-lysine (1 mg/mL). Cells
were plated at 150,000 cells/coverslip in 2 ml plating medium (Neurobasal supplemented with
5% horse serum, 1% GlutaMAX and 2% B27). Media was changed to feeding medium
(Neurobasal supplemented with 0.4 % GlutaMAX and 2% B27) 2 h after plating. Cells were
fed with an additional 1 ml of feeding medium 7 days after plating. Cells were cultured in a
humidified incubator at 37 °C and 5% CO,. Animal care and procedures were carried out in
accordance with the UK Animals Scientific Procedures Act (1986) and University of Bristol
guidelines. Transfection of neuronal cultures was carried out at DIV 12 using Lipofectamine
LTX according to the manufacturer’s instructions. Cells were left for 48 h before fixation with
4 % (v/v) paraformaldehyde in PBS at room temperature for 15 minutes and washed 3 x with

PBS. Paraformaldehyde was quenched with the addition of 100 mM glycine.
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2.4.1 Cell treatments

For acidification treatments, as described by Heuser, cells were incubated in Ringer’s buffer
(150 mM NacCl, 5 mM KCIl, 2 mM CaCl,, 1 mM MgCl,, 2 mM NaH;PO4, 10 mM glucose, 10
mM HEPES, pH 7.4) or Ringer’s acetate buffer (80 mM NaCl, 70 mM Na acetate, 5 mM KCl,
2 mM CaClp, 1 mM MgCl,, 2 mM NaH>POs, 10 mM glucose, 10 mM HEPES, pH 6.8) for 1 h

at 37 °C in an incubator without CQ, 2%

For kinesore treatment, stocks were prepared by solubilization of dry powder from Tocris
Bioscience, confirmed by electrospray ionisation mass spectrometry (ESI-MS), at a
concentration of 50 mM in 100% DMSO and stored at —20 °C before use. Stocks were then
diluted to 50 uM in Ringer’s buffer to give a final concentration of DMSO of 0.1% and added
directly to cells. Cells were incubated in for 1 h at 37 °C in an incubator without CO,. Vehicle

control experiments refer to cells treated with 0.1% DMSO in buffer.

For peptide treatments, stocks were prepared by solubilization of dry powder at a concentration
of 1 mM in 100% DMSO or H,O (determined by solubility) and stored at =20 °C before use.
Stocks were then diluted to 20 uM in DMEM to give a final concentration of DMSO or H>O
of 2% and added directly to cells. Cells were incubated for 1 h at 37 °C in a 5% CO; incubator,
Vehicle control experiments refer to cells treated with 2% DMSO or H,O in DMEM. For
lower-concentration treatments, stocks were first diluted in DMSO or H>O to yield a 50%
solution that was subsequently added to DMEM. For Chariot reagent treatments were carried

out as per the manufacturer’s instructions.

For transfected cells, treatments were 24 h after transfection.

2.4.2 Cell imaging

Confocal images were collected using a Leica SPSII Multi-laser confocal laser scanning
microscope system attached to a Leica DMI 6000 inverted epifluorescence microscope with a
40 x or 60 x objective lens running Leica LAS X and are presented as maximum intensity

projections. Figures were assembled using ImageJ in conjunction with Inkscape.
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2.4.3 Quantification of organelle positioning

To quantify organelle distribution in an unbiased fashion, confocal images of cells were
acquired at 40x magnification, with an open pinhole (1 Airy unit). In HeLa cells, as described
previously, the cell perimeter was defined by thresholding equivalent saturated images and the
cell area was scaled in 10% decrements. After background subtraction, cumulative integrated
fluorescence intensity of the chosen organelle (relative to the whole cell) was then plotted for
increasing incremental deciles.?86 For analysis of the resulting data, a nonlinear regression
function in was used to fit a centred 6th order polynomial. To compare models to assess the
statistical significance of differences in distribution profiles, the extra sum of F-squares test
was applied. P-values for particular comparisons are indicated on the graphs. In addition, the
cumulative integrated fluorescence intensity in the central 50% of the cell plotted for the
different constructs and compared using an unpaired T-test. In HeLa cells where altered cell
shape made this approach challenging, an alternative approach was employed. For this, the cell
perimeter was defined by thresholding equivalent saturated images and after background
subtraction, integrated fluorescence intensity of the perinuclear cluster was compared to the
whole cell to give a measure of proportion of dispersed fluorescence.® In neuronal cells the
soma perimeter was defined by thresholding equivalent saturated images. The axonal initial
segment (AIS) was defined by thresholding equivalent images stained for ankyrin G. After
background subtraction, mean fluorescence intensity for the two areas was plotted. Data sets

were compared by an unpaired T-test.

2.5 Protein interaction assays

2.5.1 Fluorescence polarisation assays

TAMRA conjugated peptides were diluted to 150 nM and incubated with increasing
concentrations of the protein of choice (typically 0 — 10 uM) in assay buffer (25mM HEPES
pH 7.4, 5 mM B-mercaptoethanol and 150mM NacCl) using an EpMotion liquid handling robot
(Eppendorf). Measurements were performed on a CLARIOstar (BMG Labtech) microplate
reader at room temperature. Data were fitted to a quadratic one-site tight binding equation to

account to calculate a value for Kq accounting for ligand depletion (Equation 4).2%7

Binding of a fluorescent peptide to the protein reduces the rate of tumbling of peptide in
solution. Light is polarized by a polarizing filter and excites fluorescently labelled molecules

that are oriented in the plane of the polarized light. The emitted light is then measured

42



perpendicular and parallel to the plane of the excitation beam. Polarization is a measure of the
extent of molecular rotation between excitation and emission. Smaller molecules tumble more
quickly and have low polarization values while larger molecules retain polarization longer. The
polarization value, P, is a ratio of light intensities expressed in millipolarization units,
calculated by equation [1] where F1= fluorescence intensity parallel to the excitation plane and
F2=fluorescence intensity perpendicular to the excitation plane. An increase in the polarisation
of emitted light can therefore be used as a measure of binding of the fluorescently labelled
peptide to the target protein. This can be fitted to a binding curve to obtain a value for the

dissociation constant, Kp.

_ F1-F2

Equation 1
F1+F2

In a single site binding model, the fractional saturation of the receptor, R, (the fraction of
protein molecules that are saturated with peptide) is the same as the ratio of bound ligand, L,

to receptor and can be calculated using the Langmuir isotherm equation [2].

R+L = RL
_[RL]
Kea = TRITL]
[RL] = Ku[RI[L]
1 [RIL)
Kd K_eq_R—L]
[RL]  [RL] KeglRIL]  KeglR] [R]

Equation 2

Llroc L]+ [RL]  [L]+ Kog[RI[L] 1+ K. [R]  Kq + [R]

This binding model assumes that the peptide is at very low concentration and therefore that the
concentration of free protein remains approximately constant throughout the experiment. It is
generally accepted that, providing the concentration of peptide is 10 x lower than the value or
Kbp, this is a valid approximation.?®” Since the designed cargo adaptor peptides bind KLC™Rs
with high affinity, a major fraction of the protein will be bound to the peptide and a tight
binding model should be considered instead. In a tight binding model, it is no longer assumed
that the concentration of free ligand, L, is equal to the total concentration of L. An additional
calculation can be used to determine the concentration of free protein [3] and data fitted to the

resulting quadratic equation [4] to calculate a value for Kp accounting for ligand depletion.?¥
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_ (R]— [RLD(L] — [RLD)

K, [RL] Equation 3
0 = ([R] = [RLD([L] — [RL]) — Kq[RL]

0 = [RL]? — ([R] + [L] + K)[RL] + 4[R][L]

RL] = ([R1+ L]+ Kq) — \/([Rz] +[L] + Kq)* — 4[R][L]

[RL] _ (IR] + [L] + Ka) — y/(IR] + [L] + K4) — 4[R][L] .
Llror 201] Equation 4

2.5.2 Immunoprecipitation and pulldown assays

For biotin-neutravidin pull downs, biotinylated peptides (1 mg) were dissolved in PBS (1.5
ml). Pierce™ NeutrAvidin™ Agarose resin slurry (300 ul) was diluted in PBS (1 ml) and
centrifuged for 2 minutes at 358 x g, 4°C followed by washing (2 x 1 ml PBS). The resin was
resuspended in PBS (3 x 100 ul) and dissolved peptide added (0.5 ml, 0.33 mg). The resin-
peptide mixtures were incubated at 4°C overnight with agitation before centrifugation, 2
minutes at 358 x g, 4°C followed by washing (2 x 1 ml PBS). HeLa cells were plated at a
density of 2 x 10 per 10 cm dish 4 hours prior to transfection. Cells incubated on ice and
washed in 2 x 5 ml wash buffer (25 mM HEPES pH 7.4, 150 mM NaCl) followed by 1 ml lysis
buffer (25 mM HEPES pH 7.4, 150 mM NaCl, 0.1% NP-40, 0.1% Trition-X 100 and protease
inhibitor cocktail) for 10 minutes. Cells were centrifuged at 15 115 x g for 10 minutes at 4°C
and the supernatant incubated with 30 pl of prewashed (3 x 800 ul wash buffer, 2000 rpm)
NeutrAvidin™ Agarose resin slurry for 120 minutes at 4°C. 50ul of supernatant was retained
for analysis of cell lysate. Beads were centrifuged at 358 x g for 2 minutes, the supernatant
removed and washed (3 x 800 pl wash buffer, 358 x g). Samples were analysed by gel

electrophoresis and western blotting.

For GFP immunoprecipitation, HeLa cells were plated at a density of 2 x 10° per 10 cm dish 4
hours prior to transfection and peptide treatment. Cells were incubated on ice and washed in 2
x 5 ml wash buffer (25 mM HEPES pH 7.4, 150 mM NaCl) followed by 1 ml lysis buffer (25
mM HEPES pH 7.4, 150 mM NaCl, 0.1% NP-40, 0.1% Trition-X 100 and protease inhibitor

44



cocktail) for 10 minutes. Cells were centrifuged at 15 115 x g for 10 minutes at 4 °C and the
supernatant incubated with 30 pul of prewashed (3 x 800 pl wash buffer, 2000 rpm) GFPTrap
beads for 120 minutes at 4 °C. 50 ul of supernatant was retained for analysis of cell lysate.
Beads were centrifuged at 358 x g for 2 minutes, the supernatant removed and washed (3 x 800
ul wash buffer, 358 x g). Samples were analysed for GFP expression by gel electrophoresis
and western blotting. Elution from beads was achieved by addition of 1% SDS at 95 °C for 10
minutes. TAMRA fluorescence intensity measurements of eluents were performed at 555 nm

on a CLARIOstar (BMG Labtech) microplate reader at room temperature.

2.5.3 Western blotting

Protein samples separated on SDS-PAGE gels were transferred to a PVDF membrane for 1
hour at 100 volts. Membranes were prepared by wetting for 1 minute in methanol followed by
5 minutes in transfer buffer (2 SmM Tris, 192 mM glycine, 10% methanol). The membrane
was blocked for 1 h at 4 °C in 5% milk in TBS-T (20 mM Tris, 0.25 M NacCl, 0.1% Tween-20,
pH 7.5 with HCl) and probed with the appropriate antibodies overnight at 4 °C in 5% milk.
Membranes were washed 3 x in TBS-T prior to incubation with fluorescently labelled
secondary antibodies. followed by another 3 washes in TBS-T. Secondary antibodies were

visualised using an Odyssey CLx (LI-COR) infrared imaging system.

2.6 Biophysical characterisation

2.6.1 Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was used to determine the secondary structure of the
peptide. In this experiment, differences in absorbance of right- and left- circularly polarised
light are measured between 260 and 190 nm. Different peptide secondary structures have been
shown to give characteristic spectra, with minima at 208 and 222 nm indicating o-helicity of
the peptide in solution. CD spectra were collected on a Jasco J-815 or J-810 spectropolarimeter
fitted with a Peltier temperature controller. Unless otherwise specified, CD spectra were
measured at 50 uM total peptide concentration in PBS (8.2 mM sodium phosphate, 1.8 mM
potassium phosphate, 137 mM sodium chloride, 2.7 mM potassium chloride at pH 7.4) or
phosphate buffer (50 mM sodium phosphate, 50 mM NaCl, pH 7.4 or 5.8). For interaction
experiments, peptides were mixed in buffer by vortexing. Spectra were recorded at 5 °C or 20

°Cina 1 mm or 5 mm quartz cuvette between 260 and 200 nm with a scan rate of 100 nm min
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'>'1 nm interval, 1 nm bandwidth and 1 s response time. For each sample an average of 8
recorded scans was taken. Thermal denaturation spectra were collected at 222 nm between 5
and 95°C, with the settings as above and a ramping rate of 40 °C hour™!. Baseline measurements
from the same buffer, cuvette and settings were subtracted from each data set before
processing. Spectra were converted from ellipticities (deg) to molar ellipticities (MRE; deg.cm?
.dmol™! .res’! ) by normalising for concentration of peptide bonds and path length of the cuvette,
using equation 5 where € is the measured difference in absorbed circularly polarised light in
millidegrees, c is the concentration in mM, [ is the pathlength of the cuvette in cm and b is the
number of amide bonds in the polypeptide. For calculation of b, the N-terminal acetyl bond

was included but not the C-terminal amide.

6%100

MRE (deg.cm?.dmol tres™1) = 0

Equation 5

Fraction helicity (%) was calculated by equation 6 where [6],,, is the blanked MRE at 222nm

in cm? dmol™! res™!, T is the temperature in °C and 7 is the number of peptide bonds.

[0]222— [O]coit :
0 =1 — 2227 7lColl E
o 00 [6]Hetix— [6lcoit quation 6

[0]con = 640 — 45+ T

3
[0]herix = —42,000 * (1 — E)

2.6.2 Analytical ultracentrifugation

The oligomeric state of coiled-coil peptides was measured by sedimentation equilibrium
analytical ultracentrifugation (SE AUC). In this experiment the sample is spun at high speeds
so that a centrifugal force pushes the protein towards the outside of the rotor, diffusion acts to
oppose this concentration gradient. At equilibrium a balance between sedimentation and
diffusion is reached and the concentration distribution across the cell is measured, giving a
measure of molecular mass and thus oligomeric state.?®® AUC experiments were performed at
20 °C on a Beckman Optima XL-A or XL-I analytical ultracentrifuge with either an An-50 (T1)
or An-60 (T1) rotor. The buffer density and partial specific volume (v) for each peptide at 20
°C was calculated using Sednterp (http://rasmb.org/sednterp/). AUC sedimentation equilibrium
experiments were conducted in a sedimentation equilibrium cell in triplicate, with a 6-channel

epon centre piece and quartz windows. Unless otherwise specified, peptide (110 pL, 100 uM,
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PBS) was placed in the sample channels, and PBS (120 pL) in the reference channels.
Absorbance scans (280 nm) were taken every 8 hours at speeds between 15 — 48 krpm, with
scans at each speed duplicated. Data was fitted to single ideal species model using
SEDPHAT.?* 95% confidence limits were obtained following Monte Carlo analysis of the
obtained fits.

2.6.3 Structural analysis and model building

For crystallography, freeze-dried peptides were dissolved in deionized water to a concentration
of 10 mg ml! for vapour-diffusion crystallization trials using standard commercial screens
(JCSG, Structure Screen 1+2, ProPlex and PACT PremierTM) at 19 °C with 0.3 pl of the
peptide solution equilibrated with 0.3 pl of the screen solution. To aid with cryoprotection,
crystals were soaked in their respective reservoir solutions containing 25% glycerol prior to
data collection. X-ray diffraction data were collected at the Diamond Light Source (Didcot,
UK) on beamline 124 at a wavelength of 0.98 A. Data were processed with the Xia2 pipeline
and AIMLESS,*? as implemented in the CCP4 suite.?®! Structures were solved via molecular
replacement using PHASER.?? Model building and crystallographic refinement was
performed using COOT?*>2** and PHENIX Refine or Refmac 5.2%

2.7 Computational tools

Sequence alignments were done using BLAST.?%

https://blast.ncbi.nlm.nih.gov/Blast.cgi

In silico alanine scanning was done using BUDE Alanine Scanning.>’

https://pragmaticproteindesign.bio.ed.ac.uk/balas/

Buried surface area of interface residues was calculated using the Protein Interfaces, Surfaces
and Assemblies (PISA) algorithm?®
https://www.ebi.ac.uk/pdbe/pisa/pistart.html

In silico mutagenesis was done using Predictive Saturation Variation Scanning.>®

Prediction of regions of coiled coils was done with MARCOIL.>*8

https://toolkit.tuebingen.mpg.de/tools/marcoil
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Prediction of coiled coil oligomeric state was done with LOGICOIL .2

http://coiledcoils.chm.bris.ac.uk/LOGICOIL/

Models of homomeric coiled coils were built and optimised using CCBuilder v2.24°

http://coiledcoils.chm.bris.ac.uk/ccbuilder2/builder

Models of heteromeric coiled coils were built and optimised using ISAMBARD with code
written by Dr William Dawson.?6*
https://github.com/woolfson-group/isambard

Protein structure prediction was done using Alphafold Colab notebooks.3*
https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFol
d.ipynb
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3 Fragment-linking design of de novo cargo adaptor peptides for

kinesin-1

Results described in this chapter have been included in the publication:

Fragment-linking peptide design yields a high-affinity ligand for microtubule-based transport
Jessica A. Cross, Magda S. Chegkazi, Roberto A. Steiner, Derek N. Woolfson, Mark P.
Dodding Cell Chemical Biology 2021, 28, 1-8 DOI:10.1016/j.chembiol.2021.03.010

Some of the text in this chapter resembles the manuscript, for which I am first author. Under
guidance from my supervisors, this work is my own, with the exception of the crystal
structure, which was determined and solved by Dr. Magda Chegkazi and Prof. Roberto
Steiner, Kings College London. Figures 3.2, 3.4, 3.7-3.9 are their work (as published in
Cross etal. 2021).

3.1 Background

Recent studies exploring the molecular basis for the attachment and recognition of cargo by
motor proteins have identified a new class of proteins termed cargo-adaptors. One class of
these have peptide motifs, displayed on the surface of cargo, which bind to recognition domains
on motor proteins, acting as molecular bridges between specific organelles and the cytoskeletal
transport system (Fig. 3.1).2> A number of kinesin-1 cargo-adaptor peptides have been shown
to bind to the tetratricopeptide repeat (TPR) domains of kinesin light chains (KLC™"Rs) and
have been structurally characterised (Fig 3.1-2), including a region of the lysosomal cargo
adaptor SKIP and peptides from the C termini of JIP1 and Torsin A.%78 These studies have
identified two distinct sequence classes of cargo-adaptor peptides: tryptophan-acidic (W-
acidic) motifs have a tryptophan (W) residue flanked by aspartic or glutamic acid in the
consensus L/M-D/E-W-D/E; and tyrosine-acidic (Y-acidic) motifs have tyrosine (Y) flanked
by acidic residues. These two classes bind to distinct but overlapping sites on the concave
surface of the KLCT™Rs, with uM affinities measured in vitro.°%® Presumably, tighter
interactions are achieved in the cell through avidity, as multiple copies of the adaptor peptides
are expressed on the surfaces of organelles and the kinesin-1 heterotetramer presents a pair of
KLCs.%7%8 Several reports indicate an important role for co-operative interactions with the
KHCs, again generally in the uM range.?%87-391 Taken together, these studies support the notion
that a network of medium-affinity interactions between cargo adaptor peptides and KHCs and
KLCs co-operate to effect cargo recognition. Evidence that appending multiple copies of W-
acidic sequences in tandem or triplicate enhances the efficiency of transport, suggests that pM

binding is a limiting factor, and thus that increased cargo adaptor affinity could augment
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transport.!!2 Nonetheless, the hypothesis that adaptor-motor binding affinity per se is a limiting

factor in transport is yet to be formally tested.

Cargo
organelle

Cargo
adaptor

Fig. 3.1 | Acidic cargo adaptor peptides bind to TPR domains of KLCs. Cartoon
representation of the kinesin-1 tetramer showing interaction of cargo adaptor peptide
associated with the organelle surface (green) with KLC™R (grey).

More broadly, up to 40% of protein-protein interactions (PPIs) in the cell are thought to be
directed by the recognition of short linear peptide motifs (SLiMs) by larger protein

domains, 83184

with a significant subset of these involving a-solenoid architectures such as
armadillo repeat proteins (ArmRPs), HEAT proteins, and TPR domains.!3%3% In these a-
solenoid proteins, tandem arrays of o-helices are stacked together to form extended
superhelical structures. This arrangement results in high surface-area-to-volume ratios
compared with typical globular proteins and, thus, larger binding surfaces.'”® In addition to
kinesin-1 cargo transport, TPR domains are important for a diverse range of PPIs in the cell
including cell-cycle regulation, chaperone activity, transcription, protein translocation and
membrane trafficking.®® It is becoming clear generally that a-solenoid domain-peptide
interactions are amenable to design, engineering and chemical manipulation, making them
potential therapeutic targets for a range of diseases and the development of research

tools 143,154,303
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Adaptable and synthetically accessible peptides are attractive candidates for targeting protein-
protein interactions in the cell as they mimic the natural interactions to compete for binding.?%®
However, protein-peptide interactions are often dynamic and weak due to the conformational
flexibility of linear peptides. Therefore, a challenge is to design peptide ligands that overcome

this limitation by making additional or improved interactions with the target.!®

This chapter describes the rational design of high-affinity peptide ligands to target kinesin-
1:cargo interfaces in vitro. Synthetic peptides are designed to mimic KLC™R interactions from
natural sequences, but to make additional interactions at the interface to deliver increased
binding affinities. These designs deliver high affinity de novo cargo adaptor peptides to answer
a long-standing question in kinesin-1 biology; namely, is adaptor-motor binding affinity a
limiting factor in transport? In addition, this work aims to explore a new strategy of peptide
design for structurally defined peptide-protein interfaces, a fragment-linking approach

combining functional elements from multiple natural sequences into a single peptide design.

3.2 Mash-up design of de novo cargo adaptor peptides

Analysis of structural data of natural cargo adaptor-TPR interactions was used to guide design
of novel peptides. In previous studies, mutagenesis analysis of natural cargo-adaptor peptides
has revealed that W and Y residues in W-acidic and Y-acidic motifs, respectively, are essential

for binding.67-3%

Furthermore, the X-ray crystal structures of W- and Y-acidic cargo-adaptor
peptides from SKIP, JIP1 and Torsin A complexed with KLC™R domains have identified how
these residues interact with their receptor. These reveal overlapping but distinct binding sites
in the groove formed by the TPRs (Fig. 3.2). Specifically, the SKIP- KLC2™R complex shows
that the W-acidic site is largely defined by residues on TPRs 2, 3 and 4, where the central W
residue of the peptide occupies a hydrophobic pocket formed between the internal helices of
TPRs 2 and 3 (W-pocket, p*?). At the p? position, a leucine (L) residue occupies a second
hydrophobic pocket formed by residues from TPRs 3 and 4 (LY -pocket). In contrast, Y-acidic
peptides are shifted along the KLC™R superhelix such that key interactions are specified by
TPRs 3-5, with TPR2 playing only a minor role. In structures of JIP1 and Torsin A in complex
with KLC1TPR, the W-pocket is not involved but the LY-pocket (p”) is occupied by the central

Y residue. For Torsin A, an additional phenylalanine (F) at the p~® position occupies a third

pocket (F-pocket) formed by the internal helices of TPRs 5 and 6. In all cases, these sequence
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specific elements are stabilized by a network of salt bridges and electrostatic interactions
between the positively charged TPR groove and negatively charged peptides. Key to peptide
stabilization within the concave surface of KLC™"Rs is an induced-fit closure of the receptors’

solenoid-shaped architecture upon peptide binding that also enables several hydrogen bonds.

