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Abstract

Microtubules are large, multimeric, hollow tubes made of tubulin found in all eukaryotic cells.
They are integral to DNA segregation, organelle localisation and intracellular cargo transport.
Microtubules are rich in post-translational modifications (PTMs), particularly along tubulin C-
terminal tails, which modulate dynamics, protein recruitment and motor protein processivity.
These modifications make up the Tubulin Code, which encodes a set of signals that result in
specific and consistent changes in factors such as microtubule stability and levels of protein
recruitment. The current understanding of each modifications effect is limited, due to
limitations in both in vitro and in silico methods. Atomistic molecular dynamics (MD)
simulations of microtubules have only been possible for the last 10 years, meaning aspects
such as the effect of PTMs on microtubule dynamics are yet to be fully explored. This project
presents a method for building and parameterising post-translationally modified microtubules
for atomistic MD simulations. This was used to generate 100 ns simulations of a
7-protofilament model (PF Sheet) with either 10 residue poly(glycine) or poly(glutamate)
chains. These were compared against an unmodified 13-protofilament microtubule simulation.
These simulations showed the ends of both models curve away from the centre, caused by
the plus end GDP-cap. Negatively charged poly(glutamate) chains positioned between
protofilaments were found to interfere with inter-protofilament salt bridges, causing model to
break apart. The smaller model flattened out during each simulation, which was not observed
in the Short MT simulation, adding to existing evidence that microtubule fragment models do

not accurately represent complete microtubules in atomistic simulations.
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Introduction

Microtubules are a class of filament found in all eukaryotic cells that play a key role in
intracellular transport, localisation of organelles and segregating DNA strands during mitosis.
Microtubules are made of a-p tubulin heterodimers, which polymerise in an alternating fashion
to form protofilaments. These protofilaments are stacked next to each other in a staggered
fashion, forming offset a-a and B-B inter-protofilament interactions. The resulting quaternary
structure is a hollow tube, along which molecular motors like kinesin and dynein can travel
(Fig. 1A and 1B). This review will focus on the structure of microtubules, how they assemble
and disassemble, what kinds of post-translational modifications (PTMs) exist and how these

modifications can alter interactions with binding partners.

Microtubule Structure

The building blocks for all microtubules is the a- tubulin heterodimer. The human genome
contains at least 8 a-tubulin encoding genes and 10 B-tubulin encoding genes, scattered
across 10 different chromosomes (HUGO Gene Nomenclature Committee (HGNC), 2021,
Tweedie et al., 2021). Each tubulin isoform has a slightly different mass, but all are close to
50 kDa (Margolis and Wilson, 1981). These isoforms are closely related in overall structure
and sequence. Both bind GTP, mediated by a 7-residue nucleotide binding site (GGGTGSG)
that occurs at residues 142-148 in a-tubulin and 140-146 in B-tubulin (Cowan et al., 1983;
Ranganathan et al., 1998). GTP bound to a-tubulin is non-exchangeable, whereas GTP bound
to B-tubulin is readily hydrolysed to GDP in the microtubule and exchanged with free GTP on

non-polymerised tubulin heterodimers (Léwe et al., 2001).

Individual tubulin heterodimers are stacked end-to-end to form long strands called
protofilaments, which have an alternating a- B- tubulin pattern. This asymmetry imbues
protofilaments an inherent polarity, with B-tubulin at the growing plus end and a-tubulin found

at the opposite minus end. Protofilaments are stacked next to each other in parallel, forming
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a hollow cylinder with a-a and B-f8 interactions between protofilaments. Lateral protofilament-
protofilament interactions are mediated by salt bridges (a combination of ionic and hydrogen
bonding), formed between the side chains of positively charged residues on the M-loops on
one protofilament (e.g., a-tubulin Lys 280 or B-tubulin Arg 284) and negatively charged
residues on the H1’-S2 (e.g., B-tubulin Glu 55) and H2-S3 (e.g., a-tubulin Glu 90) loops on the
neighbouring protofilament (Nogales et al., 1999; Loéwe et al., 2001; Sui and Downing, 2010).
These loop-loop salt bridges are further stabilised in a-tubulin through stabilisation of the
M-loop itself by H6 and the S9-S10 loop (Sui and Downing, 2010). Similar stabilisation of
B-tubulin can be achieved through the use of paclitaxel (Taxol), an antitumour drug that binds
to a taxane pocket formed by helix H7 and the H6-H7, S9-S10 and M loops (Léwe et al., 2001;

Prota, Bargsten, et al., 2013).

Protofilament stacking is slightly staggered, allowing them to pack together more closely,
giving the overall structure a helical arrangement. This creates a seam along the entire length
of a microtubule, along which the a-tubulin of one protofilament directly interacts with 3-tubulin
of the adjacent protofilament (Fig. 1A). A consensus on whether the lateral o-§ interactions at
the seam are weaker than in the rest of the lattice has not been reached, as evidence has
been published that both supports (Katsuki et al., 2014; Alushin et al., 2014) and counters (Sui
and Downing, 2010; Harris et al., 2018) this claim. Overall, the non-covalent linkages between
protofilaments imbue microtubules with both structural rigidity and enough flexibility to resist

mechanical breakage (Sui and Downing, 2010).

Microtubule polymerisation is a process that involves the addition of free tubulin heterodimers
to the plus end of a microtubule. In vitro polymerisation occurs in three discrete steps: the slow
nucleation phase in which many tubulin heterodimers form a stable aggregate; a rapid
elongation phase in which heterodimers are rapidly added to the plus end of the new
microtubule; and a steady state in which the rate of assembly (addition of heterodimers to the

plus end) and disassembly (loss of heterodimers from the minus end) reaches equilibrium
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(Alberts et al., 2002). In the steady state, tubulin heterodimers appear to travel along the

microtubule, resulting in a phenomenon known as “treadmilling” (Margolis and Wilson, 1981).

14 nm

8 nm

40 nm

25 nm

Figure 1. Dimensions of a microtubule. (A) 3D representation of a microtubule, highlighting the approximate
height of a tubulin heterodimer (8 nm), and a 5-heterodimer protofilament (40 nm). The helical pitch of the resulting
microtubule is 12 nm. a- and 8- tubulin heterodimers are shown in purple and pink, respectively. The seam (dotted
red line) occurs where the a-tubulin along one protofilament is adjacent to the B-tubulin of the neighbouring
protofilament. (B) Open tridecagonal (13-sided) prism representative of the simplified shape of a 13-protofilament

microtubule, highlighting the inner and outer diameters of the molecule (14 nm and 25 nm, respectively).
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Tubulin Diversity

Different variations of the main tubulin isoforms (e.g., a- and B- tubulin) are known as isotypes
(e.g., a-tubulin 1A, 1B, 1C, etc.). Tubulin isotypes are encoded in different genes and have
small variations in amino acid sequence but are still considered variants of a tubulin isoform
(Fig. 2A). For example, TUBB and TUBB1 both encode B-tubulin isotypes, however TUBB is
located on chromosome 6 and encodes a 444-residue 3-tubulin isotype, whereas TUBB1 is
located on chromosome 20 and encodes a 451-residue B-tubulin isotype
(Deloukas et al., 2001; UniProt, 2001; Mungall et al., 2003; UniProt, 2004). Homology between
the 8 a-tubulin and 10 B-tubulin isotypes is relatively high. Within each isoform, several
stretches of residues are identical between all isotypes, with many of the differences between
isotypes arising from substitutions of similarly charged amino acids. The least similar pair
a-tubulin isotypes (a8 and a3E) share 89.51% of their amino acid sequences, whereas the
least similar pair of B-tubulin isotypes (1 and B8B) share 75.45% of their amino acid
sequences (Fig. 2B). The sequence of the nucleotide binding site (GGGTGSG) is completely

conserved across all isotypes of both isoforms of the protein.