Y-pocket

Fig. 3.2 | Structures of kinesin-1 cargo adaptor peptides bound to the TPR domain of
kinesin light chains. Cartoon representation of crystal structures of natural cargo adaptor
peptides from SKIP (green; PDB code, 3ZFW), JIP1, (magenta; 6FUZ) and Torsin A (cyan;
6FV0) bound to the TPR domain of KLC1 (6FUZ, grey). N.B. SKIP is complexed with KLC2
and so KLC1/2™R domains were aligned to produce the model. For simplicity, only one peptide
bound KLC™R is shown. The peptide-free KLC™® (PDB: 3NF1) is shown as transparent
cylinders and an the arrow represents the domain closure upon peptide binding. Key binding
pockets (F, Y, and W pockets) on KLCTPR are highlighted.

To evaluate the contribution of each residue to binding, an in silico alanine scan of the SKIP,
JIP1 and Torsin A cargo adaptor sequences was performed using the Bristol University
Docking Engine (BUDE) Alanine Scanning software (BAlaS) (Fig. 3.3).2°7 Residues with a
high value of AAG are predicted to be hot-spot residues that make major contributions to
binding, since the modelled binding affinity decreases significantly when the residue is mutated
to alanine. Mutation to alanine is used to mimic deletion of the side chain beyond the  carbon
as it does not impose electrostatic or significant steric effects or alter the main-chain

conformation (as glycine or proline can).’®> In comparison to previous mutagenesis
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experiments, which show that the W residue is essential for W-acidic motif binding,®”3%* this
prediction likely under-estimates the contribution of the W to binding but highlights the
importance of hydrophobic interactions formed by L/Y/F residues and the electrostatic
contribution of charged acidic residues. BAlaS modelling predicted that tyrosine (from JIP1
and Torsin A) contributed more to binding than the corresponding leucine in SKIP. In addition,
whilst none of the highest affinity residues are found in the N-terminal fragments of JIP1 and
Torsin A, these made multiple positive interactions suggesting that an extended interface could

increase affinity.
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Fig. 3.3 | In silico alanine scanning of natural adaptor sequences using BUDE force field
identifies “hot spot” binding residues. AAG values from an in silico alanine scan of W-acidic
SKIP and Y-acidic JIP1 and TorsinA in cargo adaptor peptides in complex with KLCTRs
performed using the Bristol University Docking Engine (BUDE) Alanine Scanning software
(BAlaS).?” Residues were sequentially mutated to alanine and the change in binding free
energy (AAQG) calculated using the BUDE force field. Residues included in design of the
eventual KinTag sequence are highlighted in yellow.

An overlay of the three TPR-bound peptide structures revealed the potential to design a
contiguous peptide backbone to span the F, LY and W pockets of KLCT™R (Fig. 3.4). Fragment
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based drug-discovery is a common approach for developing new therapeutics and involves
identifying small chemical fragments that bind weakly to a target and linking or growing them
to increase affinity. A similar approach was applied to this design challenge: i.e., low affinity
binding interactions from SKIP, JIP1 and TorsinA were linked in a single peptide sequence.
This new design approach, termed ‘mash-up’ design, aimed to link fragments from multiple
sequences to deliver an extended chimeric peptide, capturing key interactions from all three
peptides, to improve binding affinity. The approach borrows from consensus design, which
306,307

identifies key amino acids for a protein structure from multiple-sequence alignments.

However, it builds on this by incorporating offset fragments, analogous to fragment-based

208,216

small-molecule drug design.

Y-acidic
Torsin A ...323 V|F|T KLDY/|Y|L|DD * 333
JIP1 ...700 PTED I|Y|LIE [* 707
p-6 po p+2
SKIP ...203 TN|LIEWDD SAI... 212
W-acidic

Fig. 3.4 | An overlay of three natural TPR-bound peptide structures revealing the
potential to design a contiguous peptide backbone to span the F, LY and W pockets of
KLCTPR, Structure based sequence alignment of the three cargo adaptor peptides, overlaid
showing a contiguous peptide backbone with the potential to span the F, LY and W pockets of
KLCTPR, Nitrogen and oxygen atoms in blue and red, respectively. The labels p*2, p°, and
p ° refer to the relative positions of peptide residues buried in the W, Y, and F pockets of
KLCTR with the Y residue of the Y-acidic motif as reference (p°). Figure by Dr Magda
Chegkazi and Prof. Roberto Steiner, Kings College London.

In addition to acting as molecular bridges between cargo and kinesin-1, cargo-adapter peptides
are also important for activation of kinesin-motor activity. Downstream, adaptor peptide-

KLCTPR interactions trigger, or stabilize, larger-scale conformational changes in the kinesin-1
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tetrameric motor, resulting in a shift from a compact autoinhibited state to an extended, active
form capable of hydrolyzing ATP and generating motile force to transport cargo on the
microtubule cytoskeleton.’”>%8081  One important change is the displacement of an
autoinhibitory peptide (LFP-acidic motif) that binds to a KLCTR site overlapping that of W-
acidic peptides. Binding of W-acidic peptides displaces this interaction and consequently,
when targeted to the cytosolic face of an organelle membrane, these sequences are sufficient
to drive kinesin-1 dependent transport.?%:1933% Interestingly, binding of Y-acidic peptides at

CTPR

the adjacent site does not relieve KL autoinhibition and requires additional interactions to

support efficient transport.®®

The designed peptides aimed to integrate the transport-activating capacity of W-acidic
sequences with the extended binding interfaces from Y-acidic sequences. The designs extend
the N terminus of the SKIP W-acidic motif with residues from JIP1 (J-S peptides), or from
both JIP1 and Torsin A (T-J-S peptides). Since the leucine of SKIP and tyrosine from JIP1 and
Torsin A bind to the same LY -pocket, two peptides were designed for each of the J-S and T-J-

S constructs (Table 3.1).67-68

Table 3.1 | Sequences of natural and designed cargo adaptor peptides

Peptide name Sequence

Peptides from natural cargo adaptors

SKIP (S) STNLEWDDSAI

JIP1 (J) PTEDIYLE

Torsin A (T) TVETKLDYYLDD

De novo cargo adaptor peptides from mash-up design

I-S(L) GTEDILEWDDSAT

J-S(Y) GTEDIYEWDDSAI
GTVFTTEDILEWDDSAT
GTVFTTEDIYEWDDSAT

The designs were made by solid-phase peptide synthesis with the 5-
carboxytetramethylrhodamine (TAMRA) fluorophore appended N terminally, purified by high
performance liquid chromatography, and confirmed by MALDI-TOF mass spectrometry

(Appendix 8.1). Challenges were encountered during purification due to the insolubility of the
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acidic peptides in the standard HPLC solvent system of water/acetonitrile with 0.1%
trifluoracetic acid (TFA). To improve solubility, the peptides were dissolved first in DMSO
and then diluted to a final concentration of 20 % DMSO in an ammonium bicarbonate buffered

system, pH 8.8.

3.3 Synthetic peptides bind KLCT"Rs in vitro with high affinities

The binding affinities of the designed peptides for KLC™R proteins comprising TPRs 1 — 6
were determined in vitro using fluorescence polarization (FP) assays. For protein expression,
constructs of two paralogs, KLC1TPR-211-495 gnd KL C2TPR-196-480 ' wyere used. ¢719 TPR domains
were expressed in E. coli as N-terminally Hise-tagged proteins and purified by Ni**affinity
chromatography followed by size exclusion chromatography (SEC) (Appendix 8.2). TAMRA-
labelled peptides (150 nM) were incubated with increasing concentrations of KLC™R proteins
in saturation-binding experiments®® to obtain dissociation constants, Kp, (Fig. 3.5, Table 3.2).
The designed peptides had increased affinities over the natural sequences for both proteins.
Peptides J-S(L) and J-S(Y) bound with moderately increased affinities, with the tyrosine
variant as the tighter binder. Interestingly, this result matches the prediction from the in silico
BAlaS modelling (Fig 3.3). Increasing the N-terminal extension in the T-J-S(Y) peptide led to
a further increase in affinity, but this was not observed for the leucine variant. Thus, peptide
T-J-S(Y) had the highest affinities for KLC™Rs with Kps of tens of nM to KLC1™® and
hundreds of nM to KLC2TR (Table 3.2). This KLC™R isoform selectivity is akin to that of
natural Y-acidic motifs, which bind to KLC1™R with higher affinity than KLC2™R 6 The
highest affinity peptide, T-J-S(Y), was renamed ‘KinTag’.
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Fig. 3.5 | Synthetic peptides bind KLC™"Rs in vitro with high affinities. Binding affinities
of designed peptides were measured in vitro in fluorescence polarization assays with TAMRA-
labelled peptides (150 nM) incubated with increasing concentrations of KLCTR protein: a,
KLC1™R and b, KLC2™R, Key: natural SKIP, blue; J-S(Y), red; J-S(L), green; T-J-S(L),
orange; and T-J-S(Y), KinTag, purple. Data were fitted to a single-site binding model with
polarization values of the peptide and buffer alone subtracted and values normalised to the
calculated Bmax. Error bars indicate 1 SD from a minimum of 3 replicates

Table 3.2 | In vitro binding affinities of natural and designed cargo adaptor peptides

Peptide name Kp KLC1 / nM Kp KLC2 / nM Kp KLC1¢/ nM Ky KLC2°**/ nM
Peptides from natural cargo adaptors
SKIP (S) 1170 £ 176 1690 + 132 7530 + 125 10650 + 420
JIP1 (J) 1720+ 130 % - = =
Torsin A (T) 950 + 90 %4 - 2210+ 60 %4 -
De novo cargo adaptor peptides from mash-up design
J-S(L) 1120 + 153 280 + 94 2840 £ 50 2570 £ 212
J-S(Y) 430 + 87 210 £ 27 960 + 26 2500 + 82
1200 + 188 657 + 133 1250 + 110 2840 + 135
357 207 £ 15 1707 720 29

3.4 Designed peptides are sensitive to KLC''R autoinhibition

Full-length KLCs have a conserved autoinhibitory leucine-phenylalanine-proline-containing
sequence (LFP-acidic) N terminal to their TPR domains (Chapter 1 Fig. 1.5). This binds near
TPR2 of the KLC™R to occlude the W-acidic binding site but not the Y-acidic sites.” In
fluorescence polarization binding experiments, this reduces the affinity of W-acidic peptides
for the TPR domains, but not those of Y-acidic peptides. Consequently, this reduction in
binding affinity is a proxy for the capacity to displace the inhibitory interaction.’®®® Since a
functional, transport-activating peptide would require this capacity, the binding of the designed
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peptides to TPR constructs incorporating the conserved LFP-acidic region, KLC1*TPR and
KLC2eTPR " was investigated (Figs. 3.6, Table 3.2). First, the designed peptides all had
improved affinities over the natural sequences. KinTag bound to KLC1*TPR with Kp = 170
nM, which is a 13- to 44-fold increase over the parent peptides (Table 3.2). Moreover, and
importantly, the affinities of the designed peptides for KLC*TPR were all reduced compared to
those for KLC™R, This demonstrates the sensitivity of these synthetic adaptor peptides to the
presence of the LFP autoinhibitory motif, which can be attributed to retaining the core residues
of the W-acidic peptides. In turn, it can be reasoned that these de novo cargo-adaptor peptides

should retain the capacity to engage the LFP-acidic switch necessary for kinesin-1 activation.
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Fig. 3.6 | Designed peptides are sensitive to KLCTPR autoinhibition. Fluorescence
polarization assays for TAMRA-labelled peptides (150 nM) incubated with increasing
concentrations of protein: a, KLC1TPRext and b, KLC2TPRext Key: natural SKIP, blue; J-S(Y),
red; J-S(L), green; T-J-S(L), orange; and T-J-S(Y), KinTag, purple. Data were fitted to a
single-site binding model with polarization values of the peptide and buffer alone subtracted
and values normalised to the calculated Bmax. Error bars indicate 1 SD from a minimum of 3
replicates.

3.5 The X-ray crystal structure of the KLC1""R; KinTag complex reveals interactions
as designed
To validate the highest-affinity design, the X-ray crystal structure of the KLC1™R: KinTag
complex was solved at the 2.85 A resolution (Fig. 3.7, Appendix Table 8.1). Following success
from previous studies, a chimera with KinTag fused via a flexible (TGS)s linker to the N
terminus of KLC1TPR was expressed.b”- In the crystallographic asymmetric unit, six copies of
the KLC1™PR: KinTag complex were found, arranged in three independent head-to-tail dimers
(Fig. 3.8). The KinTag core sequence VFTTEDIYEWDDS was well defined in all complexes.
However, the N-terminal Thr and the C-terminal Ala-Ile were more flexible and only partly

visible in some of the complexes. As designed, the KinTag peptide binds in an extended
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conformation within the concave groove of the TPR domain (Fig. 3.7a) with an interface area
of 950 A2. This represents an increase of approximately 24% compared to SKIP W-acidic (769
A?) and of 7% over the rather extensive Torsin A Y-acidic interface (885 A?). A number of H-
bonds and salt bridges stabilise the peptide within concave KLC™R surface together with
electrostatic complementarity between the negatively charged peptide and its receptor (Fig. 3.7
b and Fig 3.9). While all amino acids of KinTag contribute to the interface with KLC1™PR  the
F, Y, and W residues appear to play a key role being almost totally concealed within their
binding pockets with buried surfaces corresponding to 70%, 88%, and 80% of their accessible

surfaces, respectively.
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Fig. 3.7 | X-ray crystal structure of KinTag bound to KLC1™R reveals interactions as
designed. a, [llustrated representation of the KinTag peptide (displayed as a yellow stick model
accompanied by its 2mF,-DF electron density in green contoured at the 1.0 s level) bound to
KLCI1™R, Helices al to al2 of the six TPR helix-turn-helix motifs are labelled. In addition to
the non-TPR helix (aN) seen in previous structures, another short helix (aN’) is revealed before
all. The flexible region between aN and aN’ is indicated with a broken line, while the
engineered disordered linker connecting al12 to the KinTag is not shown for clarity. Color-
coded N and C labels indicate the N and C termini, respectively. Nitrogen and oxygen atoms
are coloured dark blue and red, respectively. b, Sliced-surface view of KLC1™R with bound
KinTag. The molecular surface is coloured according to its electrostatic potential with positive
and negative potential in the +10kgT/e to —10kgT/e range shown in blue and red, respectively.
KinTag residues are numbered with the central tyrosine residue as reference. Hydrogen bonds
and salt bridges are shown as broken yellow lines. Figure by Dr Magda Chegkazi and Prof.
Roberto Steiner, Kings College London.
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Fig. 3.8 | X-ray crystal structure of KinTag:KLC1""R dimer. Cartoon representation of the
KLC1™R:KinTag head-to-tail dimer viewed approximately down the two-fold axis. KLC1T"R
domains are shown in light and dark grey with helices depicted as cylinders. Each KLC™®
domain is formed of six helix-turn-helix TPR repeats (TPR1 al - a2, TPR2 a3 — a4, TPR3 a5
— a6, TPR4 a7 -a8, TPRS 09 — al10, TPR6 all — al12) and two additional non-TPR helices (a
N and a N’) between TPRS and TPR6. The KinTag peptides are displayed as yellow sticks
with nitrogen and oxygen atoms in blue and red, respectively. Colour-coded N and C letters
indicate N- and C-termini, respectively. The C-terminus of KinTag peptides is behind a3
helices. Figure by Dr Magda Chegkazi and Prof. Roberto Steiner, Kings College London.

Fig. 3.9| Hydrogen bond network in KinTag:KLC1""R structure. The KinTag peptide and
KLC1™™R residues with which it interacts are shown as sticks in yellow and grey, respectively.
Nitrogen and oxygen atoms in blue and red, respectively. Colour-coded labels identify residue
numbers. For the KinTag peptide the central tyrosine residue is taken as reference position (Y
). KLC1™PR helices are also labeled. H-bonds and salt bridges are highlighted by broken lines.
Figure by Dr Magda Chegkazi and Prof. Roberto Steiner, Kings College London.
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3.6 In silico comparison of interactions in X-ray crystal structures fails to predict
increase in affinity from Torsin A to KinTag

In silico analysis of the interactions formed by each residue of the TPR domain was used to
compare the contacts made in the KLC1T™"R: KinTag complex to the KLC™R : SKIP, JIP1 and
TorsinA complexes. For this, two approaches were considered. Firstly, the proportion of each
TPR residue buried upon interaction with the adaptor peptide was calculated using the Protein
Interfaces, Structures and Assemblies (PISA) algorithm (Fig. 3.10 a, b).2°® Secondly, an alanine
scan using the BUDE force field allowed calculation of AAG values for mutation of each TPR
residue to alanine (Fig. 3.10c).?°” The two methods of analysis showed largely similar trends:
that for the SKIP-KLC2™R complex the majority of interactions are formed in TPRs 2,3 and 4
and that JIP1 and TorsinA form addition interactions with TPR 5 and 6, respectively. In the
KLCI™R: KinTag complex these interactions are preserved across TPR helices 2-6, as
evidenced by the larger binding surface observed in the crystal structure and higher affinity
interaction measured in vitro. Both algorithms predicted similar interactions for TorsinA and
KinTag, in-fact predicting more interactions for the TorsinA complex. This is in contrast to the
in vitro measured binding affinities. Neither algorithm was able to correctly predict, or explain,
the observed increase in affinity of KLC1™R from micromolar for TorsinA to nanomolar for

KinTag.
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Fig. 3.10| Comparison of KLC™"R interaction maps in natural and designed cargo adaptor
peptides. a, Sequence alignment of KLC1™R and KLC2™R showing colour coding of each
TPR helix as used in b and c. b, Interface contact maps for the KLC2T"R-SKIP, KLC1TPR-
JIP1/TorsinA/KinTag complexes. Percentage of each residue buried upon interaction with
cargo adaptor peptide, analysis performed with the Protein Interfaces, Surfaces and Assemblies
(PISA) algorithm. ¢, In silico alanine scanning using BUDE force field (BAlaS) showing AAG
binding contribution of each TPR residue.



3.7 Second generation in silico structure-guided peptide designs do give any
improvements in affinity
The BAlaS algorithm was also be applied to the KLC1™R: KinTag complex to identify “hot-
spot” residues that make important binding contributions in the KinTag sequence (Fig. 3.11).
The importance of hydrophobic, and electrostatic, interactions were reinforced by this analysis.
Large values of AAG indicate important binding contributions from the Phe, Tyr and Trp
residues occupying hydrophobic pockets in the TPR groove, though, again, contributions from
Trp are likely underestimated, and Glu residues, making electrostatic interactions with the basic
TPR surface.?”” This analysis indicates that other residues confer little contribution to binding
and thus, that affinity could be improved by substituting these residues for alternative side

chains leading to additional interactions.
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Fig. 3.11 | In silico alanine scanning of Kin-Tag:KLC1™"R complex using BUDE force field
identifies important residues for binding. AAG values from an in silico alanine scan of the
Kin-Tag:KLC1™R complex performed using the Bristol University Docking Engine (BUDE)
Alanine Scanning software (BAlaS). Residues were sequentially mutated to alanine and the
change in binding free energy calculated using the BUDE force field.?"’

On this basis an in-silico saturation mutagenesis scan was completed to predict the change in
binding affinity of single-residue mutations (Fig. 3.12). Using the X-ray structure of the
KLC1™R: KinTag complex, each residue in the KinTag sequence was sequentially mutated to
a set of 16 other amino acids, the peptide redocked into the TPR binding pocket and the change
in binding free energy (AAQG) calculated using the BUDE force field. The set of 16 amino acids

consists of the 20 natural amino acids but excludes alanine, since this is covered by the BAlaS

model, glycine, proline and cysteine due to the unusual side chain properties of these residues
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in conferring backbone flexibility, restricted backbone conformation and disulphide bond

formation respectively.
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Fig. 3.12 | In silico saturation mutagenesis of Kin-Tag:KLC1™R complex using BUDE
force field . AAG values from an in silico saturation mutagenesis scan of the Kin-Tag:KLC1TPR
complex performed using the Bristol University Docking Engine (BUDE). Residues in the
KinTag sequence (x-axis) were sequentially mutated to a set of 16 other amino acids (z-axis)
and the change in binding free energy calculated using the BUDE force field (y-axis).?’ For
the sake of clarity, negative AAG values are not shown.

The results of this analysis suggest that the introduction of hydrophobic residues, Y and W
(yellow and grey bars respectively, figure 3.12), could increase affinity. This is unsurprising
since additional hydrophobic residues often increase binding affinity due to the hydrophobic
effect: an increase in the buried hydrophobic surface area leads to the entropically favoured
displacement of weakly bound water molecules in hydrophobic pockets. The results also
suggest that several of the polar threonine and serine residues contribute little binding affinity
so have potential to be improved through mutation. We sought to use this analysis to guide
mutations to design a second generation of de novo cargo adaptor peptides with increased
affinity for KLCT™Rs, A small library (30) of KinTag peptide analogues with single or multiple

1 extTPR

mutations were synthesised and binding affinities for KLC measured in vitro in
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fluorescence polarization (FP) assays as described above (Appendix Table 8.3). This construct
was chosen as the protein was most stable and easily purified and the observed trend is likely
to be the same for all four constructs, as shown previously in table 3.2. In general, this approach
was not successful with mutations decreasing binding affinity. The best of these designs
involved a single point mutation S15Y, indicated by a red arrow on figure 3.12. The BAlaS
algorithm likely predicts this improvement due to additional hydrophobic interactions at the
interface, in place of a serine residue which is shown to make little contribution to binding in
the structure of the KLC1TPR: KinTag complex. Whilst this peptide, KinTag S15Y, retained
high affinity there was no improvement from KinTag so the original design was retained for

further experiments (Fig 3.13, Table 3.3).
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Fig. 3.13 | Example of in vifro binding affinities of BUDE guided second generation
KinTag peptides for TPR domains. Fluorescence polarization assays for TAMRA-labelled
peptides (150 nM) incubated with increasing concentrations of protein KLC1TPR Key: red;
KinTag, blue; KinTag S15Y red. Data were fitted to a single-site binding model with
polarization values of the peptide and buffer alone subtracted and values normalised to the
calculated Bmax. Error bars indicate 1 SD from a minimum of 3 replicates

Table 1 | Example of in vitro binding affinities of BUDE guided KinTag mutations

Peptide name  Sequence Kp KLC18%/ nM
KinTag GTVFTTEDILEWDDSAT 170+ 7
KinTag S15Y GTVFTTEDILEWDDYAT 1879

3.8 KinTag binds to kinesn-1 tetramers in cell lysate

Next, we tested if our best peptide design, KinTag, could bind to kinesin-1 tetramers expressed
in a cellular context. A synthetic KinTag peptide was synthesised with a biotin tag and

incubated with neutravidin—agarose beads. The high affinity biotin — neutravidin interaction
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leads to agarose beads with KinTag displayed on their surface. HeLa cells were transfected
with citrine-Kif5C, a mainly neuronal KHC isoform, and HA-KLC1 or HA-KLC2 and cell
lysate incubated with peptide bound beads. Samples of the supernatant and bound fractions
from control and KinTag incubated beads were subjected to SDS-PAGE and analysed by
western blot using antibodies against HA and GFP (Fig 3.14). Unlike control beads, the
KinTag-bound beads interacted with both KL.C isoforms. This resulted in bands for HA-KLC
in the KinTag bound lanes of the gel. Protein in the supernatant indicated that not all of the
KLC bound to KinTag. This may be due to saturation of the beads, but, more likely, it is
indicating that the peptide has lower affinity for the kinesin-1 tetramers than the TPR domain
construct used in the in vitro FP assays. In addition, Kif5C was detected in the KinTag bound
fraction suggesting that the peptide successfully acts as a kinesin-1 ligand in the context of
fully assembled tetramers. These results indicate a potential application of KinTag-based
peptides for purifying tetrameric kinesin-1, for example for structural studies by electron

microscopy.
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Fig. 3.14 | KinTag binds to kinesn-1 tetramers in cell lysate. Western blot of cell lysate from
HelL a cells transfected with citrine-KifSC and HA-KLC1 or HA-KLC?2 incubated with control
or KinTag-bound beads show KinTag interacts with KLC1/2 and KHC expressed in cells. Cell
lysate was added to agarose resin which had been incubated with biotinylated peptide or PBS
overnight. Western blots with primary antibodies against HA and GFP and fluorescently
labelled secondary antibodies were visualised using dual colour imaging on an Odyssey CLx
(LI-COR) infrared imaging system and are displayed with the two channels overlayed.

3.9 Conclusions

Kinesin-1 transport has been shown to be due, in part, to transient protein-protein interactions
made between acidic adaptor peptides presented on the surface of cargo and TPR domains of
the kinesin-1 light chains (KLCTPRg) 67.68.85.88,105,106,108,109.309.310 [Jnitarily, these natural
interactions have uM affinities when measured in vitro. This chapter has described a mash-up
design approach that links low-affinity binding features from multiple natural sequences in a
single designed high-affinity peptide, KinTag. This binds to KLC™Rs with nM affinities. An
X-ray crystal structure of the KLCIT™R:KinTag complex confirms that the key binding
interactions are made as designed. This validates the understanding of the key interactions
required for motor-cargo binding and the resulting conformational changes required for motor

activation.
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The structure also reveals that KinTag induces TPR curvature similar to that observed for
natural adaptor peptides. The curvature of the KLC™R:KinTag complex is between that for
KLC2™R:SKIP and KLCITR:JIP1.576® This demonstrates a degree of flexibility in ligand
binding by these domains, which have also been shown previously to support variable peptide
binding modes.%62¢ [t is feasible that this induced TPR curvature could result in the same
downstream activation of the tetrameric motor seen for natural W-acidic adaptor peptides,
allowing the peptide to function as a cargo adaptor in the cell. This idea is supported by in vitro
binding studies. These show that KinTag has W-acidic-like sensitivity to the KLCTPR
autoinhibitory LFP interaction, which suggests that KinTag displaces this motif to relieve
autoinhibition. This is further validated by evidence that KinTag immobilized on beads can

bind to kinesin-1 tetramers expressed in cell lysate.

Therefore, it is likely that KinTag, a de novo high affinity kinesin-1 cargo adaptor peptide,
could be used in vivo, as a tag for transport inside the cell. This could allow the development
of a toolkit of peptide ligands across a range of affinities for the orchestrated transport of
organelles, and other protein cargo, to investigate the functional role of their positioning within
the cell. In turn, this would offer a novel research tool to test the hypothesis that motor-cargo

affinity is a limiting factor in transport. These ideas are explored in chapter 4.

More generally, mash-up design provides a strategy for developing high-affinity peptide
ligands for protein surfaces. The structure of the KLC1T"R:KinTag complex confirms that both
general design features (i.e., shape and charge complementarity between the peptide and the
protein), and sequence-specific design features (i.e., large side chains of the peptide bind into
designated pockets of the protein) are realized. These features appear robust to changes in the
overall context of the peptide. The design approach yields an order of magnitude or more
increase in binding affinity without dramatically increasing the interface area, highlighting the
utility of fragment linking in peptide design, akin to that used with small-molecule
pharmacophores.?%21¢ Where a priori structural information is available from natural ligands,
this approach may prove useful in designing high affinity peptides to target other PPIs in the
cell. In particular, it may be applicable in the many intracellular membrane trafficking
pathways that utilize the recognition of diverse short linear motifs in unstructured regions of

client proteins to ensure selectivity and specificity.?!!

Interesting, the key design insights in this process came from manual inspection of structures
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of natural TPR-peptide complexes. The in silico approaches employed were generally
unsuccessful. Alanine scanning using the BUDE force field did not successfully highlight the
importance of W hydrophobic binding, although this analysis did correctly predict the higher
affinity conferred by Y in place of L in the L/Y pocket. Saturation mutagenesis led to no
improvements in affinity in a second-generation peptide designs, with most mutations reducing
binding. Comparison of the interactions in the KinTag:TPR versus TosinA:TPR complexes
with both the PISA and BAlaS algorithms failed to explain the observed increase in affinity. It
is possible that short-comings in these predictions are linked to the induced-fit mode of binding
of the peptide-TPR interactions. The in silico approaches applied here may be unable to factor
in the energetic contributions of these induced-fit structural changes. Further analysis was
beyond the scope of this chapter, but it will be interesting to see how developments in this field

lead to new and improved methods for modelling and exploiting peptide-protein interfaces.
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4 Manipulating intracellular transport using a de novo kinesin-1
cargo adaptor peptides
Results described in this chapter have been included in the publications

Fragment-linking peptide design yields a high-affinity ligand for microtubule-based transport
Jessica A. Cross, Magda S. Chegkazi, Roberto A. Steiner, Derek N. Woolfson, Mark P.
Dodding Cell Chemical Biology 2021, 28, 1-8 DOI:10.1016/j.chembiol.2021.03.010

De novo designed peptides for cellular delivery and subcellular localisation
Guto G. Rhys', Jessica A. Cross’, William M. Dawson’, Harry F. Thompson, Sooruban
Shanmugaratnam, Nigel J. Savery, Mark P. Dodding, Birte Hocker and Derek N. Woolfson
under review at Nature Chemical Biology

Some of the text in this chapter resembles the manuscripts, for which I am first author and
Jjoint first author. Under guidance from my supervisors, the work described here work is my
own, with the exception of the design of the de novo antiparallel heterodimer apCC-Di-AB by

Dr William Dawson and Dr Guto Rhys.

4.1 Background

For healthy cell function, and to avoid disease pathologies, organelles and other vesicular cargo
must be trafficked to the right place at the right time in a tightly regulated intracellular transport
system.’'? As outlined in Chapter 3, the interaction of cargo-adaptor peptides with KLC™Rs is
important for the recognition and anterograde transport of organelles by the microtubule motor
kinesin-1. Acidic adaptor peptides are expressed in multiple copies on the surface of organelles,
and recruit kinesin-1 motors to facilitate their anterograde transport along microtubules. Motor-
cargo adaptor interactions also act as regulators, relieving autoinhibition and activating motor
function.?>?%% Thus, understanding the mechanisms by which kinesin-1 interacts with its cargo
in the cell is important to gain insights into the normal and pathological roles it plays in
intracellular transport. In addition, developing reagents to hijack this endogenous motor protein
could provide new tools to understand the molecular basis of these interactions, to target them

in disease states, and to develop routes to new classes of spatially targeted therapeutics.

An example of kinesin-1 cargo recognition is in the transport of lysosomes from the perinuclear
region to the cell periphery. In part, this is controlled through interactions of a W-acidic
sequence in the lysosome adaptor SKIP with KLC™Rg 87:112.313.314 [ ygosomes are membrane-
bound organelles essential for the degradation of macromolecules in the cell,*'>*'® forming the
terminal degradative compartment of the endocytic and autophagic pathways.?!” Lysosomes

are found throughout the cytoplasm of a cell and can move bidirectionally along microtubules,
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transported by kinesin and dynein motor proteins.?#6318-32! In non-polarised cells the majority
of lysosomes are clustered in the perinuclear region, surrounding the microtubule-organising
centre (MTOC), with fewer reaching the plasma membrane.’?> The spatiotemporal regulation
of lysosomes is essential for controlling their function; for instance, peripheral lysosomes have
been shown to be important for plasma membrane repair while perinuclear lysosomes fuse with
autophagosomes to form autolysosomes.?!4323325 [n addition to degradation, it has become
clear that lysosomes play important roles in many cellular processes and that healthy regulation
of their motility and positioning is essential to avoid cell pathologies.*? Lysosome positioning
has also been shown to be sensitive to nutrient availability and to play a role in coordinating
mTOR complex 1 signalling and autophagic flux.3?> The mechanisms by which lysosome
positioning coordinates cellular nutrient responses and is dysregulated in diseases such as

cancer and neurodegeneration remain active areas of research.

In Chapter 3, fragment-based peptide design was employed to yield a de novo kinesin-1 cargo
adaptor peptide, KinTag, to bind KLC™Rs with higher affinity than natural sequences in vitro.
This chapter describes experiments to investigate the design in a cellular context. Fusion
proteins to express lysosome associated cargo adaptor sequences are used to compare KinTag
to the natural lysosome adaptor sequence from SKIP and to test the hypothesis that adaptor-
motor binding affinity is a limiting factor in transport. Using this strategy KinTag is tested for
its capacity to effect lysosome transport, both to the periphery of non-polarised cells and into
the axons of neuronal cells. In addition, the transport of peroxisomes and mitochondria are
investigated to ascertain if KinTag can be used more broadly as a tag for transport. Finally,
strategies using cell-penetrating peptides are employed to explore the potential of introducing

KinTag as an exogenous reagent.

4.2 LAMPI1-GFP fusion proteins enable expression of lysosome associated cargo
adaptor sequences

To validate the cellular functionality of the KinTag design, its capacity to hijack endogenous
kinesin-1 to drive organelle transport in cells was tested. For this, the KinTag sequence was
incorporated into a fusion protein to enable expression of organelle associated cargo adaptor
sequences for comparison of the de novo high-affinity design with natural sequences. Using
the approach described by Pu ef al., ''? cargo-adaptor sequences were cloned into a fusion

protein between the lysosome-associated membrane protein (LAMP1) and the green
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fluorescent protein (mGFP). This should result in lysosomes displaying multiple copies of the
sequence on their surface, similar to the natural SKIP protein. The control LAMP1-mGFP
protein was incorporated into lysosomes, visible as green puncta, mostly clustered in the
perinuclear region of the cell with some dispersed through the cytoplasm (Fig. 4.2a).2”
Inclusion of a natural W-acidic cargo adaptor sequence from SKIP in this construct has been
shown previously to recruit kinesin-1 and increase transport of lysosomes to the cell periphery,

visible by dispersal of green fluorescence.'!?

Microtubule

Fig. 4.1 | LAMP1-GFP fusion proteins enable expression of lysosome associated cargo
adaptor sequences. Using the approach described by Pu et al., cargo adaptor sequences were
cloned into a fusion protein between the lysosome-associated membrane protein (LAMP1) and
green fluorescent protein (mGFP) to allow expression of lysosome associated cargo adaptor
sequences for recruitment of kinesin-1.

4.3 KinTag outcompetes the natural SKIP W-acidic sequence and disperses lysosomes
to the cell periphery

To test if in vitro measured binding affinity of the motor-cargo adaptor interaction is correlated

with the extent of organelle transport in the cell, HeLa cells were transfected with LAMP1-

mGFP, LAMPI-SKIP-mGFP and LAMPI1-KinTag-mGFP and imaged for lysosome

distribution (Fig 4.2a). In agreement with previous studies,!!? lysosomes expressing the natural
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W-acidic sequence from SKIP showed some dispersal of lysosomes to the cell periphery
compared to control cells expressing LAMP1-mGFP. Furthermore, incorporation of the high
affinity cargo adaptor peptide, KinTag, resulted in dramatic dispersal of lysosomes, with
prominent accumulations of fluorescence at the cell periphery (Fig. 4.2). To quantify lysosome
positioning, as described by Starling et al., the cell perimeter was defined, the cell area scaled
at 10% decrements within this, and the GFP fluorescence intensity measured in each area (Figs.
4.2b, ¢).87286 Notably, the extent of anterograde transport of lysosomes, observed by confocal
microscopy, correlated with the binding affinities, measured in vitro in fluorescence
polarization assays (Chapter 3, Table 3.2). Inclusion of the high-affinity KinTag sequence
effected greater dispersion to the periphery than the lower affinity, natural sequence from
SKIP. This result adds to previously described examples of in vitro properties of de novo
designed peptides translating to in cell functions.?’®*?7 This illustrates that the mash-up design
approach has delivered a peptide that can not only bind to the target with high affinity in vitro,
but can also operate in cells to out-perform natural adaptor sequences and increase kinesin-1-

dependent transport of a chosen cargo.
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Fig. 4.2| KinTag results in dispersal of lysosomes to the cell periphery. a, Representative
inverted confocal images of lysosome dispersal in LAMP1-mGFP (control), LAMP1-SKIP-
mGFP (SKIP) and LAMP1-KinTag-mGFP (KinTag) transfected HeLa cells. HeLa cells
transfected with LAMP1-mGFP show lysosomes as perinuclear puncta, purple arrows indicate
peripheral accumulation of LAMP1-KinTag-mGFP positive lysosomes. b, Quantification of
lysosome distribution measured by the cumulative LAMP1 fluorescence in concentric rings of
equal area in a minimum of 25 cells over 3 independent experiments. SKIP and KinTag fusions
result in increased dispersal of lysosomes to the cell periphery. ¢, Unpaired T-test statistical
comparison at the 50 percentile from b. ** P< (.01, *** P<(.001, **** P <(.0001. Error bars
show 1 SEM. Scale bars represent 20 um.

4.4 KinTag delivers lysosomes into neuronal axons

Kinesin-1 transport is particularly important in polarized cells such as neurons. In such cells,
molecular motors are critical for the organization of organelles into different regions of the
cell, such as the axon, dendrites and soma.’'* Aberrant transport of organelles, resulting in their
aggregation or depletion, can contribute to neuron pathogenesis and is associated with
neurodegeneration, including Alzheimer’s and Parkinson’s disease.!*® Next, KinTag was tested

for its capacity to direct the transport of organelles between different regions of polarised cells.
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For this, the transport of lysosomes from the soma to the axon of neuronal cells was
investigated, since this has been shown previously to be kinesin-1 dependent.’!? Rat
hippocampal primary neurons were transfected with DNA for the LAMP1-mGFP, LAMP1-
SKIP-mGFP and LAMP1-KinTag-mGFP fusion proteins and imaged for lysosome distribution
(Fig. 4.3). Inclusion of either kinesin-1-binding peptide (KinTag or SKIP) gave increased
transport of lysosomes into axonal initial segments (AIS), which were identified by staining
for ankyrin G (Fig. 4.3).3!* To quantify lysosome positioning, the cell area was divided into
soma and AIS, and the ratios of mean GFP fluorescence intensity calculated. KinTag drove
increased delivery of lysosomes into the axon compared to the natural adaptor SKIP peptide
(Fig. 4.3a). This demonstrates, for the first time, that the extent of kinesin-1-dependent axonal
transport is positively correlated with the in vitro measured binding affinity of the interaction

between a cargo-adaptor peptide and the motor complex.
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Fig. 4.3 | KinTag delivers lysosomes into neuronal axons. a, Representative confocal images
of lysosome dispersal in LAMP1-mGFP (control), LAMP1-SKIP-mGFP (SKIP) and LAMP1-
KinTag-mGFP (KinTag) transfected primary neuronal cells (inverted greyscale). LAMP1-
mGFP transfected rat hippocampal primary neurons show little LAMP1 in the AIS (defined by
ankyrin-G staining), whereas LAMP1-SKIP-mGFP and LAMP1-KinTag-mGFP transfected
neurons show increased LAMP1 in this region. b, Quantification of ratio of fluorescence
intensity in the soma and AIS in transfected neurons in a minimum of 12 cells over 3
independent experiments. ** P< 0.01, *** P<0.001. Error bars show 1 SEM. Scale bars
represent 20 pm.
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4.5 KinTag fused to a peroxisome targeting sequence does not disperse peroxisomes

Having demonstrated the function of KinTag as a lysosomal adaptor peptide for kinesin-1
transport in both non-polarised and polarised cells, the next experiments sought to investigate
the capacity of the peptide to effect transport of other cargo. Whilst kinesin—1 is known to
transport a range of organelles including peroxisomes and mitochondria, less in understood

about the molecular basis of motor recruitment.

Following from the success with lysosomes, KinTag was incorporated into a fusion protein,
with a peroxisomal targeting sequence and a fluorescent protein. This construct appended
KinTag to the C terminus of a fusion comprising the peroxisome targeting sequence PTS1 and
mCherry. When transiently expressed in HeLa cells, peroxisomes appeared as red puncta
distributed throughout the cell with both control, and KinTag containing, fusions (Fig. 4.4).
Quantification of peroxisome positioning showed no significant difference between the two
constructs. These initial results indicate that optimisation of construct design is required. The
position of the cargo adaptor peptide, in addition to the type of protein it is fused to (e.g.
transmembrane) may be important for function. In addition, other organelle-motor interactions
may be necessary to effect transport.®” In this case, the PTS1 targeting sequence is likely to act
as an import sequence, preventing KinTag from being located on the cytosolic face of the

organelle as required for transport.
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Fig. 4.4 | Fusion of KinTag to peroxisome targeting sequence does not trigger peroxisome
dispersal. a, Representative confocal images of peroxisomes in PTS1-mCherry (control) and
PTS1-mCherry-KinTag (KinTag) transfected HeLa cells. Peroxisomes appear as puncta
throughout the cell. Scale bar 20 uM. b, Left, quantification of peroxisome distribution
measured by the cumulative mCherry fluorescence in concentric rings of equal area in a
minimum of 65 cells over 3 independent expreiments. Right, unpaired T-test statistical
comparison at the 50" percentile from b. Error bars show 1 SEM.

4.6 KinTag recruited to mitochondria results in dispersal to the cell periphery

Next, to investigate the transport of mitochondria, the KinTag sequence was introduced into a
fusion between the outer mitochondrial membrane protein TOMM?20 and mCherry. In cells
transfected with the control construct a typical mitochondrial staining pattern was observed
(Fig 4.5). In contrast, inclusion of the KinTag sequence resulted in punctate fluorescence
observed throughout the cell (Fig 4.5). This may be indicative of mitochondrial fragmentation

and 1s likely due to disruption of TOMM?20 function in the context of the fusion protein.
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Fig. 4.5 | Fusion of KinTag to TOMM?20 results in mitochondrial fragmentation. a,
Representative confocal images of mitochondria in TOMM?20-mCherry (control) and
TOMM20-KinTag-mCherry (KinTag) transfected HeLa cells. Incorporation of the KinTag
sequence results in red punctate fluorescence throughout the cell. Scale bar 20 uM

These examples highlight the challenge in designing fusion proteins to incorporate a de novo
cargo adaptor peptide on the surface of organelles without disrupting their structures and
function. An alternative approach is to express KinTag as a soluble protein and recruit it to an
organelle of choice through a secondary protein-protein interaction. For this, cells were
transfected with KinTag fused to GFP (GFP-KinTag), or GFP alone, and Mito-GBP-en, a
mitochondrially targeted GFP nanobody. This aimed to deliver KinTag to the surface of
mitochondria without the requirement to design a functional fusion protein. Control cells
expressing GFP and Mito-GBP-en displayed green fluorescent mitochondria (Fig 4.6).
Incorporation of the KinTag sequence into a GBP-KinTag fusion protein resulted in striking
accumulation of peripheral mitochondrial fluorescence (Fig 4.6). In addition, cell shape was
altered with elongated cells showing GFP positive projections. To quantify this phenotype, the
proportion of dispersed mitochondria was calculated by comparison of fluorescence intensity
of the perinuclear cluster with total GFP, as described by Anton et al. (Fig 4.6).%° This analysis
showed that recruitment of KinTag to mitochondria results in significant dispersal to the cell

periphery, consistent with increased recruitment of kinesin-1.
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Fig. 4.6| KinTag recruited to mitochondria triggers dispersal to the cell periphery. a,
Representative confocal images HeLa cells transfected with GFP (control) or GFP-KinTag and
mito-GBPen (a mitochondrially targeted GFP nanobody). Inclusion of the KinTag sequence
results in dispersal of fluorescence into peripheral accumulations, elongated cell shape and
projections. Scale bar 20 uM b, Quantification of mitochondria dispersal in a, measured by
comparison of GFP fluorescence in the perinuclear cluster compared to the whole cell in a
minimum of 25 cells over 3 independent experiments. Error bars show 1 SEM.

This result indicates that the function of KinTag is not limited to the transport of lysosomes
and that the sequence could be used to orchestrate the transport of many organelles within the
cell, and thus open channels for future studies into organelle positioning or the delivery of
therapeutic cargo. Further work will be necessary to ascertain if KinTag can be used universally
as a tag for transport. It is clear that the context in which the sequence is expressed will be
important for these future studies. It is likely that a nanobody-based approach could be applied
to other cargo. Alternatively, other strategies to recruit motor proteins to organelles have
recently been described in the literature. One example is optogenetic control of mitochondria

80



and peroxisome transport, achieved by recruiting motor proteins to the organelles through light
induced dimerization of a LOV and PDZ domain.??® On illumination with blue light the LOV
domain exposes a peptide that binds to PDZ. Expression of LOV fusion proteins incorporating
a peroxisome targeting sequence or TOMZ20 in addition to a kinesin-PDZ fusion resulted in
light induced transport. In the future, it may be possible to incorporate a KinTag-PDZ fusion
into this system to allow light induced recruitment of endogenous kinesin-1 to an organelle of
choice. Another approach involves expression of an organelle associated fusion protein
incorporating a streptavidin binding protein (SBP) in combination with a streptavidin tagged
motor.?? This triggers recruitment of the motor to the organelle and increased transport. The
activity is reversed by addition of biotin to the cell to out compete the interaction. Again, future
work could investigate the capacity of a KinTag-streptavidin fusion to facilitate reversible

recruitment of endogenous kinesin-1.

4.7 Chariot reagent does not deliver a KinTag peptide into the cell

To explore the function of a soluble KinTag peptide to promote or inhibit kinesin-1 cargo
transport in the cell, approaches to confer cell-penetrating properties to the peptide were
explored. The aim was to develop a KinTag peptide analogue that could be added directly to
cells and delivered into the cytosol. There are a wide range of approaches to conferring cell
penetrating properties, including covalent and non-covalent conjugation of cationic and
amphipathic cell-penetrating peptides (CPPs).3**-332 Initial experiments tested non-covalent
conjugation of KinTag to the commercially available amphipathic peptide Pep-1 (Chariot
Reagent, Table 4.1). HeLa cells were treated with Chariot-peptide complexes at a range of
concentrations for 2 h as per the manufacturer’s instructions (Fig. 4.7). Fluorescence of the
TAMRA labelled KinTag peptide was observed in punctate, likely endosomal, structures, and
aggregates and did not enter the cytosol. No effect on lysosomal distribution or microtubule
organisation was observed. This may be due to the acidic KinTag peptide associating with the
basic polylysine regions of the Chariot reagent, causing aggregation and inhibiting direct

penetration and dissociation of the complex.