Microtubules can be made up of any combination of tubulin isotypes, occurring at any point
along a protofilament. Expression patterns for each isotype differ between cell types. For
example, the B-tubulin 1 (TUBB1) gene is expressed specifically in platelets. Point mutations
in this gene, leading to replacement (F260S, R307H or R318W) or nonsense (Q423%)
mutations, are known to result in disordered microtubule formation, and have the potential to
lead to defective platelet production and macrothrombocytopaenia (Kunishima et al., 2009;
Kunishima et al., 2014; Fiore et al., 2017). Isotype composition can also influence the number
of protofilaments which comprise a microtubule. Protofilaments made of a1B-p2B
heterodimers tend to assemble into 14-protofilament microtubules, whereas ones made of
a1B-B3 heterodimers show a preference for 13-protofilament microtubule formation
(Ti et al., 2018). The B3 tubulin isotype is expressed primarily in brain cells (NIH National

Library of Medicine, 2023; Gene ID: 10381). Overexpression of this isotype is common in
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certain types of cancers, which can cause issues as it is resistant to common taxane-based
antitumor drugs, such as paclitaxel and docetaxel (Stengel et al., 2010; Ploussard et al., 2010;

Maahs et al., 2019).

The C-terminal tail (CTT) is a highly disordered region of tubulin with higher variability in amino
acid sequence (Fig. 3). a-tubulin CTTs are between 10-13 residues in length, and often feature
a terminal tyrosine residue, preceded by two glutamic acid residues. B-tubulin isotypes feature
longer CTTs of between 18 and 24 residues and are typically capped with an alanine residue.
a- and B- tubulin CTTs are rich in glutamic acid residues, giving this region of the protein an
overall negative charge. These glutamic acid residues are the sites of two important post-
translational modifications: mono- or poly- glutamylation and glycylation (Redeker et al., 1994;
Mary et al., 1997). Three different types of microtubules occur naturally. The most common is
the singlet microtubule, generally comprising of 13 protofilaments, which is involved in the
transport of large cargoes such as organelles in cells and the axonal transport of synaptic
vesicles from neuron cell bodies to the synaptic cleft (Lasser et al., 2018). Microtubule
doublets are found at the base of cilia and flagella and are composed of a complete 13
protofilament microtubule with an additional 9 protofilament segment fused to the outside,
forming a second incomplete ring (Cavalier-Smith, 1974). Microtubule triplets are found in
basal bodies and centrioles, and have two additional 10 protofilaments segments attached

(Li et al., 2012).
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Tree scale: 0.1 ——— A

~sp P07437 TBB5 HUMAN Tubulin beta chain
-sp P68371 TBB4B HUMAN Tubulin beta 4B chain
-sp P04350 TBB4A HUMAN Tubulin beta 4A chain
-sp Q9BVA1 TBB2B HUMAN Tubulin beta 2B chain
~sp Q13885 TBB2A HUMAN Tubulin beta 2A chain
-sp ABNNZ2 TBB8B HUMAN Tubulin beta 8B
~sp Q3ZCM7 TBB8 HUMAN Tubulin beta 8 chain
-sp Q9BUF5 TBB6 HUMAN Tubulin beta 6 chain
~sp Q13509 TBB3 HUMAN Tubulin beta 3 chain
-sp Q9H4B7 TBB1 HUMAN Tubulin beta 1 chain
,—- -sp QINY65 TBA8 HUMAN Tubulin alpha 8 chain
-sp P68366 TBA4A HUMAN Tubulin alpha 4A chain
~sp Q9BQE3 TBA1C HUMAN Tubulin alpha 1C chain
~sp P68363 TBA1B HUMAN Tubulin alpha 1B chain
-sp Q71U36 TBA1A HUMAN Tubulin alpha 1A chain
~sp PODPH7 TBA3C HUMAN Tubulin alpha 3C chain
-sp Q6PEY2 TBA3E HUMAN Tubulin alpha 3E chain
~sp PODPH8 TBA3D HUMAN Tubulin alpha 3D chain

a-Tubulin Isotypes

TUBA3E TUBA3D TUBA3C TUBA4A TUBA1C TUBA1B TUBA1A

TUBAS8 89.51 90.85 90.85 89.69 89.93 90.20 90.20
TUBA3E | 89.51 93.06 94.87 95.78 96.22
TUBA3D | 90.85 94.18 96.21
TUBA3C | 90.85 94.18 96.21

TUBA4A | 89.69 94.18 94.18
TUBA1C | 89.93 94.87 96.21 96.21

TUBA1B | 90.20 95.78
TUBA1A | 90.20 96.22

B-Tubulin Isotypes

95.74 96.43 95.98

TUBB1 TUBB8B TUBB8 TUBB6 TUBB3 TUBB2B TUBB2A TUBB TUBB4B TUBB4A
TUBB1

TUBB8B
TUBB8
TUBB6
TUBB3

TUBB2B

TUBB2A

TUBB

TUBB4B

TUBB4A

I

Figure 2. Tubulin isotypes are closely related. (A) Phylogenetic tree for 18 tubulin encoding genes (8 a-tubulin,
10 B-tubulin), generated using NGPhylogeny.fr (Lemoine et al., 2019). Branch length indicates genetic diversity,
with longer branches indicating a higher degree of genetic change. (B) Percentage protein sequence identity
matrices for 8 a-tubulin and 10 B-tubulin subunits, generated with Clustal 2.1 (Larkin et al., 2007). The lowest

sequence identity percentages are highlighted with bold text.
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Figure 3. C-terminal tail sequences are variable between tubulin isotypes. Adapted from Wehenkel and
Janke (2014). Aligned sequences of the C-terminal tails of 8 a- and 10 B - tubulin isotypes, highlighting the

properties of each residue and potential modification sites. Residues are represented by their single-letter codes.

Microtubule Dynamics

Microtubules nucleate from microtubule-organising centres (MTOC), found at different stages
throughout the cell cycle as well as at the bases of flagella and cilia (Stearns et al., 1976;
Brinkley, 1985). In interphase cells a single centrosome is positioned near the nucleus, from
which microtubules sprout in all directions towards the cell periphery. The minus ends of
MTOC-originating microtubules are anchored within the MTOC, with the plus ends extending
outwards (Mitchison and Kirschner, 1984b). Neuronal microtubules are released from
centrosomes (Yu et al., 1993). Axonal microtubule, originating from centrosomes, segments
all have the same polarity, with plus ends pointed towards the presynaptic membrane,
whereas in dendritic segments, originating from Golgi outposts, are more likely to exist in
mixed orientations (Baas et al., 1988; Burton, 1988; Yu et al., 1993; Delandre et al., 2016).
Basal bodies are the origin of doublet and triplet microtubules extending toward the tip of the

protrusions (Li et al., 2012).
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The length of microtubules in vivo is highly variable, stemming from a process called dynamic
instability (Mitchison and Kirschner, 1984a). Microtubules experience events known as
catastrophe and rescue. Catastrophe involves a growing microtubule suddenly shrinking at a
rate of approximately 50 heterodimer lengths (8 nm) per second, caused by the hydrolysis of
B-tubulin-bound GTP at the growing end (Margolin et al., 2012). In vitro studies have shown
protofilaments capped with GDP-B-tubulin at the plus end begin to peel away, causing short
protofilament strands to be released and resulting in a swift decrease in length (Mandelkow et
al., 1991). B-tubulin-bound GDP can dissociate from the nucleotide binding site, once
depolymerised, allowing GTP to repopulate the site. Regenerated GTP-B-tubulin can then be
reincorporated into another microtubule, through polymerisation at the plus end, in a process
known as rescue. Interactions between several loop regions on neighbouring protofilaments
promote a more stable microtubule structure, improving resistance to catastrophe (Sui and
Downing, 2010). Whilst growing microtubules are capped with GTP-B-tubulin, B-tubulin
subunits in the body of the microtubule contain GDP. The energy released from GTP
hydrolysis by B-tubulin subunits is stored as structural strain within the microtubule lattice,
which helps maintain the rigidity of the structure and can be harnessed to transport
chromosomes towards the mitotic spindle during mitosis (Koshland et al., 1988; Igaev and

Grubmuller, 2020).
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Post-translational modifications and the Tubulin Code

Microtubules are highly post-translationally modified in vivo (Table 1). Polyglutamylation
(poly(E)) and polyglycylation (poly(G)) can occur on any CTT glutamate residue, on both a-
and B- tubulin. Poly(E) tubulin helps upregulate kinesin binding and processivity, as well as
modulating spastin (microtubule severing protein) recruitment (Sirajuddin et al., 2014;
Valenstein and Roll-Mecak, 2016). Poly(G) tubulin is heavily associated with axonemal
stability (Redeker et al., 1994; Grau et al., 2013), primary cilia formation in mammals and has
been shown suppress colon tumourigenesis (Rocha et al., 2014). The length of these
modifications, in some cases, can be longer than the CTTs themselves. Poly(E) chains of up
to 21 residues and poly(G) chains of up to 40 residues have been observed

(Schneider et al., 1998; Wall et al., 2016).