81



Tubulin

LAMP1 %

TAMRA

Fig. 4.7 | HeLa cells treated with KinTag or KinTag/Pep-1 complexes do not show direct
cell penetration. Representative confocal images of HelLa cells treated with KinTag peptide
alone or KinTag in complex with Pep-1 (Charriot reagent) for 2 h as per the manufacturer’s
instructions. Cells were fixed with 4 % PFA and incubated with antibodies against tubulin and
LAMPI1. Images are presented as maximal intensity projections. Scale bars represent 20 pum.
When incubated with Pep-1, fluorescence of the TAMRA labelled KinTag peptide was
observed in punctate structures and aggregates and did not enter the cytosol. No effect on
lysosomal distribution or microtubule organisation was observed.

4.8 Polyarginine tags confer cell penetrating properties to a KinTag peptide

An alternative approach is to synthesise a peptide with the KinTag sequence covalently coupled

to a cell penetrating tag. Polyarginine stretches have been shown to confer cell-penetrating
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properties allowing direct entry to the cytoplasm.33%-332 To investigate this, a series of TAMRA-
labelled peptides were synthesised with varying length of polyarginine tags C or N terminal to
the KinTag peptide (Table 4.1). Peptides dissolved in a minimal volume of dimethyl sulfoxide
(DMSO) in Dulbecco's Modified Eagle Medium (DMEM) were added to HelLa cells and
imaged by confocal microscopy to investigate their cell penetrating properties (Fig. 4.8). At a
concentration of 10 uM peptides there were no signs of cytotoxicity after 4 h. KinTag peptides
with 6 or 8 arginine residues at the C or N termini showed diffuse cytosolic fluorescence
indicative of direct penetration into the cytoplasm. In addition, fluorescence was observed in
the nucleus of these cells. In contrast, KinTag peptides with 0, 2 or 4 arginine residues gave no
fluorescence in the cytoplasm. Live cell imaging indicated that internalisation occurred within
1 h at a concentration of 10 uM peptide. This led to the conclusion that 6 arginine residues are
necessary and sufficient to confer cell penetrating properties to the KinTag peptide. The
position of the polyarginine tag, C or N terminal to the cargo-adaptor peptide sequence, did not

appear to be significant.

Table 4.1 | Sequences of polyarginine tagged KinTag peptides tested for cell penetrating properties

Peptide name Sequence

KinTag GTVFTTEDIYEWDDSAT

KinTag-R2 GTVFTTEDIYEWDDSATIRR
KinTag-R4 GTVFTTEDIYEWDDSATIRRRR
KinTag-R6 GTVFTTEDIYEWDDSATRRRRRR
KinTag-R8 GTVEFTTEDIYEWDDSATRRRRRRRR
R2-KinTag RRGTVFTTEDIYEWDDSAT

R4-KinTag RRRRGTVFTTEDIYEWDDSAT

R6-KinTag RRRRRRGTVFTTEDIYEWDDSAT

R8-KinTag RRRRRRRRGTVFTTEDIYEWDDSAT

Pep-1/ Chariot KETWWETWWTEWSQPKKKRKV
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Fig. 4.8 | HeLa cells treated with polyarginine tagged KinTag peptides. Representative
confocoal images of TAMRA fluorescence in HeLa cells treated with 10 uM TAMRA labelled
KinTag peptides covalently attached to 2, 4, 6 or 8 arginine residues at the N or C termini at
37 °C for 1 h, fixed with 4 % PFA and visualised by confocal microscopy. Peptides with 6 or
8 arginine residues at the C or N termini showed diffuse cytosolic fluorescence and nuclear
fluorescence indicative or direct penetration into the cytoplasm and nucleus. Peptides with 0,
2 or 4 arginine residues showed no fluorescence in the cytoplasm. Live cell imaging indicated
that internalisation occurred within 1 h at a concentration of 10 uM. Scale bar represents 20 pum.
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4.9 Polyarginine tags decrease binding of KinTag peptides to KLC™"Rs

Next, the affinities of the cell penetrating KinTag analogues for KLC1*TPR were measured in
vitro in fluorescence polarisation assays, as described in Chapter 3. Binding was only observed
for KinTag peptides with tags comprising 0, 2 or 4 arginine residues (Table 4.2, Fig 4.9a).
Increasing the number of arginine residues decreased affinity for KLC1*TPR This is likely due
to aggregation of the peptide through electrostatic interactions between the acidic KinTag
sequence and the basic polyarginine tag. The polyarginine stretch may also inhibit binding

through electrostatic repulsion with the basic surface of the TPR domain (Fig 4.9b).
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Fig. 4.9 | Polyarginine tagged KinTag peptides show reduced binding affinities for
KLC1TPR jn yitro. a, Fluorescence polarization assays for TAMRA-labelled arginine tagged
KinTag peptides (150 nM) incubated with increasing concentrations of protein KLC1TPRext
Key: KinTag, blue; KinTag-R2, red; R2-KinTag, green; R4-KinTag, purple. Data were fitted
to a single-site binding model with polarization values of the peptide and buffer alone
subtracted and values normalised to the calculated Bmax. Error bars indicate 1 SD from a
minimum of 3 replicates. b, Vacuum electrostatics surface showing the positively charged
(blue) TPR groove interacting with the overall acidic KinTag peptide, colour coding per residue
as shown.

Table 4.2 | Binding affinities of polyarginine tagged KinTag peptides for KLC1exTPR

Peptide name Sequence Kp KLC1eXtTPR / UM
KinTag GTVFTTEDIYEWDDSAT 0.17 £ 0.007
KinTag-R2 GTVFTTEDIYEWDDSAIRR 9.96+2.0
R2-KinTag RRGTVFTTEDIYEWDDSAT 4,11 £0.70
R4-KinTag RRRRGTVFTTEDIYEWDDSATI 14.7 + 6.1

4.10 Cell-penetrating tags can be designed to mask arginine residues after cell entry

Since covalent conjugation of a polyarginine tag conveyed cell-penetrating properties but

inhibited the interaction of KinTag with KLC™Rs, an alternative cell penetrating sequence was
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designed. This aimed to retain the interaction of guanidinium groups from arginine residues
with the phospholipid bilayer but to mask these positive charges after cell entry, and so prevent
peptide aggregation and TPR repulsion. The hypothesis was that this could be achieved by
designing an arginine rich tag to yield a CPP with a net cationic charge, and an acidic partner
sequence to interact with the basic cell-penetrating sequence once inside the cell, burying

charged residues in salt-bridge interactions

Charged, unstructured, peptides have been shown to interact in heterodimeric coiled coils with
buried salt bridges.?”* In the Woolfson group, Dr William Dawson and Dr Guto Rhys recently
described the design of a de novo antiparallel heterodimer, apCC-Di-AB These peptides were
designed to comprise an acidic (apCC-Di-A) and basic (apCC-Di-B) sequence that are
individually unfolded in solution, but interact as a stable heterodimer when mixed (Fig. 4.10,
Table 4.3). The apCC-Di-B peptide is arginine rich and follows a similar hydrophobic
patterning shown to be important for cell penetration of the mini-protein Zf5:3.%3* The apCC-
Di-AB complex has a low net charge of +2, with electrostatic interactions masking charged
residues. Therefore, apCC-Di-B was identified as a potential cell-penetrating tag for KinTag

(Fig 4.10, Table 4.3).
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Fig. 4.10 | Design of a de novo cell penetrating, coiled-coil peptide to deliver KinTag into
cells. X-ray crystal structure of the designed heterodimer apCC-Di-AB and cartoon illustrating
apCC-Di-B as a cell penetrating tag to deliver KinTag into cells. After cell entry dimerization
of apCC-Di-A and apCC-Di-B results in burial of charged residues to protect KinTag
functionality.
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Table 4.3 | Peptide sequences for design of a de novo cell penetrating kinesin-1 cargo adaptor peptide

Peptide name Sequence cdefgab cdefgab cdefgab cdefgab
apCC-Di-A G QLEQELA ALDQEIA AAEQELA ALDWQIQ G
apCC-Di-B G QLKQRRA ALKQRIA ALKQRRA ALKWQIQ G

KinTag-apCC-Di-B  GTVFTTEDIYEWDDSAITGSTGSG QLKQRRA ALKQRIA ALKQRRA ALKWQIQ G

4.11 A de novo coiled-coil forming peptide is cell penetrating

To test the cell penetrating properties of apCC-Di-B, the peptide was synthesised with an N-
terminal fluorophore, TAMRA, appended. HelLa cells were treated with a range of
concentrations of this peptide (0.4 — 10 uM) for 1 h. Consistent with cell entry, red
fluorescence was observed in the cytosol and nucleus. The corresponding acidic peptide apCC-

Di-A showed no evidence of cell penetration under the same conditions. (Fig. 4.11).

TAMRA-
apCC-Di-B

TAMRA-
apCC-Di-A

Fig. 4.11 | De novo designed peptide apCC-Di-B is cell penetrating. Representative confocal
images of Hel a cells treated for 1h with 2 uM TAMRA labelled apCC-Di-B (top) or apCC-
Di-A peptides (bottom), designed to interact as an antiparallel heterodimeric coiled coil. apCC-
Di-B is cell penetrating shown by TAMRA fluorescence in the cytoplasm and nucleus, apCC-
Di-A does not enter the cell. Scale bar 50 pm

Cell entry of apCC-Di-B does not appear to require endocytosis because accumulation of

fluorescence signal in the cytosol and nucleus still occurred when the experiment was
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performed at 4 °C (Fig. 4.12), and so is more likely due to interaction of guanidinium groups

from arginine residues with the phospholipid bilayer of the cell to facilitate direct entry.3**

Fig. 4.12 | Cell penetration of apCC-Di-B occurs at 4 °C. Representative confocal images of
HelLa cells treated for 1h with 2 uM TAMRA labelled apCC-Di-B at 37 °C (left) or 4 °C (right).
TAMRA fluorescence in the cytoplasm and nucleus shows apCC-Di-B enters the cell in a
temperature-independent manner suggesting that the mechanism does not require endocytosis.
Scale bar 20 pm.

4.12 A de novo cell-penetrating peptide can bind its bait sequence in the cell

To investigate whether apCC-Di-B could bind to apCC-Di-A to form a heterodimer in the cell,
apCC-Di-A was expressed as a GFP-fusion protein. Cells were transiently transfected and
treated with 2 uM TAMRA-apCC-Di-B. Control cells were transfected with GFP alone and/or
treated with a vehicle control. Cells were lysed and GFP proteins isolated by GFP-
immunoprecipitation. Associated TAMRA fluorescence signal from eluant of boiled beads was
measured at 557 nm. Only beads incubated with lysate from cells expressing GFP-apCC-Di-
A treated with TAMRA-apCC-Di-B retained significant TAMRA fluorescence, demonstrating
the peptides can heterodimerize after cell entry of apCC-Di-B (Fig. 4.13).
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Fig. 4.13 | Cell penetrating peptide apCC-Di-B can interact with apCC-Di-Aexpressed in
cells. Cells transfected with GFP or GFP-apCC-Di-A and treated with 2 uM TAMRA-apCC-
Di-B or vehicle control were subject to GFP-immunoprecipitation and quantification of
TAMRA immobilised on beads measured by fluorescence at 557 nm. TAMRA-apCC-Di-B
binds to GFP-apCC-Di-A in cell lysate and is immobilised on beads.

4.13 A de novo cell-penetrating peptide can be localised to a subcellular compartment
by interaction with its bait

To visualise dimerization directly inside cells, apCC-Di-B was targeted to a subcellular
compartment using apCC-Di-A as bait. Two orthogonal approaches were used. First, similarly
to that described in section 4.2, apCC-Di-A was targeted to lysosomes by C-terminal fusion to
LAMP1-mGFP, to expose the bait (apCC-Di-A peptide) on the surface of late endosomal and
lysosomal vesicles (Fig. 4.14). This resulted in striking recruitment of TAMRA-apCC-Di-B
to the LAMP1 compartment.
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LAMP1-GFP

TAMRA-
apCC-Di-B

LAMP1-GFP-
apCC-Di-A

TAMRA-
apCC-Di-B

Fig. 4.14 | Cell penetrating peptide apCC-Di-B can localise to lysosomes expressing “bait”
apCC-Di-A. Representative confocal images of HeLa cells transfected with GFP-LAMP1 or
GFP-LAMP1-apCC-Di-A and treated with 2 uM TAMRA-apCC-Di-B. Colocalization of GFP
and TAMRA fluorescence on lysosomes indicates apCC-Di-AB dimerization. Scale bar 20 pm

Second, similarly to that described in section 4.6, a mitochondrially targeted GFP nanobody
(pMito-GBPen) was used to trap GFP-apCC-Di-A on mitochondria. Remarkably, this resulted
in TAMRA-apCC-Di-B now localising to mitochondria (Fig. 4.15). In conclusion, the de novo
cell-penetrating peptide, apCC-Di-B, can enter the cell and localise specifically to its target

sequence.

Fig. 4.15 | Cell-penetrating peptide apCC-Di-B can localise to “bait” apCC-Di-A
recruited to mitochondria. Representative confocal images of HeLa cells transfected with
GFP or GFP-apCC-Di-A and a mitochondrially targeted GFP nanobody (Mito-GBP-en) and
treated with 2 uM TAMRA-apCC-Di-B. Colocalization of GFP and TAMRA fluorescence on
mitochondria indicates apCC-Di-AB dimerization. Scale bar 20 pm.
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4.14 A de novo cell-penetrating peptide can deliver KinTag into the cell

Finally, a lysosome transport assay was used to determine whether this system could deliver
KinTag into the cell as a functional kinesin-1 cargo adaptor peptide. Based on previous
experiments (section 4.3), recruitment of KinTag to lysosomes should promote their transport
to the cell periphery. To test this, a peptide comprising the KinTag sequence fused to the apCC-
Di-B sequence was synthesised and labelled with an N-terminal TAMRA fluorophore (Table
4.3). This arginine- and lysine-rich peptide had a net charge of +4 and was designed, similar to
the polyarginine tagged sequences, to deliver KinTag to the cytosol through direct cell
penetration. HeLa cells treated with 2 uM peptide for 1 h showed red fluorescence in the

cytosol and nucleus, consistent with cell entry.

To test for functionality of the delivered KinTag sequence, cells expressing the LAMP1-
mGFP-apCC-Di-A fusion were treated with 2 uM TAMRA-KinTag-apCC-Di-B as an
exogenous reagent. Again, colocalization of TAMRA and GFP fluorescence on lysosomal
puncta indicated dimerization. Inclusion of KinTag in the apCC-Di-B peptide resulted in
dispersal of lysosomes, with peripheral accumulations observed at cell vertices and altered cell-
shape with increased GFP and TAMRA positive cell projections (Fig. 4.16). Control cells,
without the apCC-Di-A “bait”, showed diffuse cytosolic TAMRA fluorescence with a
perinuclear clustered LAMPI1 phenotype. Together, these data demonstrate that the
dimerization of apCC-Di-A and apCC-Di-B can be combined with the cell-penetrating

properties of the latter to deliver KinTag as a functional cargo to a specific location in the cell.
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Fig. 4.16 | A cell penetrating peptide, apCC-Di-B, can deliver a functional de novo cargo
adaptor peptide, KinTag, to lysosomes. a, Representative confocal images of HelLa cells
transfected with GFP-LAMP1 or GFP-LAMP1-apCC-Di-A GFP and treated with 2 uM
TAMRA-KinTag-apCC-Di-B or vehicle control. KinTag delivered to lysosomes by apCC-Di-
AB dimerization promotes transport to the cell periphery. Scale bar 10 um. b. Quantification
of lysosome dispersal in in cells expressing LAMP1-GFP or LAMP1-GFP-apCC-Di-A fusion
proteins treated with TAMRA labelled apCC-Di-B or KinTag-apCC-Di-B.

4.15 Conclusions

To function as a cargo-adaptor peptide, our de novo design must have the capacity to recruit
endogenous kinesin-1 motors inside the cell to effect organelle transport. With lysosomes and
mitochondria as target cargoes, KinTag has been shown to mediate transport in mammalian
cells. Moreover, this has allowed the demonstration that peptide-protein binding affinities
measured in vitro are positively correlated with the extent of cargo transport in the cell: cargoes
fused to KinTag are transported to greater extents than those fused to a natural sequence from
the lysosomal cargo-adaptor protein SKIP. This finding should allow a toolkit of peptide
ligands with a range of affinities to be developed as transport tags within cells. In turn, this
could allow the orchestration of transport of organelles and other cargoes to investigate the
functional roles of positioning within the cell. Whilst kinesin-1 motor-microtubule binding and
kinetics have been studied extensively, there have been few studies to date considering motor-
cargo interactions. These new results suggest that the motor-cargo interface is a key
component in transport and may open the door to future investigations into how motor-cargo

binding affinities are correlated with transport kinetics.

92



This transport function has been demonstrated in both HeLa and primary neuronal cells: fusion
of KinTag to the lysosomal marker, LAMPI, leads to dispersal of lysosomes to the cell
periphery and into the axon, respectively. Kinesin-1 is critical for cargo transport along
neuronal axons, which is necessary for neuron function, growth and avoiding pathologies
associated with neurodegenerative diseases.?!? Fusion of cargo to KinTag results in upregulated
transport into the axon. The transport of lysosomes in this model system has potential utility
as lysosomes are important for axonal growth cone development and the turnover of axonal

313

autophagosomes.”'> The delivery of other therapeutic cargoes may have future applications in

the treatment of neurodegenerative diseases where axonal transport is impaired.

The cellular functionality of KinTag suggests that peptide binding results in the same
downstream activation of the tetrameric motor seen for natural W-acidic adaptor peptides. This
re-enforces the in vitro data (described in Chapter 3) that binding affinities are sensitive to
inclusion of the autoinhibitory LFP motif and structural data that KinTag binding increases
TPR curvature. In combination, this biophysical, structural and functional validation of the
design highlights that key molecular interactions in this system are becoming understood and
that this understanding can be exploited. To date, application of this peptide for the transport
of other organelles remains a challenge, since initial attempts to transport peroxisomes were
unsuccessful. This highlights that there is still much more to be understood in regard to the
activity of kinesin-1 cargo adaptor peptides for organelle transport. Possible explanations
include the importance of the context in which the cargo adaptor is expressed; i.e., the position
in the fusion protein, or additional protein binding partners or membrane interactions required

to make cooperative interactions.%’

Finally, this chapter has begun to explore the potential applications of KinTag as an exogenous
reagent introduced via the cell media rather than directly into cells. Arginine-rich peptide tags
proved sufficient to confer cell-penetrating properties. However, these tags disrupted TPR
binding, resulting in delivery of a non-functional peptide. To overcome this, a new cell-
penetrating tag was designed to form a heterodimeric coiled coil. This comprises a basic
peptide that can enter the cell, and an acidic target peptide to which the basic peptide can bind
tightly and specifically. The utility of this approach was demonstrated through lysosome
transport assays in which delivery of exogenous KinTag to lysosomes, through coiled-coil
heterodimerisation, resulted in their dispersal to the cell periphery. This is a unique strategy

combining an exogenous cell-penetrating reagent with a genetically encoded “bait” sequence
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to deliver a peptide cargo to a sub-cellular location of choice. This work may have future
applications in the delivery of other cargo, particularly where cell-penetration with
polyarginine tags presents a challenge, for example negatively charged peptides. Having
delivered functional, exogenous, KinTag as a transport tag to lysosomes, future work will
involve applying this approach to other organelles in addition to investigating a cytosolic

construct as an inhibitor, rather than activator, of kinesin-1 transport.

94



5 Computational and biophysical analysis of the KHC-KLC coiled

coil interface

Ideas described in this chapter have been included in the publication

Kinesin-1 captures RNA cargo in its adaptable coils
Jessica A. Cross, Derek N. Woolfson and Mark P. Dodding
Genes Dev. 2021, 35, 937-939 DOI: 10.1101/gad.348691.121

Some initial experiments in sections 5.4 and 5.5 of this chapter were done with the help of
MSci student Catriona Morrison under my supervision and some similar data reported
in her MSci thesis.

5.1 Background

Chapters 3 and 4 have described experiments to understand and manipulate the kinesin-1
motor-cargo interface through targeting the TPR domains of the kinesin light chains (KLCs).
For motor activity, the KLCs must bind to the heavy chains (KHCs) in the kinesin-1
tetramer.34*% In the heterotetramer, the KHCs are thought to dimerise through coiled-coil
interactions in an extended a-helical stalk region.>3¢ The C-terminal region of this KHC stalk
contains four highly conserved heptad repeats that are proposed to be responsible for the
interaction with the C-terminal, heptad-repeat region of the KLCs.*3” Motor activity and
regulation rely on the assembly of the heterotetramer. Therefore, understanding the nature of

these interactions is key to understanding the structure and function of kinesin-1.

Diefenbach et al. and Verhey ef al. have investigated interactions of truncated proteins to map
the minimal interacting regions between KLC and KHC, and hypothesised that the protein
complex is held together through a heterotetrameric coiled-coil interaction. 834¢ To date this
structure has not been resolved and the architecture of this interface remains unknown, i.e.
whether it is parallel or antiparallel. Elsewhere, coiled-coil domains have been extensively
studied and their geometries are well described by a small number of structural parameters.?*8
In addition, established sequence-to-structure relationships make coiled coils attractive and

viable targets for modelling and peptide design.!>!234238

The work described in this chapter sought to understand and structurally characterise the
protein sequences involved in the KHC-KLC interface. Coiled-coil design knowledge was

applied to make structural predictions, build models of the interface, and to characterise
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synthetic peptides and recombinant proteins from this region experimentally. The coiled-coil
domains of kinesin-1 have sometimes been associated with rigid spacer-like properties with
functions limited to oligomerisation. The experiments described here begin to offer new
insights into the KHC stalk as a dynamic and flexible platform for protein-protein interactions,
which may play a role in the pH responsive behaviour of the motor in addition to

conformational changes associated with release of autoinhibition.

5.2 The KLC binding site of KHCs is predicted to form a conserved coiled coil

Initial studies focussed on the coiled-coil stalk region of the KHCs. Previously, the light chain
binding site has been mapped by Verhey et al. to residues 682-810 of human KHC isoform
Kif5C% and by Diefenbach et al. to restudies 771-813 of Kif5B.* These studies involved
mapping interactions of truncated proteins to identify minimal interacting regions. To
understand better and to characterise this interface, bioinformatic methods were used to predict

structures for the regions of the proteins involved in the interaction.