The N-terminal Glu or Gly residues of poly(E) and poly(G) PTMs is linked to the y-carboxyl
group of a CTT Glu residue via a y-linkage (Wolff et al., 1994; Zhuang et al., 2022) (Fig. 4).
Subsequent Gly residues in poly(G) PTMs are linked via the main chain of the residues
(a-linkage). The additional Glu residues in poly(E) PTMs can either be linked via the main
chain (poly(aE)), or via the y-carboxyl group of the previous Glu residue in the PTM (poly(yE)).
poly(aE) is the most common isomer of the poly(E) PTM, however poly(YE) has been observed
on neuronal tubulin CTTs (Wolff et al., 1994). The exact length of poly(E) chains modulates
spastin-mediated microtubule severing though a graded, biphasic response curve
(Valenstein and Roll-Mecak, 2016). Short poly(E) chains (1-8 residues) promote spastin
activity, with activity improving as chain length tends towards 8 residues. Past 8 residues,
spastin activity is inhibited, with longer poly(E) chains having a greater inhibitory effect
(Valenstein and Roll-Mecak, 2016). It is even possible for tubulin heterodimers lacking
polyglutamylation to be shielded from spastin-mediated severing though heavy glutamylation

on neighbouring heterodimers (Valenstein and Roll-Mecak, 2016).



Modification sites
Acetylation

a-Tubulin Lys40

(LeDizet and Piperno, 1987)

B-Tubulin Lys252
(Chu et al., 2011)

Methylation

a-Tubulin Lys40
(Park et al., 2016)

Detyrosination

a-Tubulin C-terminal Tyr residue

18

Forward enzymes

a-Tubulin acetyltransferase 1 (ATAT1)
(Akella et al., 2010; Shida et al., 2010)

San acetyltransferase
(Chu et al., 2011)

SET domain-containing protein 2 (SETD2)
(Park et al., 2016)

Vasohibin (VASH) proteins in complex with small
vasohibin-binding protein (encoded by SVBP)
(Aillaud et al., 2017; Nieuwenhuis et al., 2017; Adamopoulos
et al,, 2019; Liao et al., 2019; Li et al., 2019; Wang et al.,
2019; Zhou et al., 2019)

Generation of A2-tubulin and A3-tubulin
(removal of C-terminal Glu residues from detyrosinated a-tubulin)

a-Tubulin penultimate C-terminal
Glu residues

Cytosolic carboxypeptidases (CCPs) (encoded by
AGTPBP1, AGBL1, AGBL2, AGBL3, AGBL4 and
AGBL5)

(Kimura et al., 2010; Rogowski et al., 2010; Tort et al., 2014)

Glutamylation or polyglutamylation
(addition of Glu to y-carboxy group of Glu side chains and chain elongation by further addition of Glu residues)

a-Tubulin and B-tubulin C-terminal
tails (multiple Glu residues can be
modified)

(Eddé et al., 1990; Alexander et al.,
1991; Rudiger et al., 1992)
Glycylation or polyglycylation

Tubulin-tyrosine ligase-like (TTLL) proteins, multiple
members in most organisms (9 glutamylases in
mammals)

(Janke et al., 2005; Ikegami et al., 2006; van Dijk et al., 2007)

Reverse enzymes

Histone deacetylase 6 (HDACS6);
sirtuin 2 (SIRT2)

(Hubbert et al., 2002; North et al., 2003)
Not known

Not known

Tubulin—tyrosine ligase (TTL)
(Ersfeld et al., 1993)

No reverse reaction known to date.
Tyrosination of A2-tubulin by TTL is
not possible.

(Paturle-Lafanechere et al., 1991;

Prota et al., 2013)

CCPs, multiple members in most
organisms (6 deglutamylases in
mammals)

(Kimura et al., 2010;

Rogowski et al., 2010; Tort et al., 2014)

(addition of Gly to y-carboxy group of Glu side chains and chain elongation by further addition of Gly residues)

a-Tubulin and B-tubulin C-terminal
tails (multiple Glu residues can be
modified)

(Redeker et al., 1994; Bre et al., 1996)
Polyamination

TTLL proteins, multiple members in most organisms
(3 glycylases in mammals)

(Wloga et al., 2009; Rogowski et al., 2009;

Ikegami and Setou, 2009)

(addition of polyamines to the y-carboxamide group of GiIn side chains)

a-Tubulin and B-tubulin, major
modification site B-tubulin GIn15
(Song et al., 2013)
Phosphorylation

Transglutaminases
(Song et al., 2013)

(addition of phosphate group to Ser, Thr or Tyr)

B-Tubulin Ser172
(Fourest-Lieuvin et al., 2006;
Ori-McKenney et al., 2016)

B3-Tubulin Ser444
(Luduefia et al., 1988)
a-Tubulin Tyr432

(Peters et al., 1996)
a-Tubulin and B-tubulin Tyr
residues (not identified)
(Akiyama et al., 1986;

Matten et al., 1990)
Ubiquitinylation

Cyclin-dependent kinase 1 (CDK1);

Dual-specificity tyrosine-regulated kinases (DYRK1A,

Minibrain)
(Fourest-Lieuvin et al., 2006; Ori-McKenney et al., 2016)
Not known

Spleen tyrosine kinase (SYK)

(Peters et al., 1996)

Neuronal proto-oncogene tyrosine-protein kinase
SRC

(Akiyama et al., 1986; Matten et al., 1990)

(addition of ubiquitin to Lys residues of tubulin)

a-Tubulin, major modification site
Lys304

(Ren et al., 2003; Huang et al., 2009)
SUMOylation

Not known

(addition of SUMO to Lys residues of tubulin)

a-Tubulin (modification site
unknown)

(Rosas-Acosta et al., 2005)
Palmitoylation

Not known

(addition of long-chain fatty acid palmitate to Lys residues of tubulin)

a-Tubulin, major modification site
Lys376 (Ozols and Caron, 1997)

Table 1. Tubulin post-translational modifications and associated enzymes. Taken from Janke and Magiera

(2020).

Not known

No reverse reaction or enzymes
known

No reverse reaction or enzymes
known

Not known

Not known
Not known

Not known

No reverse reaction or enzymes
known

No reverse reaction or enzymes
known

No reverse reaction or enzymes
known
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Figure 4. Poly(a-) and poly(y-) glutamic acid side chains. Skeletal structure of a segment of tubulin 3 CTT,
showing a potential polyglutamylation site, and the possible isoforms of this PTM. Ry and Rz represent the rest of
the protein sequence in the N- and C- terminal directions, respectively. Poly(aE) chains have peptide bonds
connecting adjacent glutamate residues via the main chain. Poly(yE) chains have isopeptide bonds connecting

their side chains to adjacent glutamates.

An important microtubule acetylation site is a-tubulin K40, which is located inside the
microtubule lumen. Acetylation at this site causes changes the conformation of the K40 loop,
moving it 8 A away from the neighbouring a-tubulin M-loop and weakening any stabilising
electrostatic interactions between the two regions (Eshun-Wilson et al., 2019). The result of
these weaker interactions is a more flexible microtubule that is less likely to break due to

mechanical stress (Eshun-Wilson et al., 2019).