Canonical coiled coils have 7-residue (heptad) repeat sequences, often labelled abcedefg. These
form amphipathic a helices due to predominantly hydrophobic residues at the “core” a and d
sites. Two or more such helices wrap around one another to bury their hydrophobic faces (Fig
5.1).233236 The well-established sequence-to-structure relationships that determine coiled-coil
assembly and the parameterisation of these structures have allowed the development of
bioinformatic tools for the prediction of coiled-coil domains in natural proteins.?** One
example is Marcoil, which can be used to identify likely coiled-coil regions of protein

sequences.?*8
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hpphppphpphppp
abcdefgabcdefg

Fig. 5.1 | Coiled coils have 7-residue, heptad, repeat sequences. Left, X-ray structure of the
well-studied dimeric coiled-coil transcription activator protein GCN4 bound to DNA, PDB
IDGC. Two or more amphipathic a helices wrap around one another to bury hydrophobic
positions in the core of the coiled coil. Sequences follow heptad repeats (labelled abcdefg) with
hydrophobic residues repeating every 3 and 4 residues as shown on the helical wheels (bottom
right).

Since KHC isoforms have been shown to form tetramers with different KLCs,**38 the regions
involved in the interaction are likely to be conserved across isoforms. Conserved sequences
predicted to form coiled coils within these regions were identified through in silico structural
phylogenetic analysis (Fig. 5.2, Table 5.1). This analysis indicated four highly conserved
contiguous heptad repeats, residues 777-804 in isoform KIF5C (Fig 5.2), as an island within
more-divergent sequence. In agreement with previous analysis, this suggests that the KLC

binding site is likely comprising residues Kif5C777-804 46
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Fig. 5.2 | A conserved four-heptad-repeat region of KHCs is predicted to interact with
KLCs in a coiled coil. a, Predictions of coiled-coil regions in human KHC isoforms Kif5A,
Kif5B, and Kif5C using Marcoil.?*® This reveals the KLC binding site at the C-terminus of the
coiled-coil region termed coil 3 in all three isoforms, annotated as described by Hackney.*’ b,
Marcoil?*® prediction shows a short sequence of KIF5C comprising four conserved heptad
repeats, residues 777-804, is predicted to form a coiled coil. ¢, Sequence alignment from H.
sapiens (Hs), D. melanogaster (Dm, fly), C. elegans (Ce, worm) and S. purpuratus (Sp, sea
urchin) of the KLC binding region on KHC with Weblogo.?** These show an evolutionarily
conserved 4-heptad repeat sequence an island within more-divergent sequences.

Table 5.1 | Sequence alignment of the KLC binding region of KHC
abcdefg abcdefg abcdefg abcdefg

Kif5A773-800 HEQSKQOD LKGLEET VARELQT LHNLRKL
Kif5B775-802 REQARQD LKGLEET VAKELQT LHNLRKL
Kif5C777-804 REQARED LKGLEET VSRELQT LHNLRKL

D. Melanogaster REQARKD LKGLEDT VAKELQT LHNLRKL
C. elegans KDQAAKE IKPLTDR VMNELTT LKNLKKE
S. Purpuratus REQAKQD LKGLEET VAKELQT LHNLRKL
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Coiled coils most commonly form dimers, trimers and tetramers in nature, with control over
oligomeric state and orientation largely directed by patterns of isoleucine (Ile, I) and leucine
(Leu, L) in the core and salt bridges formed by adjacent residues.**® Logicoil is a multi-state
coiled-coil oligomeric-state predictor that enables the classification of antiparallel dimers,
parallel dimers, trimers and tetramers.**! Analysis with Logicoil predicted the most probable
oligomeric state of Kif5C777-8% to be trimer, with the second most probable state an antiparallel
dimer (Table 5.2). It is well established that in the cell the KHCs assemble into a parallel
homodimer, or in the presence of KLCs, a heterotetramer.*3¢ The Logicoil analysis therefore
failed to predict the oligomeric state for this sequence in the full-length protein. This may
suggest a flexibility within this region to accommodate multiple oligomeric states. Such
structural promiscuity might be introduced by the leucine-rich core with relatively few beta-
branched amino acids. This flexibility is likely important for motor assembly since this
hypothesised model requires a shift in oligomeric state from a KHC homodimer to a

heteroteramer upon interaction with the KLCs.

Table 5.2 | LOGICOIL oligomeric state prediction of Kif5C777-804

Oligomer Prediction score
Parallel dimer 0.86
Antiparallel dimer 1.01
Trimer 1.38
Tetramer 0.91

Intriguingly, inspection of the KHC coiled-coil sequences revealed a universally conserved
polar glutamic acid (Glu, E) residue at the normally hydrophobic d position of the third heptad
(Fig 5.3). Charged residues in this position are usually unfavoured due to repulsion in the
hydrophobic core of the assembly. This residue is conserved across species suggesting the
unusual placement may be important for protein function. The Glu residue identified in the
core d position may also contribute to the structural flexibility by destabilising an ideal KHC

dimeric interface to facilitate interaction with the KLCs in a heterotetrameric interface.
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Fig. 5.3 | Register assignment reveals a conserved glutamic acid residue in the core of the
KHC coiled coil. Helical wheel showing a conserved glutamic acid in the usually hydrophobic
d position of the KHC heptad repeat.

5.3 A KHC peptide from the KLC binding site is unfolded at neutral pH

To probe the structure of the predicted coiled-coil region experimentally, the peptide Kif5C”7"-
804 was synthesised (Table 5.3). The synthesis, purification and characterisation proved
challenging due to peptide aggregation. To improve solubility and reduce the formation of
aggregates and larger assemblies, the sequence was flanked by glycine residues and N-
terminally acetylated. To allow accurate measurement of concentration, a tyrosine residue was
included in the sequence. Circular dichroism (CD) spectroscopy was used to determine the
secondary structure of the peptide. In contrast to the modelling predictions, the peptide was
unfolded at 100 uM in PBS, pH 7.4 (Fig 5.4). This peptide likely does not mimic the structure
of this region of the natural protein since it encompasses only a short sequence of 28 residues:
in the full-length Kif5C protein, this sequence is found within a long region of predicted coiled
coil, termed coils 2 and 3, between residues 616-804 (Fig 5.2a). In the context of the whole
protein, it may be that the helical structure is stabilised by the increased number of hydrophobic

and electrostatic interactions in a longer coiled-coil region.

Table 5.3 | Sequences of KHC and KLC peptides characterised in vitro

abcdefg abcdefg abcdefg abcdefg abcdefg abcde

Kif5C777-804 G REQARED LKGLEET VSRELQT LHNLRKL YG

Kif5C777-804E794. G REQARED LKGLEET VSRLLQT LHNLRKL YG

KIFSR767-8050780Y E LTVMQDR REQARYD LKGLEET VAKELQT LHNLRKL FVQ
KLC1104141c114A G QOKLRAQ VRRLAQE NQWLRDE LANTQQK LQKSEQS VAQLE G
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Fig. 5.4 | CD spectroscopy shows peptide KifSC77-8% is unfolded in solution. CD spectrum
at 5 °C of 100 uM Kif5C777-804 peptide in PBS, pH 7 recorded in a 1 mm cuvette shows the
peptide is unfolded under these conditions.

5.4 A de novo coiled coil templates the KHC peptide into a dimer

To mimic the dimeric structure of coil-3 in a short peptide, a de novo designed homomeric
dimer (CC-D1i) was incorporated into the sequence. This sequence has been shown to assemble
into a hyperstable, parallel, homodimer.2%> Peptides were designed with one, two or three
heptads of the CC-Di sequence appended to the N terminus of KIF5C777-3%: CCDi'-KIF5C"7"
804 CCDi2-KIF5C-777804 and CCDi*-KIF5C"7-804 (Table 5.4). The aim was to template the
coiled coil and, so, mimic the stabilising contribution of long-range interactions in the extended
a-helical region of full-length KHC. Again, to improve solubility, the sequences were flanked
by glycine residues and N-terminally acetylated, and in this case a tryptophan residue was
included for concentration measurement. These peptides showed a-helical structures by CD
spectroscopy with increasing length of the CC-Di component increasing the o helicity (Fig.
5.5). Whilst CCDi!-KIF5C7"7-8%4 was only 16% a helical, two heptads increased helicity to
56%, and incorporating a third heptad gave 70% helicity (Table 5.5). The increase in helicity
of the peptide is greater than the increase in the proportion of the sequence comprising CC-Di
residues, demonstrating that increased lengths of CC-Di increase helical folding of the natural
sequence (Table 5.5). The oligomeric state of the most helical peptide, CCDi3-KIF5C777-804
was measured by sedimentation-equilibrium analytical ultracentrifugation (SE AUC) (Fig 5.5).

As envisaged, given the template, this sequence formed a dimer.
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Table 5.4 | Sequences of KIF5C777-804 peptides templated with increasing lengths of a designed dimer CC-Di

abcdefg abcdefg abcdefg abcdefg abcdefg abcdefg abcdefg

CC-Dit-KIF5C777-804
CC-Di2-KIF5C777-804
CC-Di2-KIF5C777-804

GE IAALKQE REQARED LKGLEET VSRELQT LHNLRKL WG
GE NAALKQE IAALKQE REQARED LKGLEET VSRELQT LHNLRKL WG
GE IAALKQE NAALKQE IAALKQE REQARED LKGLEET VSRELQT LHNLRKL WG

i1 Ki 777-804 i2_Ki 777-804
CC-Dil-Kif5C777-80 CC-Di?-Kif5C777-8
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Fig. 5.5 | CD spectroscopy show that the a helicity of KifSC”7"-%%* increases when
templated with a de novo dimeric coiled coil. CD spectra at 20 ‘C of 100 uM CCDi!-
KIF5C777-804 (top left), CCDi?-KIF5C"77-8%4 (top right) and CCDi*-KIF5C777-8%4 (bottom left)
peptide in PBS, pH 7 recorded in a 1 mm cuvette. Increasing length of designed dimer, CC-Di,
increases a helicity of KIF5C777-804, Sedimentation equilibria data (bottom right) of CCDi?-
KIF5C777-8%4  (top, dots) and fitted single-ideal species model curve at 28k (dark blue), 32k
(light blue), 36k (green) and 40k (orange) rpm. The fit returned a mass of 10,772 Da (1.8 x
monomer mass, 95% confidence limits, 10,584 — 10,967). Bottom: residuals for the above fits

using same colour scheme as above. Conditions: 100 uM peptide concentration, PBS (pH 7) at
207C.

Table 5.5 | Helicity of KIF5C777-804 peptides templated with de novo peptide CC-Di

Overall Percentage Helicity Percentage of sequence from CC-Di

CC-Dil-KIF5CT77-80%4 10 cn 20.51
CC-Di*-KIF5C77780%  5q 5g 32.61
CC-Di3-KIF5C777-804 55 gg 41.51
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These experiments demonstrate that a short KHC peptide, encompassing the KLC-binding site,
can been templated to fold into a dimeric coiled coil by appending increasing lengths of a
designed coiled coil to the N terminus of the sequence, akin to that observed in the full length
KHC protein. However, this peptide may not be useful in understanding the KHC-KLC
interface. Helical read-through from CC-Di to the Kif5C sequence means that the peptide may
be forced to form a structure with parameters matching those of the de novo CC-Di structure.
This idealised dimeric interface is hyper-stable and is likely to lack the conformational
flexibility accommodated in the natural sequence and required for a KHC homodimer to KHC-

KLC heterotetramer transition.

5.5 Mutation of a core glutamate residue to leucine yields a tetrameric coiled coil

As an alternative strategy to a de novo template, mutations of natural sequences were used to
stabilise secondary structure. In this sequence, the Glu residue in the core is likely to destabilise
a coiled-coil structure.’*-*** Mutation of Glu to Leu, the canonical hydrophobic residue
occupying the other d sites of the sequence, should stabilise the coiled coil by increased
hydrophobic effect and decreased electrostatic repulsion in the core. A peptide was synthesised
to incorporate this single-point mutation, KIF5C777-804 E794L (Table 5.3). CD spectroscopy
revealed a stable a-helical structure (Fig. 5.6). Oligomeric state determination by SE AUC

gave a mass of 3.6 times monomer mass, suggesting a tetrameric structure (Fig 5.6).
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Fig. 5.6 | CD and SE AUC spectroscopy show KIFSC777-804ET4L formg a tetrameric coiled
coil in solution. a, CD spectrum at 5 °C of 100 pM Kif5C777-804 ET94L neptide in PBS, pH 7,
recorded in a 1 mm cuvette showed the peptide to be a helical under these conditions. b,
sedimentation equilibrium data (top, dots) and fitted single-ideal species model curve at 32k
(dark blue), 36k (light blue), 40k (green) and 44k (orange) rpm. The fit returned a mass of
13,113 Da (3.6 x monomer mass, 95% confidence limits, 12,995 — 13,230). Bottom: residuals
for the above fits using same colour scheme as above. Conditions 100 mM peptide
concentrations, PBS (pH 7) at 20 C.
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This analysis demonstrates potential for this sequence to be accommodated in a tetrameric
coiled-coil interface. As discussed above, in the full protein the longer sequence of coil-3, and
the helical stalk in general, may direct a dimeric oligomeric state. In addition, dimerization of
the KHCs is mediated through the neck-linker attached to the motor domains, shown also to
interact with the tail inhibitory region. Thus, there are likely steric and other structural effects

driving a dimeric assembly.

The mutation of this single Glu residue results in a complete change in structure of the short
peptide KIF5C-E19L777-804, This residue may play an important role in the protein. Whilst this
is not anticipated to involve a transition from unfolded to homo-tetrameric coiled coil as
observed here, the properties of this core Glu may be important for motor assembly and

regulation. Experiments to test this hypothesis in cells are described in chapter 6.

5.6 The WT peptide folds into a coiled coil at reduced pH

In other systems, Glu residues in the core of coiled coils have been shown to induce pH
dependent confirmational switches.?*-3#* Since substitution of Glu for Leu stabilised coiled-
coil formation, protonation of the Glu side chain could drive a similar transition through
reduction of charge repulsion in the core. To test this, CD measurements of the KIF5C777-804
peptide were repeated at pH 5.8 and 7.4 in a 50 mM sodium phosphate, 50 mM NaCl buffer
(Fig 5.7). Again, the peptide was unfolded at pH 7.4. However, when the pH was reduced to
5.8 the peptide folded to give an a-helical CD spectrum (Fig. 5.7). This suggests that the Glu
residue has a side chain pK. shifted by 2 - 3 units from the free amino acid (pKa 4.3). This new
result shows that Glu at this d position is sufficient to drive the pH-dependent helical folding
of a KHC peptide in the region that interacts directly with the KLC. The pH-dependent
behaviour endowed by this residue may have larger-scale structural significance for the motor.
Experiments to test this hypothesis in cells are described in chapter 6. It is notable that this
sequence also contains a histidine residue. The imidazole side chain of histidine is unique in
that that it can be protonated and deprotonated within physiologically relevant pH ranges. This
allows it to act as both an acid and a base, a hydrogen bond donor or acceptor.** These versatile
properties mean that histidine residues play important roles in pH-responsive functions and
stability of many proteins.’*® However, in this case the histidine residue occupies a b position

in the heptad register and is therefore is unlikely to be involved in the interface.
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Fig. 5.7 | CD spectroscopy shows KIF5C777-8% folds into an a helix at reduced pH. Left,
CD spectra at 5 °C of 100 uM Kif5C777-8%4 (WT) or Kif5C777-804 E™4L (MUT) peptide in sodium
phosphate buffer (50 mM), NaCl (50 mM), pH 7.4 or 5.8, recorded in a I mm cuvette show the
WT peptide is unfolded at pH 7.4 but folds into an a helix at pH 5.8. The MUT peptide is
partially folded at pH 7.4 and the helicity is increased at pH 5.8.

5.7 X-ray crystallography reveals an antiparallel tetrameric structure

To probe the structure of the KHC region responsible for binding KLCs and to rationalise the
pH dependence of the core Glu residue, attempts were made to solve the structure of this region.
For this, a series of peptides from isoforms Kif5B and Kif5C were synthesised, encompassing
the four conserved heptad repeats, of varying lengths and with different capping residues and
chromophores. For peptide Kif5B767-305 Q780Y (Table 5.3) crystals were obtained from initial
sparce-matrix screening of crystallography conditions. This sequence extends the original 4
heptads with another 11 residues. The peptide was acetylated but not flanked with glycine
residues, and it incorporated a tyrosine residue for concentration determination in place of
alanine at an f position, which is not predicted to be involved in the coiled-coil interface.
Crystals were obtained at pH 6.5 but not under any conditions at higher pH, which may support
the hypothesis that a reduction in pH to protonate the Glu side chain is required to stabilise

assembly.
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A structure was solved by molecular replacement using a polyalanine o helix as a search model.
Surprisingly and interestingly, this revealed an antiparallel tetrameric coiled coil (Fig. 5.8,
Appendix Table 8.2). The tetramer is slipped and density of the terminal EL and ELTV residues
are lost from two of the chains. The Glu side chains are in close proximity in the core and likely
involved in hydrogen bonding interactions with a water molecule (Fig 5.9). Whilst there is no
evidence that the KHCs form antiparallel tetramer in nature, this new structure of a fragment
highlights the structural plasticity of the sequence. It is possible that KLC:KHC complexes

could interact in a similar manner to form an antiparallel heterotetramer.

Fig. 5.8 | An X-ray crystal structure of KifSB7¢7-805 Q7Y eyeals an antiparallel tetramer.
Crystals were obtained under conditions of 0.2 M sodium iodide 0.1 M Bis Tris propane and
20 % w/v PEG 3350 at pH 6.5. The structure was solved by molecular replacement with a
polyalanine o-helical search model. This reveals an antiparallel tetrameric coiled coil.
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Fig. 5.9 | Electron density map of core Glu residues in Kif5SB767-805Q780Y_Four Glu residues
in the core of the tetramer are in close proximity and likely forming hydrogen bonding
interactions with a water molecule in the core.

For comparison, a parallel homodimeric model of this sequence was built and optimised using
CCBuilder2.0.2*? This is likely to be a better model for this region of the KHCs in the absence
of KLCs, since the motor domains are known to dimerise and bring together the coiled-coil

regions in a parallel orientation (Fig. 5.10).3%¢

Fig. 5.10 | Model of the KHC homodimeric coiled coil. Parametric model of Kif5B767-805
Q780Y byilt and optimised using CCBuilder2.0%*, a front-end GUI for ISAMBARD.?% The core
Glu residue is highlighted in pink.
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The per-chain energy of this model was calculated in ISAMBARD?® using the BUDE force
field and compared to that of the antiparallel tetrameric structure obtained by crystallography
(Fig 5.11). This reveals that a parallel dimeric assembly is predicted to be lower energy and
therefore more favourable than the antiparallel tetramer. In the future it will be interesting to
screen more constructs and conditions to investigate whether this predicted and anticipated

homodimeric structure can be determined.
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Fig. 5.11 | BUDE scoring of optimized models suggests a KHC parallel dimer is more
favorable than an antiparallel tetramer. Per-chain BUDE scoring in ISAMBARD suggest a
parametric model of a parallel Kif5B7¢7-805 Q780Y dimer is more favourable than the antiparallel
tetrameric assembly observed in the crystal structure.

5.8 The KHC binding site of KL.Cs is predicted to form a conserved coiled coil

In comparison to the KHCs, less is known about the structure of the C-terminal, heptad repeat
containing, region of the KLCs. The minimal region of KLC1 required for KHC binding has
been described by Verhey et al. and Diefenbach et al. to involve residues 1-176 and 105-152
respectively. Again, in silico structural phylogenetic analysis was employed for human KLC
isoforms 1-4 and identified a highly conserved, 9 heptad repeat, comprising residues 88-151 of
KLCI1 (Table 5.6). Analysis with MARCOIL and LOGICOIL software predicted this sequence
to form a parallel dimeric coiled coil. (Fig. 5.12, Table 5.7).
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Table 5.6 | Sequence alignment of the KHC binding region of KLC

abcdefg abcdefg abcdefg abcdefg abcdefg abcdefg

KLC1103-144 KOKLRAQ VRRLCQE NOWLRDE LANTQQOK LOKSEQS VAQLEEE
KLC292-133 KOKLRAQ VRRLVQE NOWLREE LAGTQQOK LORSEQA VAQLEEE
KLC3102-143 KORLRAQ ARRLAQE NTWLREE LEETQRR LRASEEA VAQLEEE
KLC4102-143 KORLRAQ VRRLCQE NOWLRDE LAGTQOR LORSEQA VAQLEEE
'l..llll.l'.
- a
100 . - —KLC1
o AN —
X 70 [ . —KLC3
5 60 . .
° 50 . . ——KLC4
@ 40 . .
O 30 . .
O 20 - .
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0 L] 1 L] l: L] 8
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Fesssnsnnnn”

I U 1 U 1 1}
Ruler 1 110 120 130 140 150 160
Consensus LssHLxaVEXEKQKLRAQVRRLxQENXWLRDELAXTQQKLQxSEQaVAQLEEEKKHLEFMnQIXxKY
KLC1 Isnhlnavesekqgklraqvirrlcgenqwlrdelantqgqklgksegsvagleeekkhlefmnglkky
KLC2 Isshlgavesekgklraqvrerrlvgenqwlreelagtgqqklgrsegavagleeekqgh! | fmsaqgirk./|
KLC3 Isahvsvieaekqgrlraqarrlagentwlreeleetqrriraseeavagqleeekshlqflgqglrqy
KLC4 lashlstvesekqgklraqvirrlcgenqgwlrdelagtqgqqrligrseqavaqgleeekkhleflrqglrqy
Fly ltshlgnieaekhk |l ktqvierrlhgenawlrdelantqgqkfqgaseqglvagleeekkhlefmasvkky
Worm mdk ImgsydvqgqlsknhesifFllrgentwlldeltttgrklgesertvahleeerdhykfqgqdsmnyl
Sea Urchin lghhlnmveaekgklraqvirrlvgentwlrdelaatgqgqklgtsegqnladlevkykhleymnsikky
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Fig. 5.12 | A conserved six-heptad-repeat region of KL.Cs is predicted to interact with
KHC:s in a coiled coil. top, Predictions of coiled-coil regions in human KLC isoforms KLC1-
4 using Marcoil?*® show that the KLC binding site is within the C-terminal heptad repeating
containing region. bottom, Sequence alignment from H. sapiens (KLC14), D. melanogaster
(Dm, fly), C. elegans (Ce, worm) and S. purpuratus (Sp, sea urchin) of the KHC binding region
on KLC using MegAlign**’ show an evolutionarily conserved six-heptad-repeat sequence an
island within more-divergent sequence.
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Table 5.7 | LOGICOIL oligomeric state prediction of KLC1103-144

Oligomer Prediction score
Parallel dimer 1.66
Antiparallel dimer 0.80
Trimer 0.83
Tetramer 0.71

5.9 A KLC peptide from the KHC binding site forms a dimeric coiled coil in solution

A synthetic peptide comprising residues 104-141 of KLC1 was synthesised and characterised
in vitro (Table 5.3). To improve solubility the sequence was flanked with glycine residues and
the cysteine in position 114 mutated to alanine to prevent disulphide bond formation. Peptide
KLC1104-141 €144 wag o helical by CD spectroscopy at 100 uM in PBS, pH 7 (Fig 5.12).
Oligomeric state determination by SE AUC showed the peptide to be dimeric in solution (Fig
5.13). This is in agreement with the in silico predictions (Table 5.7).
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Fig. 5.13 | CD and SE AUC spectroscopy show KLC1!%4141 C114A formg a dimeric coiled
coil in solution. Left, CD spectrum at 5 °C of 100 pM KLC1!104-141 C114A pentide in PBS, pH 7,
recorded in a Imm cuvette shows the peptide is a-helical under these conditions. Right,
sedimentation equilibria data (top, dots) and fitted single-ideal species model curve at 32k
(green), 36k (light blue), 40k (dark blue) and 44k (purple) rpm. The fit returns a mass of 8368
Da (1.74 x monomer mass). Bottom: residuals for the above fits using same colour scheme as
above. Conditions 100 mM peptide concentrations, PBS (pH 7) at 20 C.