Most a-tubulin-associated genes encode for a C-terminal tyrosine residue. The presence or
absence of this residue can affect which motor proteins bind to and walk along a given
microtubule. Detyrosination is catalysed by vasohibins (VASH) in complex with a small

vasohibin-binding protein (SVBP) (Nieuwenhuis et al., 2017). Kinesin-1, responsible for
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anterograde cargo transport (minus end to plus end), has been shown to preferentially bind
detyrosinated microtubules, and have increased velocity along detyrosinated microtubules
when compared to tyrosinated and acetylated microtubules (Dunn et al., 2008; Kaul et al.,
2014). The dynein/dynactin/BICD2 complex, responsible for retrograde cargo transport
(plus end to minus end), has been shown to require tyrosination in order to initially bind to a
microtubule, but is able to walk along microtubules that are detyrosinated after binding
(McKenney et al., 2016). Complete detyrosination of a microtubule has been shown to protect
it from kinesin-13 mediated depolymerisation, which recognises tyrosinated tubulin as it
substrate (Peris et al., 2009). Detyrosination has recently been linked to the polyglutamylation
of a-tubulin, with the increase in negative charges localised to the CTT enhancing
VASH/SVBP complex activity (Ebberink et al., 2022). Longer poly(E) chains have also been

linked with increased VASH/SVBP efficiency (Ebberink et al., 2022).

The ‘tubulin code’ was first hypothesised by Verhey and Gaertig (2007). This theory states
that a unique code is formed through variations in the isotype composition of a microtubule
and the presence or absence of different PTMs along a microtubule. Differences in these two
factors can directly regulate the structure and dynamics of a microtubule, by modulating
stability and resistance to mechanical strain, and indirectly though the recruitment of
microtubule-associated proteins (MAPs) that either stabilise, destabilise, or depolymerise the

lattice (Verhey and Gaertig, 2007).
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In vitro vs. in silico

Microtubules are often studied in vitro, where exact cellular conditions cannot be perfectly
replicated for several reasons. In vifro experiments may not include one or more
adapter/helper proteins, that may have not even been discovered yet, normal be present
in vivo (Janke and Magiera, 2020). Little is known about how combinations of PTMs interact
with each other, whether constructively or destructively. In a few cases, specific tubulin
isotypes have been identified as important in certain cell types, however we lack a complete
understanding of why each isotype is present in what amount across microtubule populations
and between different cell types. Finally, it can be difficult to control the location and incidence
of PTMs along a single microtubule, and across a population of microtubules experimentally.
Whilst the number of forward and reverse enzymes discovered to interact with tubulin is ever
increasing, we still do not have a full list. One or more of these issues have the potential to
cause the results of in vivo and in vitro studying the same PTM to produce contradicting results

(Janke and Magiera, 2020).

There are some examples of MD simulations being used to investigate microtubules, however
due to technical limitations, it has not been possible to produce atomistic simulations of
microtubules until the last 5-10 years, meaning this technique has been used less frequently
than in vivo or in vitro techniques. In one of the few examples of studying the effects of tubulin
C-terminal tail PTM composition, Bigman and Levy (2020) showed that End-Binding Protein 1
(EB1) and Protein Regulator of Cytokinesis 1 (PRC1) diffuse more slowly along
polyglutamylated microtubules when compared to unmodified microtubules, and more quickly
along polyglycylated microtubules. These modifications have been shown to have a
preference for protruding away from the tail and collapsing in on themselves, respectively,
though the diffusion of EB1 along microtubules has since been shown to not be affected by

the length or position of the corresponding PTMs (Bigman and Levy, 2021).
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Recent multi-ps length, atomistic simulations of GTP- and GDP- capped microtubules have
provided evidence that a GDP-cap prevents further microtubule growth by increasing the
activation energy of straight lattice formation (Igaev and Grubmudller, 2022). MD simulations
have also been used in conjunction with other in silico and in vivo techniques to determine the
mechanism by which C-terminal tails are glutamylated, the effect of a-tubulin tail A
modifications (detyrosination, A2 and A3) on microtubule stability and assembly, and how the
properties of the tubulin heterodimer affect microtubule self-assembly (Natarajan et al., 2017;

Mani and Subramanian, 2021; Nasedkin et al., 2021).

Using software packages such as AMBER (Case et al.,, 2021b) or GROMACS
(Bekker et al., 1993), it is possible to simulate and visualise sections of microtubules
composed of specific tubulin isotypes at an atomic level, with complete control over the
number and location of PTMs. This allows us to study the effect of adding PTMs in predefined
locations, without the need for additional enzymes to add modifications, and the controls
necessary to restrict onto which residue a PTM is added. All-atom molecular dynamics
simulations use Newtonian physics to approximate the behaviour of atoms (Dror et al., 2012).
The atoms within a given system are represented by particles, to which Newton’s second law
is applied (equation 1). The forces applied to these particles are dictated by a force field
(equations 2 and 3) (Fig. 5) designed using a combination of computational and experimental
data (MacKerell et al., 1998; Dror et al., 2012). These force field equations ensure that the
molecular geometry of a simulated protein (bond length, bond angle and torsion angles)
agrees with the experimentally determined values for each type of bond. This is to prevent
atoms from getting too close to each other or overlapping. Dihedral angles along the backbone
of a protein are also considered, so that stabilising secondary structural features present at
the start of a simulation are maintained, if left undisturbed. These equations also factor in non-
bonded forces, like van der Waals forces, to ensure electrostatic attraction between pairs of

atoms is possible, whilst preventing the formation of steric clashes.
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F =ma

Equation 1. Newton’s Second Law. F = force (N); m = mass of an object (kg); a = acceleration (m/s?).

Total Force = Bonded forces + van der Waals forces + Electrostatic forces

Equation 2. General Force Field Equation. ‘Bonded forces’ are interactions between groups of atoms connected
by covalent bonds; 'van der Waals forces’ are weak, short-range interactions which can induce temporary dipole-
dipole interactions; ‘Electrostatic forces’ occur between pairs of atoms, with a much larger range than van der

Waals.

V= Z Ky (b — b)? + Z Ky(6 — 65)2 + Z Ky[1+ cos(ng — 8]

bonds angles dihedrals
qiq;
+ J
€175

12 6
Rminij Rminij
+ ell—=| -
nonbonded Y Y

Equation 3. Force Field Energy Function. Adapted from MacKerell et al. (1998). V is total force; b is bond

length; 6 is bond angle; ¢ is the dihedral angle; 0 subscripted versions of these parameters represent their
equilibrium values; K, Ko and K are the respective force constants. Nonbonded forces are calculated by combining
the Coulomb and Lennard-Jones terms. € is Lennard-Jones well depth; €7 is the effective dielectric constant; Rmin
is distance at the Lennard-Jones minimum. q represents partial atomic charges for atoms i and j; r is the distance

between the atoms.
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Figure 5. Physics on a molecular scale. Taken from Dhatfield (2007). Graphical the location and ranges of the

different physical properties of a molecule.

Molecular dynamics (MD) simulations work by calculating the movement of particles over very
short time increments called timesteps (typically no larger than 2 fs). At each timestep, the
computer will alternate between calculating the forces exerted on each particle in the system,
using the chosen force field, and calculating the resulting change in each particles velocity
and position. This information is written to a trajectories file which can then be opened in
viewing software, such as VMD (Humphrey et al., 1996), as an animated 3D model of the

protein.

The goal of using molecular dynamics simulations is to visualise tubulin and microtubules
(modified and unmodified) in motion and in atomistic detail, something that is impossible with
current experimental techniques. This gives us the best chance at seeing any patterns emerge
linking PTM or isoform composition to specific structural or dynamic behaviours, enabling us

to better predict how microtubules might behave under the same conditions in vivo or in vitro.
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Project Aims

The aim of this project was to learn more about, and potentially contribute to, the idea of the
tubulin code by investigating the effects that different PTMs have on microtubule structure and
dynamics, particularly focussing on modifications to tubulin C-terminal tails. This was achieved
using AMBER (Case et al., 2005) to run atomistic MD simulations of two representative
microtubule models: the short microtubule (Short MT) model, a 13 protofilament microtubule
model with a height of 2 tubulin dimers; and the protofilament sheet (PF Sheet) model, a cut-
down version of the Short MT model containing 7 protofilaments in a semicylindrical
arrangement. Studies into the effects of different PTMs were done using the PF Sheet model.
A 7 protofilament model was chosen to provide a balance between improving simulation
performance by significantly reducing the number of atoms per system, whilst maintaining the
curvature of a complete 13 protofilament microtubule. These simulations were compared to
an unmodified Short MT simulation to validate whether the PF Sheet model was an accurate

representation of a complete microtubule.

The structure used as the basis for these models was PDB ID: 5ij0, a 3.80 A cryo-EM resolved
structure of a human tubulin heterodimer (a1B, B3), stabilised with paclitaxel (not present in
the deposited structure) and decorated with kinesin 1AC (not present in the deposited
structure) (Ti et al., 2016). It was selected as B3-tubulin is a notable isotype that is
overexpressed in malignant cells. Gaining a better understanding of how PTMs affect
microtubules predominantly containing this isotype could eventually lead to new anti-cancer

drugs that can stabilise them, providing an alternative to taxane-based drugs.

The PTMs chosen for this project were poly(glycine), poly(a-glutamate) and poly(y-glutamate)
(poly(G), poly(aE) and poly(yE), respectively). Glutamate has a net charge of -1 at
physiological pH (PubChem, 2022), so we would expect the increase in negative charges
around the CTTs to affect microtubule structure and dynamics more than a glycine chain of

similar length. To enable us to build additional polypeptide chains onto tubulin, we
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parameterised a modifiable glutamate residue for use with AMBER, onto which poly(G) and
poly(E) chains of any length can be built. This also helped to create a workflow for generating
other modifiable amino acids, for PTMs such as SUMOylation of lysine residues, in the future
(Feng et al., 2021). To study the effect of adding poly(G) or poly(E) chains to microtubules,
MD simulations were run using a representative model made of 7 protofilaments, each
comprised of 2 tubulin heterodimers, organised into a hollow semicylinder. This provided an
approximation of microtubule behaviour in an atomistic MD simulation, whilst reducing the

computing resources and time required to complete each simulation.

Materials and Methods

Hardware, Software and Additional Parameters

AMBER MD simulations were performed on ARC4 (Leeds). ARC4 GPU nodes are equipped
with an Intel® Xeon® Gold 6138 CPU, 192 GB of DDR4 RAM and 4 NVIDIA® V100 GPUs.
MD simulations were run using the Particle Mesh Ewald Molecular Dynamics engine
(PMEMD) implementation in AMBER 20 (Case et al., 2005; Case et al., 2020). Systems were
prepared using the ff14SB force field in LEaP and Parmed from the AmberTools21 software
package (Maier et al., 2015; Case et al., 2021b). Root-Mean-Square Deviation (RMSD) and
Root-Mean-Square Fluctuation (RMSF) calculations, and inter-protofilament measurements
were carried out in cpptraj (AmberTools21). MD data was visualised using VMD 1.9.3
(Humphrey et al., 1996) and ChimeraX (Goddard et al., 2018). AMBER force field parameters
for GTP and GDP were generated by Meagher et al. (2003). Parameters for Mg?* were
generated by Allnér et al., (2012). Python scripts for optimising the workflow were written in

Python 3.9.13 (van Rossum and L. Drake, 2009).

Simulation Systems and Conditions
7 simulations were run using the Protofilament Sheet (PF Sheet) model, a semicylindrical, 7
protofilament model with a height of 2 tubulin heterodimers. 10 residue PTMs of poly(G),

poly(aE) or poly(YE) were added to either Glu 446 (a-tubulin) or Glu 445 (B-tubulin) on each
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tubulin heterodimer in the model. These were compared against simulations using an
unmodified version of the PF Sheet model, and a larger, 13 protofilament model, the Short
Microtubule (Short MT) model. Each system was solvated with water using the TIP3P
(transferable intermolecular potential with 3 points) water model implementation (Jorgensen
et al., 1983), specifying a cuboid periodic box shape to best match the semicylindrical and
cylindrical shapes of the PF Sheet and Short MT models, respectively. The minimum solute-
to-box-edge distance was set to 10 A. Bounding box volume varied from 1.218 x 10® A®
(99.530 A x 97.951 A x 124.933 A) to 1.490 x 10° A% (121.742 A x 97.951 A x 124.933 A) for
PF Sheet simulations, depending on the length and angle of any additional PTM chains. The
bounding box volume for the Short MT simulation was 3.109 x 107 A® (306.349 A x 310.762 A
x 326.581 A). K+ and CI- ions were added to a final concentration of 150 mM using the
addionsrand function in LEaP, to approximate in vivo conditions. Each system was heated to
300 K and equilibrated with any protein atoms restrained to minimise the energy in the system.
Production MD was run using a 2 fs timestep for a total of 100 ns, following preliminary tests

to improve the performance and efficiency of the simulations (appendix A).

Initial Model Reconstruction

The PDB model selected as a base for this project was PDB ID: 5ij0 (Ti et al., 2016). The
model contains GTP and Mg?*" in the a-tubulin nucleotide binding site and GDP in the B-tubulin
site. The 5ij0 PDB file was obtained from the RCSB Protein Data Bank (Berman et al., 2000).
The model was missing 3 segments of its structure: residues 38-44 (a-tubulin K40 loop),
corresponding with a short, unstructured loop found between helices H1 and H2, 438-451
(CTT) of the a-tubulin subunit and residues 427-450 (CTT) of the B-tubulin subunit. These
three regions are positioned at either the outer (CTTs) or inner (K40 loop) solvent interface,
causing them to be highly mobile. This makes it near impossible to assign the residues to any
low-resolution density in these areas. The missing segments of the polypeptide chain were
added back in using Clustal Omega (Goujon et al., 2010) and Modeller (Sali and Blundell,

1993),
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The sequence for 5ij0 (i.e., the incomplete sequence) was extracted from the PDB file and the
complete sequences for human TUBA1B and TUBB3 were taken from UniProt (Accession
numbers: P68363; Q13509) and combined to create a single sequence for the heterodimer.
The incomplete and complete sequences were added to a fasta file and aligned using Clustal
Omega. This created an output file containing the incomplete sequence with dashes added
for missing residues. A total of 4 PDB files were generated using LoopModel.py in Modeller,

which were then ran through to MolProbity (Chen et al., 2010).

Parameterisation of Modifiable Glutamate Residue

The branched amino acid structure of tubulin CTTs modified with poly(G) and poly(E) is
non-standard and required a bespoke AMBER maodification. This was carried out by Sarah
Harris and Geoff Wells using the Simulating a Solvated Protein that Contains Non-Standard
Residues procedure by Walker (2008). Two versions of a modifiable Glu reside, ‘GLG’ and

‘GGN’, were produced (Fig. 6).

Glutami id Modifiable Glutamic acid to Modifiable Glutamic acid to

utamic aci replace a CTT Glu residue build poly(y-glutamic acid) chains

HO (o] o] (o]
o) / o /
R R R R R OH

Ny Ny NN

H H H

o} 0
Glu ‘GLG’ ‘GGN’

Figure 6. Modifiable Glutamate Residues with Unsatisfied Valences. Glu is the built-in residue for glutamate
in AMBER; ‘GLG’ is missing the OH group from its side chain carboxyl group (now a carbonyl group); ‘GGN’ lacks
the OH group in its side chain carboxyl group but adds an OH group to the main chain carboxyl group, terminating

its main chain.
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‘GLG’ was generated to allow us to build an additional Gly or Glu residue onto the side chain
of ‘GLG’ in the N to C direction. It featured an unsatisfied valence on the y-carbonyl group that
could be used to form a peptide bond with an additional amino acid, enabling the construction
of 10 residue poly(G) and poly(E) chains onto tubulin C-terminal tails. ‘GGN’ was generated
to allow us to build y-linked poly(E) chains by forming a peptide bond between the unsatisfied
valence and the amide group of another ‘GGN’ molecule. It features an unsatisfied valence
on the y-carbonyl group, and a C-terminal carboxylic acid group along the main chain instead

of a non-terminal carbonyl group.