5.10 Models show the KHC-KLC heterotetrameric complex could accommodate a
parallel or antiparallel orientation

Having considered the KHC and KLC peptides from the interacting regions individually, the
next investigations sought to investigate their assembly in the tetrameric complex. For this,

models of the heterotetramer were built and optimised in ISAMBARD. These models explored
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both a parallel and antiparallel orientation of helices. In addition, since the region of KLC1
identified was longer than that of KifSB, the models explored different heptad interactions
within these regions. (Table 5.8, Fig 5.14).

Table 5.8| Sequences of KHC and KLC used in modelling the heterotetrameric assembly
abcdefg abcdefg abcdefg abcdefg abcdefg abcdefg

Kif5B768-809 LTVMQDR REQARQD LKGLEET VAKELQT LHNLRKL FVQDLAT
1KLC1E%131 MMALSNH LNAVESE KQKLRAQ VRRLCQE NQWLRDE LANTQQK
2: KLC196-138 LNAVESE KQKLRAQ VRRLCQE NQWLRDE LANTQQK LQKSEQS
3: KLC1103-145 KQKLRAQ VRRLCQE NQWLRDE LANTQQK LQKSEQS VAQLEEE
4: KLC]110-152 VRRLCQE NQWLRDE LANTQQK LQKSEQS VAQLEEE KKHLEFM

Fig. 5.14 | Models of the KHC-KLC heterotetrameric coiled coil. Parametric models of
Kif5B7%8-3% and six heptads from KLC13%12(1-4 in table 5.8, left to right) in a parallel (top) or
antiparallel (bottom) orientation, built and optimised in ISAMBARD.?%* The structures were
optimised using a genetic algorithm and ranked according to their fitness score.

The per-chain energy of these models was calculated in ISAMBARD using the BUDE force
field (Fig 5.15). These results suggest that an antiparallel conformation between the KHCs and

KLCs may be favoured. The scores also suggest that these heteromeric KHC-KLC assemblies
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are lower in energy than the KHC homodimeric and homotetrameric structures, which may be

the driving force for assembly of the tetrameric motor.
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Fig. 5.15 | BUDE scoring of optimized models suggests an antiparallel (AP) KHC-KLC
tetramer is favored over a parallel (P) orientation. Per-chain BUDE scoring in ISAMBARD
suggest an antiparallel heterotetramer is more favourable than a parallel orientation.

5.11 Short synthetic KHC and KL.C peptides do not interact in vitro

Next, synthetic peptides from these regions were mixed in vitro and monitored for changes in
biophysical properties. For these experiments, peptides Kif5B767-805Q780Y qpnd KL C104-141 C114A
were mixed at a concentration of 50 uM of each peptide in PBS, pH 7 and characterised by CD
spectroscopy. The spectrum observed for the mixture closely matched the average of the
spectra of the two individual peptides, suggesting no interaction between the peptides (Fig
5.16). The addition of a-helical KLC1!94-141 Cl14A diq not result in folding of the unfolded
Kif5B767-805 Q780Y pentide as would be expected if the sequences had assembled into a
heterotetrameric coiled coil. This analysis was repeated at pH 5.8 to explore whether an
interaction would be observed with the folded Kif5B767-895 Q780Y peptide at reduced pH. Again,
the spectrum observed for the mixture closely matched the average of the spectra of the two

individual peptides, suggesting no interaction.
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Fig. 5.16 | CD spectroscopy shows peptides KifSB767-805 Q780Y gapd KL C1104-141 C114A ¢ not
interact in vitro. CD spectra at 5 °C of 100 uM Kif5B767-305Q780Y (red), KLC1!104-141 C114A (p]ye),
50 uM of each peptide (purple) and the average of the two individual spectra (black) in sodium
phosphate buffer (50 mM), NaCl (50 mM), pH 7.4 (top) or 5.8 (bottom) recorded in a 1 mm
cuvette. The spectrum from the mixture closely resembles the average suggesting there is no
interaction between the two peptides.

To investigate whether the peptides could anneal to form a tetramer, the mixture was heated

from 5 to 95 °C and cooled back to 5 °C. a Helicity was monitored by the CD signal at 222 nm
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(Fig 5.17). The mixture showed thermal unfolding but no changes as a result of annealing were
observed. These results suggest that the selected peptides are too short to interact in vitro and

that new constructs will be required for tetramer assembly.
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Fig. 5.17 | Variable temperature CD spectroscopy shows peptides KifSB767-805 Q780Y apq
KLC11%4141 C114A g not interact in vitro. CD spectra showing signal at 222 nm of a mixture
of 50 uM Kif5B767-805Q780Y and 50 uM KLC1!04-141 CH4A whilst heating (solid line) and cooling
(dashed line) between 5 and 95°C in sodium phosphate buffer (50 mM), NaCl (50 mM), at pH
7.4 (top) and pH 5.8 (bottom) recorded in a I mm cuvette. The heating profile closely resembles
the cooling, suggesting that the two peptides do not anneal.
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Since short, synthetic peptides from these regions did not interact in vitro, it was hypothesised
that longer sequences incorporating more of the natural interactions from the full-length
proteins would be required to yield a tetramer. Attempts to synthesise and purify longer
peptides from Kif5B and KLC1 proved unsuccessful by solid phase peptide synthesis and high-
performance liquid chromatography. In the future, further attempts may involve synthesis of
these sequences in two fragments followed by native chemical ligation. An alternative strategy
involved cloning constructs to allow recombinant protein expression of longer sections of
Kif5B and KLC1 in E. coli. To date, it has proved challenging to express soluble and stable
proteins. In the future these constructs and expression conditions will be optimised. This may

involve co-expression of the proteins using a Duet vector system (Novagen).348

Interesting, recently released models of KLC1 from the AlphaFold Protein Structure Database
predict an extended helix between residues 60-159.3% In addition, this is shown to interact with
a second, shorter, helix between residues 21-55. This can be modelled as a homodimer,
showing interactions throughout these regions (Fig 5.18). In the future, it may be worthwhile
to attempt expression of a KLC1 protein comprising residues 21-159 since, if this model is

accurate, these additional interactions may stabilise the structure.

%}ﬁ,ﬁm/ grrrre st W
R ;(4

Fig. 5.18 | Alphafold predicts interacting helices between KLC1 residues 21-159. Models
a of KLC1%""15 homodimer built using Alphafold show an extended helical region which may
guide design of a longer, more stable, construct in the future.
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5.12 KHC and KLC proteins fused to a de novo dimeric coiled coil are partially helical
and do not interact in vitro

Since the Kif5B767-805 Q780Y peptide was unfolded, the energetic cost of tetramerization is
increased as the peptide must fold into an a helix before oligomerisation. Presumably, in the
KHC protein, this sequence is part of a longer helical structure and this energetic requirement
is lowered. To investigate this, similarly to the approach described in 5.4, a construct was
designed to allow recombinant expression of a de novo designed coiled-coil dimer (CC-Di)
fused to Kif5B767-805_ In this case four heptads of the CC-Di sequence were incorporated to
allow assembly of a stable dimeric coiled coil. This aimed to template the KHC sequence into
a dimer, mimicking the structure of this region in the full-length protein. To avoid the sequence
being forced into a structure with parameters defined by the CC-Di design, and thus lacking
the flexibility required for KHC-KLC tetramerization, a flexible linker of 5 glycine residues
was introduced between the two sequences. The same approach was taken for KLCI,
incorporating residues 88-151. Since the sequence is less well-characterised, this longer region

of KLC1 was chosen to maximise the likelihood of including the binding site.

CC-Di-Gs-Kif5B767-8% and CC-Di-Gs-KLC18-15! were expressed in E. coli as N-terminally
Hise-tagged proteins and purified by Ni*"affinity chromatography followed by size exclusion
chromatography (SEC). Challenges were encountered in expression, purification and solubility
of these proteins. Following optimisation, the structure of these proteins was investigated by
CD spectroscopy at 5 uM in a buffer of 50 mM sodium phosphate, 50 mM NaCl, pH 7.4 (Fig
5.18). Both proteins gave spectra consistent with a partially folded a-helical structure.
Consistent with the peptides, CC-Di-Gs-KLC18-131was more folded than CC-Di-Gs-Kif5B7¢7-
805 Whilst every effort was made to accurately determine the concentrations of these proteins,
the instability and rapid precipitation of the samples likely rendered these imprecise.
Calculation of percentage helicity of the constructs without accurate concentration
measurements was not worthwhile. When mixed together these proteins gave a CD spectrum
that deviated from the average of the spectra of the two individual proteins (Fig 5.19). This

suggests that the two proteins may be interacting and thus increasing helicity of the complex.
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Fig. 5.19 | CD spectroscopy shows proteins CC-Di-Gs-Kif5B77-8%5 and CC-Di-Gs-KLC13%%
151 do not interact in vitro. CD spectra at 5 °C of 5 pM CC-Di-Gs-Kif5B7¢7-8% (red), 5 uM
CC-Di-Gs-KLC18-151 (blue), 2.5 uM of each peptide (purple) and the average of the two
individual spectra (black) in sodium phosphate buffer (50 mM), NaCl (50 mM), pH 7.4
recorded in a 5 mm cuvette. The spectrum from the mixture deviates from the average
suggesting there may be an interaction between the two proteins.

The proteins were annealed by heating to 95 °C followed by cooling to 5 °C. The a helicity
showed a thermal unfolding and refolding profile that deviated from that of the average of the
two individual proteins (Fig 5.20). This may suggest an interaction, with the proteins

assembling into a different structure after heating. The challenges around protein stability and

aggregation make it difficult to draw conclusions from these results.
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Fig. 5.20 | Variable temperature CD spectroscopy of proteins CC-Di-Gs-Kif5SB767-8%5 and
CC-Di-Gs-KLC13%15!, CD spectra showing signal at 222 nm of 5 uM CC-Di-Gs-Kif5B767-805
(red), 5 uM CC-Di-Gs-KLC18%-151 (blue), 2.5 pM of each peptide (purple) 2 and the average of
the two individual spectra (black) whilst heating (solid line) and cooling (dashed line) between
5 and 95°C in sodium phosphate buffer (50 mM), NaCl (50 mM), pH 7.4 recorded in a | mm
cuvette. The profile of the mixture deviates from the average suggesting there may be some
interaction between the proteins.

5.13 Conclusions

KLCs play an important role in cargo recognition by kinesin-1 through both protein-protein
and protein-lipid interactions.®”-%° Tetramerization of the KLCs and KHCs couple these cargo
binding domains to the motor activity of the KHCs.* It has become clear during this
investigation that structurally characterising the KHC and KLC sequences involved in the
tetrameric interface is both a challenging and worthwhile goal. Whilst structural data are
available for other regions of the proteins, to date there are none for these regions, leaving the
nature of the interaction an unsolved puzzle. This work has continued to map the regions of the
proteins involved in the interface and begun to characterise these in silico and in vitro. Work

in the Dodding and Woolfson labs will continue to tackle this challenge.

The initial results suggest that the KLC binding site on KHC comprises leucine rich heptad
repeats which demonstrate structural plasticity, able to accommodate multiple oligomeric
states. This is presumably important to facilitate the transition between a KHC homodimer and

the heterotetrametric KHC-KLC assembly. Modelling predictions suggest that an antiparallel
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KHC-KLC orientation may be energetically favoured, in contrast to the usually depicted
parallel cartoon representation of the tetrameric motor. Going forward, to solve structures of
this interface and test this hypothesis, it will be important to identify a KHC sequence that
assembles into a homodimer in solution, to display the same KLC binding site observed within
coil 3 of the full-length protein. This may require longer constructs, likely through recombinant
protein expression. To do this, an immunoprecipitation approach could be employed to finely
map the interaction interface and determine the minimal regions required for the
characterisation of stable protein constructs. A Duet expression system would allow co-

expression of the KHC and KLC proteins, which may facilitate tetramer assembly.**

Within the KHC coiled coil responsible for binding KLCs there is a conserved Glu residue in
the core of the assembly. This residue has been shown to confer pH-responsive behaviour to
the sequence, with a 4-heptad peptide from this region unfolded at pH 7.4 and a helical at pH
5.8. Substitution of Glu for the canonical hydrophobic residue at the other d sites, Leu, results
in a stable a-helical structure at both pH values. These new data show that Glu at this d position
is sufficient to drive the pH-dependent helical folding of the region in KHC that interacts
directly with the KLCs. In the future it will be interesting to examine further the pH-dependent
metastability of these interacting coiled-coil peptides by mutation of charged residues at the
interface and analysis of structural changes. pH titrations will be used to determine the pK, of
the acidic Glu residue in the d position of the KHC coiled coil. In addition, this residue will be
mutated to other ionisable side chains—e.g., D, Q, H, R, K—and changes in pH sensitivity,
folding, stability and oligomeric state monitored. For example, aspartate (Asp, D), with a lower
pKa, may require larger pH reduction for helical folding. Finally, studies will seek to identify
complementary, basic residues in the KLC sequence, which could form stabilising salt bridges
with KHC acidic residues at the interface. It will be important to translate this understanding
obtained in vitro to make mutations in full-length proteins in cells, this is discussed further in

chapter 6.

This work begins to present the KHC coiled coils as a dynamic platform for protein-protein
interactions, showing structural plasticity and pH-responsive behaviour. In addition to
mediating cargo-binding through assembly with the KLCs, KHCs have also been shown to
interact directly with cargo. A recent study from Dimitrova-Paternoga et al. reveals that an
mRNA cargo adaptor, atypical tropomyosin (aTml), interacts with KHC at a site immediately

downstream of the KLC binding site (Fig. 5.21).°! aTml is important for oskar mRNA
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localization to the posterior pole of the Drosophila oocyte. This interaction is through an
antiparallel trimeric coiled coil, in which one helix of aTm1 binds in an antiparallel orientation
to a parallel KHC homodimer (Fig. 5.21c). When not bound to KHCs, aTml forms an
antiparallel homodimer. Upon interaction of KHC-aTml, a positively charged expanded
binding surface is revealed and interacts with RNA. This region of KHCs is also important for
other cargo binding, including SKIP and Sunday driver and the ATP independent microtubule
binding site for microtubule-microtubule sliding.?®37-11¢ This study presents the first structural
characterization of a direct cargo adaptor—KHC interface. To accommodate the aTm1 helix in
the trimeric coiled coil, the KHC homodimer must open, suggesting conformational flexibility
at the interface (Fig. 5.21b)..3#° Interestingly, recent Alphafold predictions of this region of
KHC show a mixture of folded and unfolded structures and a structure of the KHC homodimer
without aTm1 was not obtained.** This could suggest that the aTm1 helix is required to

template folding of the coiled coil.

The structure of the KHC-aTm1 assembly shows promise for future work in determining the
structure of the adjacent KHC region in complex with KLCs. In this case, stable protein
structures were obtained by recombinant protein expression for crystallography. Future work
will seek to understand how these shifts in oligomeric state, in both trimer and tetramer, are
linked to larger scale conformational changes in the motor, in a transition from an autoinhibited
to active form. In addition, it will be interesting to investigate whether KHC can simultaneously
bind aTml in a heterotrimer and KLCI1 in a heterotetramer. Finally, work will seek to explore

whether similar modes of binding extend to other adaptors/microtubule interactions.

120



A - -KLCf‘
® o

B <«Homodimer —»

100 B ’—|—L

2 %1 Motor

E

©

o

2

o o r — I i .

% 0 200 400 600 800

(&)

kA KLC binding

S 1004 | ) = Tail-MT binding site

© . ;— - IAK region
50 f

800 850 900 950

Residue number in D. melanogaster KHC

KHC alone: parallel homodimer

+KLC ) 1 +TMI1-1/C
Heterotetramer

\ \

Autoregulation

Fig. 5.21 | Structural and functional plasticity of the KHC coiled coils.>* a, Schematic of
the kinesin-1 heterotetramer. KHC is in cyan, KLC in purple. Orange boxed region highlights
the KHC tail. b, Marcoil coiled-coil prediction for KHC, tail region is boxed orange (top).
Detailed coiled coil prediction for the KHC tail that contains the binding sites for KLC and
Tml-I/C (middle). Potential structural plasticity and associated function in the KHC coils
(bottom). ¢, Crystal structure of the KHC-KHC-Tml1-I/C complex (PDB:7BJS) from
Dimitrova-paternoga et al. KHCs are cyan, Tm1-1/C is brown.
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6 Exploring a role for pH-sensitivity in kinesin-1 autoinhibition
6.1 Background

Kinesin-1 is regulated through interactions of autoinhibitory motifs within the complex. These
hold the motor in an inactive conformation, which prevents unnecessary cycles of ATP
hydrolysis when the molecule is not involved in transport.’’>%7%-8! Regulation of the kinesin
heavy chains (KHCs) has been mapped to a highly conserved Isoleucine-Alanine-Lysine (IAK)
motif of a single KHC tail, which binds to the N-terminal motor dimer interface (Chapter 1,
Fig 1.6). This cross-links the two motor domains, resulting in a ‘double lockdown’ mechanism
where the domains are held together at the interfaces of the neck coiled coil and motor-tail.
This results in highly restricted movement, preventing stable association with microtubules and
ADP release, which is thought to require conformational flexibility for undocking of the neck
linker.’”-7-8! In addition, autoinhibition of the kinesin light chains (KLCs) is associated with
a conserved Leucine-Phenylalanine-Proline motif (LFP), which binds to the TPR domain,
occluding the cargo binding site (Chapter 1, Fig 1.3).° Whilst it is not clear how the transition
from an autoinhibited to active state is regulated, this has been linked to changes in pH, with
acidification shown to modulate kinesin-1 autoinhibition in vitro.3*8* Verhey et al. show that
in the presence of KLCs, KHCs bind to microtubules at acidified pH (<6.8) but not at
physiological pH (>7.4). In the absence of KLCs, KHCs bind to microtubules at all pH values.
This suggests that kinesin-1 microtubule association is pH sensitive and regulated by the KLC-
KHC interaction in some way, requiring the N-terminal coiled-coil region of KLCs for
autoinhibition.®* Similarly, Wong and Rice show that binding of the KHC-tail to microtubules
is enhanced at reduced pH (6.6) in a KLC-dependent manner.3*

Interestingly, the position of lysosomes, a kinesin-1 cargo, has also been shown to be sensitive
to changes in pH. Cytoplasmic acidification has been shown to increase dispersal of lysosomes
to the cell periphery, while moving to alkaline pH returns them to the perinuclear

285,350,351

region. These changes have been shown to be microtubule and kinesin-1

dependent.!'%*52 Lysosome positioning has also been correlated with internal (lumenal)

333 Increased kinesin-1

lysosomal pH, with more peripheral lysosomes being less acidic.
dependent lysosomal transport, achieved by transfection of Arl8 (a GTPase on the lysosomal
surface that binds to kinesin-1 through its effector SKIP!!%35%), increases the proportion of

lysosomes at the cell periphery and is associated with an increase in lysosomal pH and
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increased rates of proton leakage from lysosomes.?>> The correlative and causative facets of

the latter proposition are not clear.

This connection between lysosome transport, kinesin-1 activation and pH has been clear for
many years.!'® However, this has been approached largely independently by the motor-protein
and membrane-trafficking fields, and is yet to be integrated into a coherent mechanistic model.
This chapter investigates the roles of pH acidification and cargo binding, in the release of
kinesin-1 autoinhibition and thus activation of kinesin-1 activity. This is investigated alongside
anew observation of the pH dependence of microtubule-microtubule sliding, which is a second
function of kinesin-1 in regulating the organisation of the microtubule network. A new model
of kinesin-1 regulation is developed, in which release of key autoinhibitory motifs acts in
parallel with changes in local or global pH for activation of motor function. Our initial results
highlight key residues conferring pH dependence to the complex, offer mechanistic insight into
this mode of activation, and lead to the proposition that kinesin-1 is both a pH sensor and pH

responsive transport effector.

a  Heuser 1989 Munro 2011 Dodding 2016 b

s " Ringer's pH7.4

p<0.0001
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Fig. 6.1 | Lysosome positioning is sensitive to changes in pH. a, Examples of evidence that
lysosome positioning is sensitive to changes in pH.!'%285.28¢ Reduction of cell media pH from
7.4 to 6.5 and concomitant change in intracellular pH causes rapid (30 minutes — 1 h) dispersal
of LAMP1 to the cell periphery in HeLa cells stained for LAMP1. Cells were treated for 1 h at
37 °C in Ringers or Ringers acetate buffers at pH 7.4 or 6.5 respectively. b, Graph taken from
Dodding et al. (2016)*%¢ showing quantification of lysosome distribution measured by the
cumulative LAMP1 fluorescence in concentric rings of equal area
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6.2 Kinesin-1 cargo transport and microtubule sliding activities are linked by pH
dependence

In addition to organelle transport, kinesin-1 plays a role in microtubule-microtubule sliding.
Using microtubule binding sites in both the N-terminal motor domain and the C-terminal tail
of the KHCs, kinesin-1 can bridge two microtubules, allowing them to act as the cargo and
track, respectively. As the kinesin moves along the microtubule track it moves the “cargo”
microtubule, bound to the C terminus of the heavy chain, relative to the track microtubule.!''®
This activity has been shown to be important in microtubule remodelling and neuron

regeneration.'??