Modifying Tubulin with poly(glycine) and poly(glutamate) chains

The completed PDB file containing the three missing segments was edited so that the chosen
glutamate residue could be modified in XLEaP (example input scripts are printed in appendix
B and specific changes to PDB files are printed in appendix C). Glu 446 was changed to ‘GLG’
in a-tubulins, and Glu 445 (Glu 896 in the PDB file) was changed to ‘GLG’ in B-tubulins. The
force field modification (frcmod) and prep files for ‘GLG’ and ‘GGN’ were loaded into XLEaP,
followed by the newly modified PDB file. The sequence command was used to create a
separate polypeptide for the PTM. The carbon at the end of ‘GLG’ side chain was then bonded
to the N-terminal nitrogen of the PTM chain using the bond command. In the edit window, the
PTM was positioned so that the bond between it and the protein was of an appropriate length.
The relax selection function was then used on the PTM and CTT atoms to ensure the length
and angles of the bond were correct. Sets of coordinates and topology files exported for tubulin

modified with poly(aE), poly(yE), and poly(G).



30

Building the PF Sheet and Short MT models

The completed PDB file was fitted into the electron density map associated with PDB ID 5ij0
(Ti et al., 2016) with the Fit in Map function within ChimeraX. The density map was obtained
from the Electron Microtubule Data Bank (EMDB code: EMD-8094) (Lawson et al., 2016).
A total of 65 copies of the heterodimer structure were fitted, forming a 13-protofilament
microtubule with a height of 5 heterodimers (~40 nm). Two models with reduced sizes were
then created to minimise the number of atoms within simulation systems, improving simulation
rate in the process. The Short MT model was made from the bottom two heterodimers from
all 13 protofilaments, forming a ~16 nm tall microtubule. The PF Sheet model is a cut-down
version of the Short MT model, made of 7 protofilaments that form a semicylindrical sheet.
Both models have GTP populating each a-tubulin nucleotide binding site and GDP populating

each B-tubulin site, mimicking the nucleotide state of a microtubule experiencing catastrophe.

Building PTMs on multi-heterodimer models

Coordinates and topology files for modified tubulin were converted to PDB files using VMD.
The PDB file was then cleaned using a text editor, so that the file interpretable in XLEaP.
Either the PF Sheet or Short MT model was then loaded into ChimeraX as a scaffold, along
with the corresponding number of copies of the modified tubulin PDB files (14 for the PF Sheet
model, 27 for the Short MT model). Each of the modified tubulins was fitted to a different
tubulin heterodimer in the scaffold model using the MatchMaker command. A new modifiable
PDB file was saved containing only the modified tubulins with Save relative to model enabled,
using the scaffold as a reference (see example ChimeraX batch script in appendix By).
All hydrogen atoms were removed from the modifiable PDB file using the -trim command line
flag for the Reduce (Word et al., 1999). Each PTM chain was separated into its own PDB file
using the ptm-split.py script (appendix By). The position of each PTM relative to the

corresponding tubulin heterodimer was retained.
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The modifiable PDB was imported into XLEaP. The PTM sequence was then added as a unit
before importing each tail PDB with the loadpdbusingseq function, using the previously defined
sequence as the input sequence. The tails were then re-bonded to the corresponding tubulin
heterodimers, the system was solvated, salt ions were added, and topology and coordinates
files were generated (see example XLEaP input script in appendix By). The topology and
coordinates files were loaded into Parmed (AmberTools21) to reorder the atoms so that they
are contiguous using the CheckValidity function. The reordered topology and coordinates files
were then used as the input for AMBER simulations. The full workflow for preparing and
building a multi-heterodimer model with modifications is shown in figure 7. PMEMD input files

and ARC4 submission file information is detailed in appendix By and By, respectively.
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Figure 7. Summarised method for modifying homooligomeric systems. Steps that use a text editor or Python
script are shown in green; XLEaP steps are shown in orange; VMD steps are shown in red; ChimeraX steps are

shown in blue; Parmed steps are shown in purple.
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Results

Structure of the Short MT and PF Sheet simulation models

A 901 residue a1B-B3 tubulin heterodimer model was generated after adding three missing
segments of protein using Modeller (Fig. 8). The a-tubulin subunit was made of 451 residues
and had a GTP molecule bound in its nucleotide binding site, with an accompanying Mg?*
positioned to stabilise the - and y- phosphate groups. The B-tubulin subunit was made of 450
residues and had a GDP molecule bound in its nucleotide binding site (Fig. 9A). The restored
a-tubulin K40 loop (residues 38-44) underwent 4 iterations of loop structure refinement
(Fig. 9B), whereas the structures of the restored CTTs were not refined past the initial model
(Fig. 9C). The structure of the K40 loop was equally plausible in each of the iterations since
this region is unstructured and no improper torsion angles were occupied. Any of the
4 structures could have been used to produce simulations of a similar level of accuracy.
Ultimately, iteration 4 (Fig. 9B; cyan) was selected as the constituent model for the multi-
tubulin models. This completed heterodimer model was then run through the ‘Asn/Gin/His flips’
function in MolProbity to correct for steric overlaps originating from Asn, GIn or His residues.

A total of 19 residues were flipped.
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Figure 8. Sequence alignment of 5ij0 (PDB structure for the a1B-B3 heterodimer, obtained by cryo-EM;

Ti et al., 2016) and the known complete sequence for the a1B-B3 tubulin heterodimer. The missing K40 loop

(a-tubulin residues 38-44) and CTTs (a-tubulin residues 438-451; B-tubulin residues 427-450) in 5ij0 and the

corresponding amino acids in the complete sequence are highlighted in cyan. 5ij0_incomplete is the protein

sequence for the 5ij0 PDB structure. 5ij0_complete is the known complete sequence for the a1B-33 heterodimer.

* Indicates identical residues; - indicates missing residues; / indicates a break in sequence contiguity.
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Figure 9. Comparing the 5ij0 PDB structure (Ti et al., 2016) to the completed Modeller structures.
(A) 5ij0 (magenta) overlayed with the Modeller generated PDB file (cyan), aligned in ChimeraX using the
MatchMaker function. (B) a-tubulin residues 38-44 from the 4 loop refinement steps, generated using Modeller
(cyan, green, yellow, orange). The dashed line in the magenta structure represents residues 38-44, which are not
present in the deposited PDB structure (5ij0). The position of segment differs greatly between models. It is unlikely
any of these conformations are representative of this segments position in vivo, due to its high mobility/flexibility.

(C) Rotated view of (A), highlighting the added CTTs dark blue) for a- (439-451) and 3- (430-450) tubulin.
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The completed heterodimer model was fitted into the 5ij0 electron density map to create a
microtubule model with 13 protofilaments, each with a height of 5 heterodimers (65 total
heterodimers) (Fig. 10A). This model was then reduced in size by removing heterodimers to
create 2 models: the Short MT model (Fig. 10B) and the PF Sheet model (Fig. 10C).
The Short MT model consisted of a 13 protofilament microtubule with a height of 2
heterodimers. An additional heterodimer was left at the minus end of PF13 to improve stability
at the seam, leaving a total of 27 heterodimers in the model. The PF Sheet model was made
by further reducing the Short MT model. It contained 7 protofilaments with a height of 2
heterodimers, for a total of 14 heterodimers, arranged into a semicylinder to emulate the

curvature of a microtubule.
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Figure 10. The Short MT and PF Sheet models: representative microtubule models intended for simulation:
(A) Reconstructed tubulin heterodimers (cartoon; multiple colours) fitted into the electron density map (grey mesh)
deposited with PDB ID 5ij0 (Ti et al., 2016) (EMDB code: EMD-8094). (B) The Short MT model. a-tubulins are in
purple; B-tubulins are pink; The plus end is at the top of the model. The seam (red dotted line) occurs to the left of

the three-dimer protofilament. (C) The PF Sheet model. The colour scheme is identical to (B).
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Plus- and minus- end tubulin heterodimers bow away from the microtubule centre

The distance between heterodimer subunits on protofilaments 1 and 7 of the PF Sheet and
Short MT models was measured to track the overall model shape over the course of
simulations (Fig. 11). The centre of mass for each subunit of PF1 and PF7 was calculated.
Then, distance measurements were taken between corresponding centres of mass for each
frame in the output trajectories file. GTP, GDP and PTM chains were omitted from subunit
centre of mass calculations to ensure the centres of mass were in the same starting location

for all simulations.