It has been reported that this function can be activated by a cargo-mimetic small molecule,
named kinesore (Fig 6.2).'*Kinesore competes with cargo-adaptor peptides for KLCTPR
binding, resulting in activation of kinesin-1 in the absence of bound cargo, promoting
microtubule sliding, The working model is shown below, but it is worth noting that in this
system, this has not yet been shown to require the carboxy-terminal KHC microtubule binding
site.In the original experiments, kinesore treatments were carried out in Ringers buffer at pH
7.4 for 1 hin a CO; incubator.'** Subsequently, it has become clear that CO» from the incubator
dissolved in the buffer, which lacks a bicarbonate buffering component, and resulted in a
decrease in pH during the treatment. This was the starting point for the experiments described

below.
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Fig. 6.2 | Cartoon representation of kinesore-induced activation of kinesin-1 microtubule
sliding activity. Kinesin-1 can slide pairs of microtubules relative to one another by binding a
second microtubule in the C-terminal region of the KHCs. A small molecule, kinesore, induces
kinesin-1 dependent remodeling of the microtubule network.
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To investigate the effect of this pH shift under controlled conditions, treatments were carried
out in an incubator without CO; using Ringers buffer at pH 7.4 and 6.8. HeLa cells were treated
with 50 uM kinesore or 0.1% DMSO (vehicle control) and incubated for 1 h at 37 °C without
COz. Cells were fixed with MeOH and probed with antibodies against tubulin and LAMP1
(Fig. 6.3). To quantify these data, the proportion of cells with remodelled microtubules was
scored at pH 7.4 and 6.8. These results show that kinesore-induced microtubule remodelling

takes place at reduced pH (6.8), with minimal effect observed at pH 7.4 (Fig. 6.3).
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Fig. 6.3 | Microtubule remodeling by kinesin-1 small molecule inhibitor Kkinesore is
sensitive to changes in pH. a, Representative confocal images of HeLa cells incubated at 37
°C without CO» in Ringers buffer with 50 uM kinesore or 0.1% DMSO (control) at pH 7.4 or
6.8 for 1 h, fixed with MeOH and incubated with antibodies against beta tubulin (magenta) and
LAMPI1 (green). b, Quantification of effect of pH on kinesore dependent microtubule
remodelling, cells were visually scored as remodelled or control microtubule phenotype. Cells
were scored as remodelled if it clearly lacked a well-defined radial microtubule array.
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6.3 Acidification may play a role in activation of kinesin-1

Together with previous studies, the above new data suggest a direct pH-dependence of both
the organelle transport and microtubule remodelling functions of kinesin-1 in cells. This
suggests that these two activities are linked in a shared activation mechanism. A possible model
involves a shared ‘primed’ state. In this model, cargo binding to the KLCs (e.g. SKIP W-acidic
TPR binding, see Chapter 3) or binding of a cargo-mimetic small molecule (kinesore) results
in release of an element of the autoinhibitory mechanism, but is not in itself sufficient to
promote activation. This ‘primed’ state is then sensitive to local or global acidification,
triggering kinesin-1 activation for organelle transport or organisation of the microtubule
network (Fig 6.4). It is becoming clear that pH-responsiveness is a key regulator of intracellular
transport and cytoskeletal organisation. It is not clear how these pH changes may be achieved
in a physiological setting, however it is possible that this could be, in part, due to proton leakage

from acidic organelles altering local pH and activating transport.

Autoinhibition ‘Primed’  Acidification = Active
sesome | ot metabolism
% 5 /’ ‘T L cell migration
c Q SKIP (W-acidic . &7 (2 sieieiiaias .} oo
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Fig. 6.4 | Model of pH responsive activation of kinesin-1. Engagement of cargo adaptor
peptides (e.g. SKIP) for organelle transport or a cargo-mimetic small molecule ‘primes’
kinesin-1 for pH-dependent activation for cargo transport of organisation of the microtubule
(MT) network.

6.4 Mutation of autoinhibitory motifs primes kinesin-1 for pH dependent activation of
microtubule-microtubule sliding

To test this model, mutations were introduced in the KHCs and KLC:s to relieve autoinhibitory

interactions in an attempt to mimic the ‘primed’ state resulting from cargo or small-molecule
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binding (Fig 6.5). For this, 9 amino acids (QIAKPIRPG) in the tail of KHC isoform Kif5C
were mutated to alanine (AAAAAAAAA), hereafter denoted IAK/AAA. This region has been
shown to be necessary and sufficient for KHC autoinhibition.” In addition, the three amino
acids (LFP) that are necessary for KLC autoinhibition were mutated to alanine in KLC2
(AAA), LFP/AAA >° HeLa cells were transfected with constructs to express either wildtype or
‘primed’ (IAK/AAA and LFP/AAA) hemagglutinin (HA) tagged Kif5C and GFP-KLC2,
treated in Ringers buffer for 1 h at 37 °C without CO», fixed with MeOH and imaged for tubulin
and kinesin-1 distribution (Fig 6.5a). At pH 7.4, both WT and ‘primed’ conditions showed a
radial microtubule network with diffuse, cytoplasmic staining of both KL.Cs and KHCs. At pH
6.5, a similar phenotype was observed for the wildtype proteins. In contrast, at pH 6.5,
IAK/AAA and LFP/AAA priming mutations resulted in aggregation of KLCs and KHCs. This
phenotype has been observed previously following kinesore treatment, or in the case of

overexpression of KLCs or KHCs alone.’3143

In addition, the microtubule network was
remodelled, with looping and bundling of microtubules observed. Whilst this phenotype does
not resemble the extent of microtubule remodelling observed with the cargo-mimetic small
molecule kinesore, the looping of microtubules suggests a similar mechanism of activation.
These data are consistent with the model proposed above that IAK/AAA and LFP/AAA
mutations uncouple KHC and KLC autoinhibition, leaving kinesin-1 primed for activation. In
the absence of bound cargo, the motor can then bind a second microtubule at the C-terminal

KHC site. Acidification results in activation, driving microtubule sliding and remodelling of

the network (Fig 6.5b).
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Fig. 6.5 | Mutation of autoinhibitory motifs primes kinesin-1 for pH-dependent activation
of microtubule sliding. a, Cells transfected with constructs to express wildtype or IJAK/AAA
/ LFP/AAA mutant HA-Kif5C/GFP-KLC2, treated with Ringer’s buffer (pH 7.4) or Acetate
Ringer’s (pH 6.5) for 1 h, fixed and stained for tubulin and HA. b, Model of release of
autoinhibition through IAK/AAA and LFP/AAA mutations, leaving kinesin-1 primed for pH-
responsive activation of microtubule transport.

6.5 The interaction between the motor domains and an autoinhibitory peptide is pH
dependent

One hypothesis that may explain the data presented above is that there is a pH dependence of
the protein-protein interactions involved in autoinhibition. To test this, and gain mechanistic
insight into kinesin-1 activation, the pH sensitivity of the interaction between the KHC motor
domain and autoinhibitory tail (IAK) was investigated. A peptide comprising residues 917-931
of KIF5C, Kif5C'“K was made by solid-phase peptide synthesis with the 5-
carboxytetramethylrhodamine (TAMRA) fluorophore appended N terminally, purified by high
performance liquid chromatography, and confirmed by MALDI-TOF mass spectrometry
(Table 6.1). KHC motor domain from Rat Kif5C (KIF5C?*#°!) was expressed in E. coli as an
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N-terminally Hiss-tagged protein and purified as a dimer by Ni**-affinity chromatography
followed by size exclusion chromatography (SEC). (The expression and purification of
KIF5C?*%was done by Dr Johannes Weijman.) The affinity of KIF5C'K for the motor domain
of rat KIF5C (KIF5C?%") was measured in a fluorescence polarisation assay in vitro. At pH
7.4, KIF5C'AK binds to the dimeric motor with an affinity (Kp) of 1.01 pM (Table 6.2, Fig.
6.6). In contrast, when the pH was reduced to pH 6.5, the affinity decreased 3-fold to a Kp of
2.85 uM. At pH 5.8 binding was further reduced, but the Kp could not be determined (Table
6.2, Fig. 6.6). A pH of 6.5 1s within a range possible within a mammalian cell, suggesting that
it is feasible that large changes in apparent affinity for the IAK-region towards the motor may

be possible from relatively subtle changes in environmental pH.

Table 6.1 | Sequences of KHC autoinhibitory peptides

Kif5CIAK AHSAQIAKPIRPGHY
KifSCRIAK-R  ARSAQIAKPIRPGRY
KifSCAAKA AASAQIAKPIRPGAY

AFP | mP

[KIF5C dimer] / uM

Fig. 6.6 | KHC autoinhibition is pH dependent. Binding affinities of autoinhibitory peptide
Kif5C'"K for motor domain KIF5C?#%! were measured in vitro in fluorescence polarization
assays with TAMRA-labelled peptides (150 nM) incubated with increasing concentrations of
KIF5C24% protein in Bis-Tris buffer: Key: black pH 7.2, red; pH 6.4, blue; pH 5.8. Data were
fitted to a single-site binding model with polarization values of the peptide and buffer alone
subtracted and values normalised to the calculated Bmax. Error bars indicate 1 SD from a
minimum of 3 replicates.
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Table 6.2 | Affinities of Kif5C'AK for motor domain KIF5C2-401 are pH sensitive
pH 7.2 6.4 5.8
Ko/ uM 1.01 +£0.04 2.85+0.18 -

6.6 Mutation of histidine residues in an autoinhibitory peptide alters affinity for the
motor domains

In mammalian isoforms, the tail IAK motif is flanked both N and C terminally with histidine
(His, H) residues (H918 and H930) (Fig 6.3a). The imidazole side chain of histidine can be
protonated and deprotonated within physiologically relevant pH ranges, allowing it to act as
both an acid and a base, a hydrogen bond donor or acceptor.** Protonation of histidine residues
has been shown to be important for structural switches, inducing large-scale conformational
changes in protein structures.??3% It is plausible that the KHC tail histidine residues flanking
the TAK motif play a role in the pH sensitivity of kinesin-1 activity. To test this, peptides were
synthesised with both His mutated to either alanine (Ala, A) or arginine (Arg, R), hereafter
denoted as A-IAK-A or R-TAK-R, respectively (Table 6.1). Arg was used to mimic a
permanently protonated His while Ala was chosen as a non-ionisable substitute. If the
protonation of H918 and H930 are important in relieving IAK-binding, then R-IAK-R should
decrease binding. Indeed, when measured at pH 7.4 a three-fold reduction in Kp of R-IAK-R
with respect to the wildtype IAK peptide was observed (Table 6.3, Fig 6.7). In contrast, the
non-ionisable A-IAK-A increased binding by seven-fold compared to WT (Table 6.3, Fig. 6.7).
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Fig. 6.7 | Mutation of histidine residues flanking the IAK motif alters affinity for motor
domains Binding affinities of wildtype and mutant autoinhibitory Kif5C'“K peptides for motor
domain KIF5C*#! were measured in vitro in fluorescence polarization assays with TAMRA-
labelled peptides (150 nM) incubated with increasing concentrations of KIF5C*#°! protein in
HEPES buffer at pH 7.4: Key: black; wild type Kif5C'AK red; KifSCRIAKR A plye; Kif5CA-AK-
A, Data were fitted to a single-site binding model with polarization values of the peptide and
buffer alone subtracted and values normalised to the calculated Bimax. Error bars indicate 1 SD
from a minimum of 3 replicates.

Table 6.3| Mutation of His residues in Kif5C'AX alter affinities for motor domain KIF5C%401
Kif5CIAK Kif5CR:IAKR Kif5CA-IAKA
pH7.4Kp/ uM 1.01 £ 0.04 2.84 £ 0.30 0.14 £0.01

To investigate the role of H918 and H930 in the full-length KHC protein, the same Arg and
Ala mutations were introduced into HA-Kif5C. HeLa cells were transiently transfected and
imaged for microtubule organisation and kinesin-1 distribution. Unfortunately, challenges
were encountered in expression, aggregation and staining and no clear phenotype was
observed. This experiment is complicated by the existing pool of endogenous KHCs in the cell.
In addition, over-expression of the KHCs has been shown to lead to aggregation, with
phenotype dependent on expression levels.®® Since transient expression resulted in cells
expressing different levels of protein this rendered the results difficult to interpret. In the
future, it will be important to knock-out the endogenous wildtype protein and express mutants
at near-endogenous level. This could be achieved through CRISPR/Cas9 technology to
engineer the mutations into endogenous Kif5B (the major non-neuronal KHC paralogue.

Alternatively, if single genomic point mutations are not possible, a CRISPR knockout strategy
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followed by rescue using wildtype and mutant Kif5B constructs under control of an inducible

promoter could be employed.

6.7 Mutations of a glutamate in the KHC-KLC interface drives kinesin-1 activation

An alternative hypothesis involves a pH-dependent conformational shift in another region of
the kinesin-1 tetramer after the protein is ‘primed’ by release of autoinhibition. In chapter 5,
analysis of the sequences involved in the KHC-KLC interface revealed a conserved glutamate
(Glu, E) in the core of the coiled coil. This was shown to confer pH-responsive structural
changes to a short peptide from this region of the KHCs. It was hypothesised that protonation
of this Glu on acidification could result in structural changes in the KHC-KLC interface, which

could be linked to larger scale conformational changes involved in motor activation.

To investigate a role for this residue in kinesin-1 activation in cells, the E794L mutation, to
mimic protonation of Glu and echo the canonical hydrophobic residue at the other d sites, was
introduced into full-length HA-KIF5C (KIF5CE7#1), If this hypothesis is valid, by mimicking
acidification, this mutation should result in pH independent activation of kinesin-1 (Figure
6.8b). HeLa cells were transfected with constructs to express either wildtype or E794L HA-
KIF5C and GFP-KLC2, fixed with paraformaldehyde and imaged for LAMP1 and kinesin-1
distribution. In wildtype cells, KLC and KHC are diffuse and cytoplasmic with lysosomes
largely clustered in the perinuclear region. The E794L mutation results in the pH-independent
accumulation of kinesin-1 and co-localisation with lysosomes at the cell periphery (Figure
6.8a). This suggests that this part of the coiled-coil interface may be important for the pH

sensing and pH-responsive transport activities of kinesin-1.

However, the extent of lysosome dispersal was less than that observed on acidification of the
media (Fig 6.1). This is not surprising and suggests that the single mutation is not sufficient to
completely uncouple the pH dependence of activation. In the future, it may be possible to
identify additional mutations to mimic protonation of other residues in the motor complex.
Combining these mutations with autoinhibitory decoupling mutations (IAK/LFP/AAA) will
allow us to ask if kinesin-1 shows pH-independent activation of microtubule-microtubule
sliding. In addition, as discussed in 6.6, there are issues associated with transient transfection
of cells for over expression. In the future, attempts will be made to CRISPR engineer the E794L

mutation into endogenous Kif5B.
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Fig. 6.8 | The E794L. mutation at the KHC-KLC interface activates kinesin-1 for pH-
independent transport of lysosomes to the cell periphery. a, Representative confocal images
of HeLa cells transfected with constructs to express wildtype or E794L HA-Kif5C and GFP-
KLC2, fixed with paraformaldehyde and incubated with antibodies against HA and LAMPI.
The E794L results in LAMP1 positive peripheral accumulations of kinesin-1. b, Model of
glutamate to leucine mutation mimicking acidification to allow pH independent activation of
cargo transport.
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6.8 Conclusions

By virtue of its capacity to engage a wide variety of organelle cargoes and remodel the

cytoskeleton, kinesin-1 is a central regulator of subcellular organisation®>-?%116

. Cargo
recognition is interwoven with an autoregulatory mechanism that maintains the enzyme in an
inactive state in the absence of cargo binding.?>?® To date, it is unclear how the transition from
the inhibited to active state(s) is regulated. It is also not known how kinesin-1 activity is
directed between distinct functions of organelle transport and microtubule-microtubule sliding.
This chapter has begun to explore the hypothesis that pH is a key regulator in activation of

kinesin-1 and may be a shared factor in regulation of both functions.

It is clear from the literature that the pH of the cytosol has profound effects on the distribution
of organelles. Slight cytosolic acidification triggers rapid microtubule- and kinesin-1-
dependent redistribution of lysosomes and lysosome related organelles from the perinuclear
region of the cell to the periphery!!0-285:286.330357 New data described here reveals that small-
molecule mediated activation of kinesin-1 by the cargo-mimetic compound kinesore'*?
promoting remodelling of the microtubule network also acts in an acidic pH-dependent
manner. This suggests pH-responsiveness is a mechanistically unexplained but, nonetheless,

important regulator of intracellular transport and cytoskeletal organisation.

Autoinhibition of kinesin-1 has been mapped to key regulatory motifs in the KHCs (IAK) and
KLCs (LFP). It was hypothesised that, in addition to the release of these autoinhibitory
interactions, pH acidification is required for motor activity. To test this, these autoinhibitory
interactions were uncoupled by specific amino-acid mutations. This rendered kinesin-1
sensitive to pH-dependent activation, resulting in microtubule-microtubule sliding. These
results suggest a model of activation involving a ‘primed’ state where autoinhibition is relieved
(through mutation or binding of cargo or a cargo-mimetic molecule) and the motor is sensitive

to activation by subtle changes in pH.

To understand the mechanism of this pH dependent activation, attempts were made to identify
the residues involved. Initially, it was hypothesised that two His residues flanking the IAK
motif in the KHC tail may play a role in pH responsive autoinhibition. /n vitro, the affinity of
a peptide from this region for the KHC motor domain decreased significantly at reduced pH.

Mutation of these residues to Arg, to mimic protonation, also resulted in decreased affinity,
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whilst a non-ionisable Ala mutant bound with increased affinity. This suggests that KHC
autoinhibition may be sensitive to changes in pH and that acidification may play a role in the
release of the KHC tail-motor interaction. In the future, it will be important to validate this

hypothesis in full-length proteins in cells.

Following the observation that mutation of Glu to Leu in the KHC-KLC interface results in a
pH-responsive structural change in a KHC peptide from this region (Chapter 5), the E794L
mutation was introduced into full length KHC in cells. This resulted in the pH-independent
accumulation of kinesin-1 and co-localisation with lysosomes at the cell periphery. These
preliminary results suggest that this Glu residue in the core of the KHC-KLC coiled coil may

play an important role in the pH sensing capacity of kinesin-1.

It is becoming clear that understanding the regulation of kinesin-1 is a complex problem and
likely involves interactions in many different regions of the protein. Nonetheless, in the future
it will be exciting to continue to explore kinesin-1 as a pH sensor and pH-responsive transport
effector and to further investigate the mutations identified here. For this, pH-sensitivity
decoupling mutations (H918 and H930, E794L, and others that emerge) will be combined with
autoinhibitory decoupling mutations (IAK/LFP/AAA) to ask if kinesin-1 shows pH-
independent activation of microtubule-microtubule sliding. In addition, cargo binding
mutations from previous studies, e.g. to the TPR domain (KLC2 N287L)%7 and membrane-
binding amphipathic-helix (KLC2 L550P)®, will be incorporated to test the hypothesis that
combined uncoupling of organelle-cargo binding and pH-driven activation promote
microtubule-microtubule sliding. This will begin to investigate how the mode of kinesin-1
activation promotes functions in organelle transport or microtubule sliding, with pH as a shared
regulator. It will also be important to examine the effects of pH-decoupling mutations at
endogenous expression level, where the ratio of motor to its regulators is at natural levels. This
could be achieved by CRISPR/Cas9 engineering of the mutations directly into endogenous
KHC or through a CRISPR knockout strategy followed by rescue under control of an inducible
promoter. In addition, in vitro studies using recombinantly expressed kinesin-1 tetramers>%®
would allow microtubule co-sedimentation and microtubule-dependent ATPase assays to
examine the effects of mutations. This would deliver insights into how ATP-dependent and

independent microtubule binding and ATPase activity are affected by pH.
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To investigate these effects in a physiological setting, it will be interesting to understand how
proton leakage from acidic organelles may alter their local pH and activate transport. Rather
than changes to media pH, a lysosomal permeabilising agent LLOME could be used to raise
lysosomal pH and lower cytosolic pH.*3® In addition, use of acidotropic dyes and live-cell
imaging could be used to monitor how lysosome pemeabilisation, and a drop in in lysosomal
pH, correlate with kinesin-1 dependent transport, and if pH-sensitivity decoupling mutations
alter any correlation. It will be interesting to ask whether lysosome permeabilisation synergises
with kinesore treatment to promote pH-driven microtubule remodelling. It is also yet to be seen
whether the pH-sensitivity of kinesin-1 is lysosome-specific or may extend to other cargo
organelles. Furthermore, it will be interesting to ask whether kinesore-mediated microtubule
sliding activity can be rendered pH-insensitive by pH decoupling mutations in the KHCs.
Whilst the microtubule-sliding phenotype described here is small-molecule induced, there is
good evidence for a role of kinesin-1 mediated microtubule-microtubule sliding in many cell
types, particularly in the repair of neuronal axons following injury.>*® In the future, it will be
interesting to continue these investigations in neuronal systems where the physiological roles

and mechanisms of microtubule-microtubule sliding can be explored.

This work may have future applications in developing tools to boost, augment, or supress
intracellular transport. Molecules to target kinesin-1 in a pH sensitive manner may be useful as
microtubule-targeting agents that are active in specific contexts, for example in the acidic
environment associated with solid tumours. Kinesore is the first molecule to target a
cytoskeletal motor-cargo recognition and autoregulatory mechanism and drive the function of
the motor in promoting microtubule-microtubule sliding. High-affinity analogues of this
compound may have applications analogous to that of the classic microtubule-targeting agents
such as vinblastine or taxol, which are important chemotherapeutic agents and are thought to
have potential in neuronal regeneration.’®*3¢! To take this forward, a mechanistic

understanding of the pH sensitivity of activation will be required.
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7 Discussion and future work

7.1 Key conclusions and critical evaluation of this thesis

Kinesin-1 is a central regulator of subcellular organisation with the capacity to engage a wide

25.28,116 Careful control of kinesin-1

variety of organelle cargoes and remodel the cytoskeleton.
activity is critical for healthy cell function.*?3%? Cargo recognition is interwoven with an
autoregulatory mechanism that maintains the enzyme in an inactive state in the absence of
cargo binding.>>?® To date, it is not known how the transition from the inhibited to active
state(s) 1s regulated. This thesis has employed peptide design to disrupt and augment natural
protein-protein interactions to deliver new insights into kinesin-1 cargo binding and activation.

This section outlines the key conclusions from the work, alongside their potential applications

and limitations, with suggestions for future experiments.

7.1.1 Fragment-linking peptide design yields a high affinity ligand for KLC™Rs

Historically, models of kinesin-mediated transport have focused on motor-microtubule
interactions, with less known about motor-cargo attachment and detachment. More recently,
studies have delivered insights into the mechanisms of cargo recognition and activation through
interactions of cargo adaptor peptides with the kinesin light chain tetratricopeptide repeat
domains (KLCTPRs).2567.68 This has highlighted the cargo adaptor-TPR protein-protein
interaction (PPI) as a possible site for the design of synthetic inhibitors or facilitators to
manipulate intracellular transport. Chapter 3 describes the development of a new structure-
guided, fragment-linking peptide design approach to deliver a high-affinity peptide ligand,
KinTag, that targets the kinesin-1:cargo interface.?®* For this, functional elements of different
natural cargo-adaptor sequences are combined into one peptide. A structure of the
KLC1™R:KinTag complex confirms that both general design features (i.e., shape and charge
complementarity between the peptide and the protein) and sequence specific design features
(i.e., large side chains of the peptide bind into designated pockets of the protein) are realized.
The design yields an order of magnitude increase in binding affinity without dramatically
increasing the interface area, highlighting the utility of fragment linking in peptide design, akin
to that used with small-molecule pharmacophores.?%-16 Importantly, it is possible to retain the
capacity to relieve KLC autoinhibition and activate transport,>*%® demonstrating that complex

functionality can be retained from peptide fragments.
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This design approach may provide a strategy for developing high-affinity peptide ligands for
protein surfaces more broadly, offering an alternative to other techniques, such as affinity
maturation. However, this will be limited to PPIs where a priori structural information is
available from natural ligands. It will also be interesting to determine whether the success of
this approach is due specifically to the conformational flexibility and induced-fit binding of the
TPR domains or whether this can be extended to other (more rigid) domains. Whilst the initial
fragment-linking design attempts were successful, attempts to further improve the design using
in silico saturation mutagenesis proved unsuccessful. In addition, comparison of the
KLC1™R:KinTag complex with natural bound cargo adaptors fails to explain the increased
affinity using both BAlaS and PISA algorithms.?*”->*® It is possible that these failures are due
to an inability of the models to consider the contributions of induced-fit conformational
changes to binding and it will be interesting to see how developments in this field will allow

these limitations to be overcome in the future.