Over the course of the unmodified Short MT simulation, the plus- and minus- ends of the
model bent away from the centre (Fig. 12A). The average distance between plus end (3
subunits on PF1 and PF7 (23.90 nm) was 0.778 nm higher than between other subunits in
these protofilaments (Fig. 12B). This bowing effect was most prominent around the seam,
where the protofilaments on either side of the seam both contain tubulin heterodimers that are
missing a neighbouring heterodimer to interact with. Outwards bowing at the minus end was

also observed.

Outwards bowing was also observed in most of the modified PF Sheet simulations.
The a- and - modified tubulin with poly(aE) simulations exhibited outwards bowing at the plus
end. The a- and B- modified tubulin with poly(G) simulations, as well as a-modified tubulin with
poly(YE) simulation exhibited outwards bowing at the minus end. The B-modified tubulin with
trapped poly(yE) tails simulation exhibited bowing at both the plus- and minus- end. Unlike the
other PF Sheet simulations, the unmodified and (-modified tubulin with free poly(YE)

simulations showed no significant signs of bowing.
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S TP

Figure 11. Internal centre of mass distances. The 4 inter-protofilament measurements for as-a1 (minus end)
(pink) B1-B1 (purple), az-az (red) and B2-B2 (plus end) (blue) used to track distances in PF Sheet simulations. Centres

of mass for the measured tubulin subunits are shown as coloured spheres.
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Figure 12. Plus- and minus- end tubulin subunits sit further away from the model’s centre than the non-
terminal subunits. (A) Comparison of the bowing present at the plus end of the unmodified Short MT simulation,
sampled at 0 ns (blue) and 100 ns (orange). Outwards bowing at the plus end is highlighted in yellow; outwards
bowing at the minus end is highlighted in black. (B) The change in distance between PF1 and PF7 subunits for the
unmodified Short MT simulation. Each circle represents a tubulin subunit (a or ). The bars between subunits show
relative distances. Distance at 0 ns is 22.5 nm; a1 (minus end) is in red; B4, is in blue; az is in pink; B2 (plus end) is

in dark blue.
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PF Sheet and Short MT simulations exhibit differing model flexibility

Root-mean-square deviation (RMSD) was used to determine the structural fluctuations of a
model during simulation. First, a reference structure of the simulated model was generated by
averaging the positions of each atom in the system, across the simulation run time. The
average structure was chosen as the reference structure as it better represented the relaxed
conformation seen during the majority of each simulation, as opposed to the contracted
starting model conformation. The general position of the simulated structure was fitted to the
position of the reference structure at each timestep. This was to prevent translation of the
entire model, within the periodic box, from affecting RMSD calculations. Mass-weighted
RMSD of the atomic positions (equation 4) was then calculated by comparing the position of
each backbone atom to its position in the reference structure, at each timestep. A higher
RMSD value indicates a larger average deviation in atom position in the simulation model from

their positions in the reference structure.

o J X olm (X~ %]
M

Equation 4. Mass-Weighted Root-Mean-Square Deviation. Taken from Case et al. (2021a). N is the number
of atoms; m; is the mass of atom i; X; is the coordinate vector for target atom i; Y; is the coordinate vector for

reference atom i; M is the total mass.

RMSD analysis shows that the starting structure was not the most occupied conformation for
either the PF Sheet and Short MT models, and that a lower energy equilibrium state was
reached about halfway through the simulation (Fig. 13A). During the first 20 ns RMSD values
decreased, which was caused by an initial expansion of the model, as the distance between
neighbouring protofilament increased slightly. An equilibrium state was reached between
40-60 ns, where RMSD values were at their lowest. Past 80 ns the RMSD values for the PF

Sheet simulations began to increase above their equilibrium values. This contrasts with the
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RMSD values for the unmodified Short MT simulation, which remained at an average of

2.95 + 0.46 A from 20-100 ns (Table 2).

RMSD values for the PF Sheet simulations had higher variances across 100 ns than the
unmodified Short MT simulation. The a-tubulin modified with poly(yE) simulation had
marginally lower RMSD standard deviation when considering the entire timescale, however
the unmodified Short MT simulation had lower RMSD standard deviation when excluding the
first 20 ns of each simulation. RMSD values from 0-20 ns were excluded to reduce the impact

of the initial model expansion on mean RMSD values.

The average distance between PF1 and PF7 was 22.5 nm at the first timestep. This distance
increased over the course of each PF Sheet simulation, excluding the B-modified with trapped
poly(yE) chains simulation (Fig. 13B). This trend resulted in an overall flattening of the
semicylindrical shape of the PF Sheet model. This is in direct contrast to the unmodified Short
MT simulation. An initial burst phase, resulting from a slight increase in distance between
adjacent protofilaments, caused the distance to peak to 23.8 nm, before fluctuating around

23.3 + 0.3 nm for the remainder of the simulation.
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Figure 13. PF Sheet simulations do not act like the unmodified Short MT simulation. (A) Best-fit RMSD

calculated for the unmodified Short MT, a-modified and B-modified PF Sheet simulations (B) The average change

in distance between PF1 and PF7, over the course of each simulation. Measurements between each subunit (4

total) of these PFs were averaged. Average distance at 0 ns was 22.5 nm. Data above 0 indicates an increase in

distance, and below 0 indicates a decrease in distance. (C) Comparison of the trends in RMSD (red) and

A inter-PF distance (orange) values for the PF Sheet simulation with poly(G) PTMs on a-tubulin subunits. Between

0-50 ns there is an inverse relationship between the two measurements. Equilibrium is reached at 50 ns. Between

50-100 ns there is a positive relationship.
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0-100 ns 20-100 ns
Simulation Modified Mean o a/vn n Mean o o/Vn n
subunit RMSD RMSD

(A) (A)
Short MT | Unmodified | 3.3106 0.9339 0.0042 50000 | 2.9491 0.4610 0.0023 40000
PF Sheet Unmodified | 4.4874 1.1219 0.0051 49127 | 4.4221 1.1523 0.0058 39127

Poly(G) o] 7.8254 2.6929 0.0120 50000 | 6.8974 2.0735 0.0104 40000
B 5.4647 2.1090 0.0094 50000 | 4.7288 1.4768 0.0074 40000
Poly(akE) o] 6.1182 1.4934 0.0067 50000 | 5.5617 0.9391 0.0047 40000
B 5.1985 1.6129 0.0072 50000 | 4.6961 1.0719 0.0054 40000
poly(yE) o] 47306 0.9305 0.0042 50000 | 4.4630 0.5620 0.0028 40000

B (trap) 6.5213 2.2391 0.0100 50000 | 5.6548 1.0670 0.0053 40000
B (free) 5.0200 0.9487 0.0067 47337 | 4.7740 0.5451 0.0073 37337

Table 2. Unmodified Short MT simulation is less variable than the PF Sheet Simulations. The lowest values
in each category are shown in green. ¢ is standard deviation; o/\n is standard error; n is number of frames, where

each frame is 2 ps.