7.1.2 The affinity of motor-cargo interactions determines the extent of transport

Natural motor-cargo adaptor interactions have micromolar affinities when measured in

vitr0.67’68’103’363

It has been proposed that tighter interactions are achieved in the cell
through avidity (e.g. multiple adaptors presented on the cargo) but the hypothesis that adaptor-
motor binding affinity per se is a limiting factor in transport had not previously been formally
tested. Measurement of the transport efficiency of a designed high-affinity peptide ligand has
allowed this question to be answered in Chapter 4. The de novo peptide, KinTag, is effective
in hijacking the transport function of endogenous kinesin motors in cells and delivered cargo
to the periphery of HeLa cells, and into axons of primary neurons, with a high efficiency that
correlates with its enhanced binding affinity.?®? For the first time, this reveals that protein-
peptide binding affinities measured in vitro correlate with the extent of cargo transport in the

cell. This leads to the conclusion that if a motor holds onto its cargo adaptor more tightly, the

cargo is transported more efficiently.

Throughout transport and trafficking networks, similar unitarily low-affinity natural
interactions are supported through co-operativity, avidity and coincidence detection. It is
possible that the design approach introduced by this thesis could be applied to yield high-
affinity ligands for other protein targets for further manipulation of intracellular transport. For

this, the mechanistic basis of these interactions will need to be understood. For kinesin-1, cargo

138



recognition is not limited to cargo adaptor peptide-TPR interactions, but also involves PPIs
with the kinesin heavy chains (KHCs) and protein-lipid interactions between KLCs and
organelle membranes.®47°! Going forward, it will be important to discover how these
mechanisms are integrated in cargo recruitment in the cell and to incorporate this understanding

into quantitative models of kinesin-1 transport.

Whilst Chapter 4 demonstrates the function of KinTag as a tag for both lysosome and
mitochondria transport in the cell, the failed design of fusion proteins incorporating the
sequence onto the surface of other organelles underline, perhaps unsurprisingly, that the
context in which the cargo adaptor peptide is expressed is important for its activity. In the
future, it will be crucial to understand these requirements to allow the widespread application
of this tool to other cargos. In addition, further measurements of KinTag activity, such as motor
velocities and run lengths, will also be important to shed light on the kinetics of transport. To
date, it has not been possible to design a soluble high-affinity kinesin-1 inhibitor. This is an
interesting goal for the future, and it will be important to determine whether a peptide inhibitor
drives a similar microtubule-looping phenotype observed for the cargo-mimetic small

molecule kinesore.

7.1.3 Designed coiled coils can be used as cell-penetrating, localised, peptide tags

If designed peptides are to be used as inhibitors or facilitators of PPIs in natural systems, they
must be able to enter the cell. A major challenge in the design of therapeutic agents is to confer
the capability to cross biological barriers. In Chapter 4, to enable the cellular delivery of peptide
analogues of KinTag, a new cell-penetrating tag is described. This de novo basic peptide
penetrates cells in culture and forms a dimeric coiled-coil interaction with a genetically
encoded acidic partner sequence fused to proteins of interest. This demonstrates that
orthogonal, designed PPIs can be introduced inside the cell through the use of an exogenous
cell-penetrating peptide (CPP). Moreover, a hybrid KinTag-CPP peptide enters cell and is
localized to lysosomes. The capacity of KinTag to recruit kinesin motors results in dispersal of
lysosomes to the cell periphery. This is the first example of a synthetic cell-penetrating high-
affinity kinesin-1 cargo adaptor peptide for the inducible manipulation of organelle transport

in eukaryotic cells.
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Down-regulation of axonal organelle transport is associated with neurodegenerative diseases.
In the future, it may be possible to develop a KinTag derivative as a tag to boost transport of a
specific organelle where this is dysregulated. Currently, the cell-penetrating KinTag transport
system relies on the expression of a genetically encoded bait sequence, in addition to an
exogenous peptide. Whilst this reagent may prove valuable as a research tool for inducible
transport, for future development of therapeutics it will be necessary to develop a cell-
penetrating reagent to target kinesin-1 to a specific organelle without genetic manipulation. For
this, designs would seek to deliver a stable CPP incorporating both the KinTag and an
organelle-targeting sequence. For example, for lysosome transport, based on the success of the
expression of LAMP1-KinTag fusion proteins in Chapter 4, a peptide could be designed to
bind to LAMP1 with high affinity (LBP). This sequence could then be included in a CPP-

KinTag-LBP reagent for the inducible, augmented, transport of lysosomes.

7.1.4 Kinesin heavy chain coiled coils show structural plasticity

Analysis of the interactions between the KHCs and the KLCs in the heterotetrametric kinesin-
1 complex may shed light on how conformational changes linked to cargo-binding in the KLCs
are coupled to downstream activation of the motor. Two KHCs and two KLCs are thought to
interact through coiled coil domains.*® Nonetheless, the structure and arrangement of this
interface remains unknown. In Chapter 5, in silico and in vitro analysis of these sequences is
used to identify and characterise coiled-coil peptides encompassing the minimal interacting
regions. Interestingly, an X-ray crystal structure of a peptide from KHC isoform Kif5B reveals
an antiparallel tetrameric coiled coil. Since this sequence is known to form a parallel dimer in
the full-length protein, this suggests structural plasticity of the sequence, with the capacity to
accommodate multiple oligomeric states. This is likely important for the interaction with the
KLCs in which the KHC homodimer must show flexibility to accommodate a heterotetrameric
arrangement at the interface. This also shows that the sequence has the capacity to be
accommodated in an antiparallel assembly. In addition, modelling predictions of the KHC-
KLC heterotetramer suggest that an antiparallel organisation of helices may be more
energetically favourable. These results begin to question the conventional image of kinesin-1
in which the four chains assemble in a parallel orientation. Further evidence of the KHCs as a
dynamic and flexible platform for PPIs comes from the identification of a universally

conserved polar Glu residue in the hydrophobic core of the KHC coiled-coil, which is sufficient
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to drive the pH-dependent a-helical folding of this sequence. This demonstrates further

flexibility, with structural changes resulting from fluctuations in environmental stimuli.

Evaluation of the models of the KHC-KLC heterotetrameric coiled coil will require
experimental validation. In the time frame available for this work, it was not possible to obtain
a structure or biophysical characterisation of the interface. This was in part due to problems
encountered in obtaining and purifying the peptides and proteins in addition to the challenging
nature of X-ray crystallography of heteromeric systems. Solving the nature of this interface
remains a worthwhile and challenging goal and will be the topic of future research, likely
focussing on the expression of longer sequences. At the time of writing, new insights into the
nature of the kinesin-1 complex from models built in AlphaFold*® and structural data from
electron microscopy studies by Dr Johannes Weijman suggest that the KHC-KLC interface
may be more complex than a discrete heterotetrameric coiled coil. Future models will begin to
incorporate the possibility of hinges in both the KHCs and KLCs causing the coiled coils to

fold on themselves resulting in a multi-helix bundle at the interface.

7.1.5 Kinesin-1 microtubule sliding activity is pH dependent

In addition to its role in organelle transport, kinesin-1 performs a function in sliding pairs of
microtubules relative to one another for regulation of the microtubule network.!2%123:35 Both
kinesin-1 autoinhibition and organelle-transport have been shown to be pH dependent, with
acidification triggering structural changes in the motor and activation of lysosome
transport 33-84110.285.286 T Chapter 6, a cargo mimetic small-molecule, kinesore, is used to

investigate the pH dependence of kinesin-1 microtubule sliding.'*?

These experiments
demonstrate that kinesore-induced microtubule sliding occurs at acidified pH but not under
neutral conditions. The pH-dependence of both the organelle transport and microtubule
remodelling activities suggest that the two are linked in a shared activation mechanism. A
possible model for this is proposed. This involves a common ‘primed’ state, resulting from
cargo binding to the KLCs (e.g. SKIP W-acidic TPR binding) or binding of a cargo-mimetic
small molecule (kinesore) and release of autoinhibition. This ‘primed’ state is hypothesised to
be sensitive to local or global acidification, triggering kinesin-1 activation for organelle

transport or organisation of the microtubule network. To test this, the KHC'AK and KLC?

autoinhibitory motifs have been mutated in transiently expressed proteins in cells to mimic the
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primed state. Transfected cells are sensitive to pH as predicted, with acidification of media

triggering microtubule remodelling.

These results begin to offer a model for the long unexplained mechanism of pH-dependence of
lysosome transport. Whilst the microtubule-sliding phenotype described here is small-
molecule induced, there is good evidence for a role of kinesin-1 mediated microtubule-
microtubule sliding in many cell types, particularly in the repair of neuronal axons following
injury.®® Going forward, it will be interesting to continue these investigations in neuronal
systems where the physiological roles and mechanisms of microtubule-microtubule sliding can

be explored.

7.1.6 A glutamate in the core of the KHC coiled coil confers pH sensitivity

To investigate the mechanism of acidification-driven kinesin-1 activation, in Chapter 6 single
amino-acid mutations are tested for their capacity to uncouple pH-dependence. For this, the
KHC core Glu residue, shown to induce pH-dependent conformational changes of a peptide in
Chapter 5, is mutated to Leu to mimic protonation and echo the canonical residue found at this
position of the coiled-coil sequence repeat. This results in the pH-independent accumulation of
kinesin-1 and co-localisation with lysosomes at the cell periphery. These preliminary results
suggest that this Glu residue in the core of the KHC-KLC interface may play an important role

in the pH sensing capacity of kinesin-1.

The transient transfection approach used in these experiments has limitations due to variable
expression levels resulting in different phenotypes and the additional complication of an
existing pool of endogenous KHCs in the cell. For future studies, it will be important to
examine the effects of pH-decoupling mutations at endogenous expression levels, where the
ratio of motor to its regulators is at natural levels. This could be achieved by CRISPR/Cas9
engineering of the mutations directly into endogenous KHC or through a CRISPR knockout
strategy followed by rescue under the control of an inducible promoter.’** Going forward, it
will also be important to investigate how these pH changes may be achieved in a physiological
setting. It is possible that this could be, in part, due to proton leakage from acidic organelles
altering local pH and activating transport. This will be tied into the question of whether the pH-

sensitivity of kinesin-1 organelle transport is lysosome-specific or may extend to other cargo.
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7.2 Ideas for future work arising from this thesis

Increasingly, evidence is beginning to shed light on both the structure and mechanisms of
activation of kinesin-1. Nonetheless, important questions in cell biology remain around this
complex machine. There is much scope for future work in this field, which remains an area of
active research. Throughout this thesis, future experiments have been described to investigate
the kinetics of cargo attachment and detachment further, the design of cell-penetrating kinesin-
1 ligands to boost axonal organelle transport, the structure of the KHC-KLC interface, and the
mechanism of pH responsive motor activation. In this section, ideas for two new areas of

research arising from this thesis are explored.

7.2.1 Design of kinesin heavy chain cargo adaptor peptides

A recent study from Dimitrova-Paternoga et al. presents the first structural characterization of
a direct cargo adaptor—-KHC interface.”! This reveals that an mRNA cargo adaptor, atypical
tropomyosin (aTml), interacts with KHC at a site immediately downstream of the KLC binding
site. The interaction forms an antiparallel trimeric coiled coil in which one helix of aTm1 binds
in an antiparallel orientation to a parallel KHC homodimer. This new structural insight

highlights the KHC-cargo PPI as a possible target for manipulation through peptide design.

Future work could use coiled-coil design principles to deliver high-affinity KHC ligands as
transport tags or inhibitors. For this, the aTm1 sequence involved in the interaction could be
modified with mutations to incorporate hydrophobic and salt-bridge interactions known to
stabilise canonical coiled coils (Fig.7.1).147243265 By making additional interactions at the
interface the designed peptides should bind with increased affinity over the natural sequence,
allowing them to compete for binding. In addition to rational design, selection of peptide

libraries could be employed to identify high-affinity binders.3¢>-3¢7

If successful, these would
offer de novo or engineered high-affinity cargo-adaptor peptides for the KHCs, to be used
alongside our KLC adaptor, KinTag. It would also be interesting to investigate whether other
kinesin-1 cargoes, known to interact with the KHCs in this region, bind through similar
mechanisms. 3782301 If overlapping cargo-binding sites are identified, the fragment-linking
design approach described in Chapter 3 could also be applied to this interface. This work could
shed light on the poorly understood mechanisms of KHC cargo-recognition. Coiled-coil

interactions are also important in the recognition of cargo by myosin-V and dynein motors.2%-368
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Therefore, it is plausible that this approach could be applied to other motors to develop high-
affinity peptides to target PPIs across the intracellular transport network.

o
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Fig. 7.1| Model of a KHC-cargo adaptor interaction. Model of a de novo cargo adaptor
peptide interacting with the dimeric KHC C-terminal coiled coil in an antiparallel trimeric
arrangement based on mutations to the structure of the aTm1-KHC assembly described by
Dimitrova-Paternoga et al.’!

7.2.2 Design of a hybrid motor protein

The ultimate test of understanding any natural system is to build a mimic of it from scratch.
The growing field of synthetic biology seeks to address this by building synthetic proteins that
mimic the functional dynamics of natural proteins and integrating these into biological systems
to perform new functions. A goal for the future could be to apply insights from the kinesin-1
motor for the design of self-regulated, cargo-activated, protein machines that can perform

transport functions within the complex cellular milieu.

Using insights from Chapters 5 and 6, designs could aim to reduce the complexity of the KHC-
KLC coiled-coil interface whilst capturing its salient features. Robust de novo coiled coils from
the Woolfson lab, which have been characterised by X-ray crystallography (Fig. 7.2 a, b), could
be employed in the design of a homodimer that harbours a cryptic pH-dependent hetero-
tetramerization region, i.e. analogous to the KLC-binding region of KHC (Fig. 7.2 c¢). In
turn, this would recruit a second coiled-coil sequence analogous to KLC. This construct could
be engineered into a hybrid motor protein through coupling to the kinesin-1 ATPase motor
domains (Fig. 7.2 d). Mechanistic understanding of cargo-binding and autoinhibition from

Chapters 3 and 4 could also be employed to incorporate orthogonal cargo recognition and
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regulation into the design, e.g., through additional coiled-coil interactions or designed
armadillo repeat proteins (dArmRPs) (Fig. 7.2 e). Sophisticated regulatory mechanisms such
as phosphorylation®®® could also be introduced and motors of opposite directionality or that
utilise other cytoskeletal tracks such as myosins and actin incorporated. The key challenge of
this design would be making the components work together in cells, requiring fine tuning of
interactions between the natural and designed components. If successful, the design of a self-
regulated, cargo-activated motor that functions in mammalian cells would represent a

significant milestone in motor-protein design and engineering.

cryptic

tetramer i i

Fig. 7.2| Design of a hybrid motor protein. a, X-ray crystal structures of Woolfson group de
novo designed homomeric parallel dimeric and tetrameric and antiparallel tetrameric coiled
coils.?%> b, Illustration of heteromeric coiled coils from the structures in a, designed and
characterised in solution. ¢, Design of a dimeric scaffold harbouring a cryptic tetramer d, X-
ray crystal structures of kinesin-1 dimeric motor domains, PDB:3KIN.37" e, X-ray crystal
structures designed armadillo repeat protein for tuneable cargo recognition/inhibition
(Pliickthun lab).371372
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8 Appendix

8.1

Peptide characterisation

TAMRA-J-S(Y) GTEDIYEWDDSALI, Calculated Mass: 1924.96 Observed Mass: 1926.78.
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TAMRA-J-S(L) GTEDILEWDDSALI, Calculated Mass: 1874.95 Observed Mass: 1876.81.
HPLC plotted from 2 mins due to injection peak
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TAMRA-T-J-S(Y) GTVFTTEDIYEWDDSALI, Calculated Mass: 2373.48 Observed Mass:
2374.87. HPLC plotted from 2 mins due to injection peak
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TAMRA-T-J-S(L) GTVFTTEDILEWDDSALI, Calculated Mass: 2323.46 Observed Mass:
2325.06. HPLC plotted from 2 mins due to injection peak
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TAMRA-R6-KinTag RRRRRRGTVFTTEDIYEWDDSALI, Calculated Mass:
3310.59 Observed Mass: 3312.53. HPLC plotted from 2 mins due to injection peak
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TAMRA-KinTag-R8 GTVFTTEDIYEWDDSAIRRRRRRRR, Calculated Mass:
3252.57 Observed Mass: 3253.72. HPLC plotted from 2 mins due to injection peak
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TAMRA-KinTag-R2 GTVFTTEDIYEWDDSAIRR, Calculated Mass: 2685.85 Observed
Mass: 2686.22. HPLC plotted from 2 mins due to injection peak
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TAMRA-KinTag-R6 GTVFTTEDIYEWDDSAIRRRRRR, Calculated Mass:
3310.59 Observed Mass: 3313.24. HPLC plotted from 2 mins due to injection peak
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Mass: 2686.60. HPLC plotted from 2 mins due to injection peak
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TAMRA-KinTag-R4 GTVFTTEDIYEWDDSAIRRRR, Calculated Mass: 2998.22 Observed
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Mass: 2998.36. HPLC plotted from 2 mins due to injection peak
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TAMRA-R8-KinTag RRRRRRRRGTVFTTEDIYEWDDSALI, Calculated Mass:
3622.97 Observed Mass: 3621.11. HPLC plotted from 2 mins due to injection peak
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TAMRA-apCC-Di-B GQLKQRRAALKQRIAALKQRRAALKWQIQG, Calculated Mass:
3527.19 Observed Mass: 3526.08.
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TAMRA-KinTag-apCC-Di-B
GTVFTTEDIYEWDDSAITGSTGSGQLKQRRAALKQRIAALKQRRAALKWQIQG,
Calculated Mass: 6332.06 Observed Mass: 6331.38
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Kif5C77-80¢ GREQAREDLKGLEETVSRELQTLHNLRKLYG, Calculated Mass: 3681.08

Normalized Intensity (%)

Normalized Intensity (%)

Observed Mass: 3681.14. HPLC plotted from 2 mins due to injection peak
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Kif5C777-304 E794L GREQAREDLKGLEETVSRLLQTLHNLRKLYG, Calculated Mass:
3665.12 Observed Mass: 3665.10. HPLC plotted from 2 mins due to injection peak
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Kif5B767-805 Q780Y EF, TVMQDRREQARYDLKGLEETVAKELQTLHNLRKLFVQ,
Calculated Mass: 4741.39 Observed Mass: 4743.25. HPLC plotted from 2 mins due to

injection peak
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KLC1104-141 €144 GQKLRAQVRRLAQENQWLRDELANTQQKLQKSEQSVAQLEG,
Calculated Mass: 4818.33 Observed Mass: 4817.96. HPLC plotted from 2 mins due to

injection peak
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CCDi'-KIF5C777-304 GEIAALKQEREQAREDLKGLEETVSRELQTLHNLRKLWG,
Calculated Mass: 4587.12 Observed Mass: 4588.50
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CCDi2-KIF5(C777-804
GENAALKQEIAALKQEREQAREDLKGLEETVSRELQTLHNLRKLWG, Calculated
Mass: 5341.95 Observed Mass: 5345.597
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CCDi*-KIF5C77-804 GEIAALKQENAALKQEIAALKQEREQARED
LKGLEETVSRELQTLHNLRKLWG, Calculated Mass: 6095.84 Observed Mass: 6099.66
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TAMRA-KIF5CAK EAVRAKNMARRAHSAQIAKPIRPGHY , Calculated Mass:
2970.43 Observed Mass: 2970.32. Two peaks in HPLC are TAMRA isomers
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TAMRA-KIF5CRIAKR EAVRAKNMARRARSAQIAKPIRPGRY , Calculated Mass:
3008.52 Observed Mass: 3008.12. Two peaks in HPLC are TAMRA isomers

Normalized Intensity (%)

100 4 1000000
=)
<
3
80 = 500000
g
60 0
2.5 5.0 75 100 125 150 175 20.0
401 400000
=) l
=4
20 A J 2 200000
8
@
i T o
0 < 0
1000 1500 2000 2500 3000 3500 4000 4500 5000 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Mass (Da) Time (min)

174



TAMRA-KIF5CAAK-A EAVRAKNMARRAASAQIAKPIRPGAY , Calculated Mass:
2838.3 Observed Mass: 2838.23. Two peaks in HPLC are TAMRA isomers
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8.2 Protein purification
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Elution profiles from Ni affinity (left) and size exclusion (right) chromatography.
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Analogous profiles were obtained for KLC1™R, KLC1ext™R and KLC2ext™™R

CC-Di-Gs-KLC1%15! CC-Di-Gs-Kif5B707-8%,
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8.3 Crystallography tables

Table 8.1 Data collection
Data set KLC1™R:KinTag
Beamline 103 (DLS)
Wavelength (A) 0.97625
Resolution range (A) 111.32-2.85
Highest res. bin (A) (2.90-2.85)
Space group P212121
Cell dimensions (A) 101.73, 107.53, 222.65
Unique reflections 57529
(2758)
Overall redundancy 4.5
(4.4)
Completeness, (%) 99.3
(97.1)
Rmerge, (%) 1.4
(154.3)
Rpim (1), (%) 6.3
(88.9)
CC1/2, (%) 994
(36.5)
(lo(l) ) 8.0
(1.2)
Wilson B factor (A?) 46.7
Refinement
PDB code 6SWU
Rfactor (%)/Rfree(%) 20.1
24.3
# non-H atoms 13791
rmsd bond lengths (A) 0.008
rmsd bond angles (°) 1.421
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Table 8.2

Data collection

Data set Kif5B767-805 Q780Y
Beamline 103 (DLS)
Wavelength (A) 0.9795
Resolution range (A) 45.31 -1.75
Highest res. bin (A) (1.813 -1.75)
Space group P212121
Cell dimensions (A) 41.35, 44.99, 90.61
Unique reflections 17672
(1739)
Multiplicity 9.0
(9.3)
Completeness, (%) 99.93
(100.00)
Rmerge, 0.07288
(0.6338)
Rpim (1) 0.02613
(0.2141)
CC1/2, (%) 0.999
(0.922)
(lo(l) ) 11.48
(0.43)
Wilson B factor (A2) 35.4
Refinement
Rwork 02431
Rfree 0.2961
# non-H atoms 1268
rmsd bond lengths (A) 0.046
rmsd bond angles (°) 2.6
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8.4 KinTag saturation mutagenesis

Table 8.3
Kp/pM
SKIP GSTNLEWDDSATI 7.33
J-S(Y) GTEDIYEWDDSAI 1.05
T-J-S(Y) GTVETTEDIYEWDDSAI 0.26
T-J-S(L) GTVFTTEDILEWDDSAT 1.27
GTAFDVADAYEWDDEAT 0.80
GTAFDVADQYEWDDAAT 0.45
GTAFDVKDQYEWDDEAT 0.97
GTAFDVKDQYEWDDQAT 2.04
GTVEFTNEDIYEWDDSAI 0.56
GTVFETTEDIYEWDDYAT 0.19
GWVETTEDIYEWDDSAT 0.30
GTVEFTWEDIYEWDDSAI 0.29
1.0

AFP / mP
o
a
AFP /| mP
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8.5 Publications
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