Large peaks in RMSD values correspond with similarly large inter-protofilament distance
changes (Fig. 13C). The initial spike in RMSD, from 10.5 to 14.5 A, at 4 ns aligns with a
decrease in distance between PF1 and PF7 of 1 nm from the starting distance of 22.5 nm.
A wider peak of similar amplitude occurred between 10-20 ns, corresponding with another
decline in inter-protofilament distance. Between 66-90 nm, there are two major peaks in inter-
protofilament distance up to 5.2 nm above the starting distance. This is mirrored in the RMSD
data, which has two near identical 10 A peaks. This demonstrates an inverse correlation
between RMSD and average inter-protofilament distances when inter-protofilament distances
are shorter than in the reference model used to calculate RMSD, and a positive correlation
when distances are longer than in the reference model. For the poly(G) on a-tubulin simulation,
this correlation flips from inverse to positive at around 50 ns. Factors such as plus- and minus-
end bowing, and the initial model expansion to make total interaction energy within the system
less negative, also contributed to increased RMSD values, as they cause the model to deviate

more from the average structure.
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B-tubulin C-Terminal tails are the most mobile regions

Mass-weighted root-mean-square fluctuation (RMSF) (equations 5 and 6) was calculated for
each residue in each PF Sheet simulation, to quantify the mobility of different tubulin regions.
RMSF values were only calculated for the central subunits of PF2 to PF6 (Fig. 14), to limit the
impact of protofilament bowing and model flexibility. Values were averaged on a per-subunit
basis (i.e., all a -tubulins and all B-tubulins). RMSF values for PTM chains were calculated

independently from tubulin heterodimers.

RMSF; = /{(x; — (x;))?)
Equation 5. Root-mean-square fluctuation. Taken from Case et al. (2021a). x; is the position of atom i. RMSF

values were averaged over the 100 ns duration of the simulations.

Y, AtomFluct; X Mass;
Y Mass;

(Fluct) =

Equation 6. Mass-weighted average of atomic fluctuations. Taken from Case et al. (2021a).

Figure 14. RMSF values were calculated for central tubulin subunits only. PF Sheet model with central
subunits coloured green, indicating that RMSF values were calculated for these subunits only. Central heterodimers

include B4 and az subunits from PF2 to PF6.
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RMSF analysis shows the disordered C-terminal tails of both a- and B- tubulin were by far the
most mobile regions of the protein (Fig. 15A and 15B). The CTTs for B-tubulins were more
dynamic than o-tubulin CTTs, resulting in a more pronounced spike in RMSF values.
This could be due to the B-tubulins being longer than the a-tubulin CTTs (21 and 13 residues,
respectively). Both poly(aE) simulations behaved similarly to the unmodified PF Sheet
simulation. All 3 poly(YE) simulations had the lowest average RMSF. The poly(yE) simulation
with trapped tails did not exhibit RMSF peaks for the CTTs on either tubulin subunit. This
stemmed from an error when rebuilding the PF Sheet model that led to B-tubulin CTTs being
positioned between protofilaments, restricting their movement during the simulation.
A significant RMSF peak was present for both CTTs for the poly(yE) simulations with free
CTTs. The a-tubulin modified with poly(G) simulation saw the highest average RMSF values
across each residue, when compared to other PF Sheet simulations. This is consistent with
the RMSD values and inter-PF distances, which show the shape of the model was more
variable than in other simulations. B-tubulin modified with poly(G) did not produce an RMSF
peak for the B-tubulin CTT. This is, again, a result of these CTTs having their movement
restricted by being positioned between two protofilament. RMSF peaks, like those seen for
CTTs in other modified PF Sheet simulations, would be expected if the simulation was

repeated with unobstructed CTTs and PTMs.

RMSF values for the unobstructed PTMs were higher at the C-terminus of the chain than at
the N-terminus (Fig 15C). Poly(YE) modified onto a-tubulin had the highest increase in RMSF
from N- to C-terminus (gradient of 1.477 A/residue) and the data best fit with the associated
regression line (r*: 0.853). Free poly(yE) on B-tubulin had the most flexible of the PTM chains,
with the C-terminal Glu residue having the highest RMSF value of any PTM residue (30.31 A).
Values for poly(G) and trapped poly(YE) on B-tubulin were lower than the other PTMs, and
their regression lines had the lowest gradients (0.248 and 0.062, respectively). This is caused

by these PTMs being trapped between protofilaments, which restricts their movement.
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PTM Tubulin  Slope r?
Poly(G) a 0.613 0.456
Poly(aE) a 0.721 0.757
Poly(yE) a 1.477 0.853
Poly(G) B 0.248 0.126
Poly(aE) B 0.738 0.124
Poly(YE) B (trap) 0.062 0.006
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Figure 15. B-tubulin CTTs are more dynamic than a-tubulin CTTs. (A) Mass-weighted RMSF of atoms

associated with a-tubulin subunits, averaged on per-residue basis. (B) Mass-weighted RMSF of atoms associated

with B-tubulin subunits. RMSF values for subunit type (a or ) were averaged. (C) Average mass-weighted RMSF

per residue of PTM chains. Linear regression for each modification is shown as a straight line.
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Trapped poly(YE) chains sequester inter-protofilament interactions

Over the course of the B-modified poly(YE) simulation with trapped tails, tears occurred
between PF5-6 and PF6-7 (Fig. 16), resulting from the CTTs and poly(yE) chains being
wedged between protofilaments. The breaks began at the plus end of the model and worked
their way down to the minus end. The break between PF5 to PF6 first appeared at around 30
ns, occurring between just the plus end B-tubulins. It reached to the minus end B-tubulin after
70 ns. A similar break formed between PF6 and PF7 at 40 ns. These tears caused PF6 and
PF7 to fold inwards, towards the centre of the model, resulting in the decrease in
inter-protofilament distance between PF1 and PF7 (Fig. 13B). Similar breaks did not occur
when poly(G) chains were positioned between protofilaments, or when repeating the
simulation with the CTT and PTM positioned away from the inter-protofilament interface.
The increase in local negative charge in these regions, caused by the presence of poly(E)
PTMs, appears to sequester the inter-PF interactions that maintain the cylindrical

macrostructure of the microtubule.
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Figure 16. Poly(YE) chains cause a tear between PF5 and PF6. (3-modified Poly(yE) PF Sheet simulation,

showing the progression of the tear between PF5 and PF6. Poly(yE) chains are circled in red.
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GDP molecules diffuse from plus end B-tubulins

Mass-weighted RMSF was calculated for the bound GTP and GDP molecules in each
PF Sheet simulation, to quantify the mobility of these ligands. Values for the backbone atoms
of each molecule were averaged, providing a single RMSF value for each molecule. Higher
RMSF values indicate that a ligand is less strongly associated with its nucleotide binding site,
or in extreme cases, completely dissociated from the nucleotide binding site and floating in

solution (Fig. 17A).

RMSF values for GDP bound to plus end B-tubulin subunits were on average ~1.5 to 2.5 A
higher than for GDP/GTP bound to other tubulin subunits (Fig. 17B). This is consistent with
GDP molecules that are more mobile within the nucleotide binding site, as a result of higher
solvent accessibility to the site. The increased movement seen at the plus- and minus- ends
in PF Sheet simulations is also likely contributing to the increased RMSF values for the GDP
and GTP molecules bound in these subunits. During 3 of the 7 PF Sheet simulations
(unmodified, poly(aE) bound to a-tubulin and poly(yE) bound to B-tubulin) one or more GDP
molecules bound to a plus end B-tubulin diffused away from the nucleotide binding site and
into the surrounding solvent (Fig. 17A). GDP bound to the exposed B-tubulin subunit at the
plus end has little protection from the solvent, which can enter the binding site and promote
removal of GDP. RMSF values for only the plus end-bound GDP molecules (Fig 17C) across
PF Sheet simulations do not show a correlation between the addition of a particular PTM and
GDP diffusion. No GTP or GDP molecules diffused away from the corresponding nucleotide

binding sites in the unmodified Short MT simulation.
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Figure 17. GDP molecules with higher RMSF values are more likely to diffuse away from their nucleotide
binding sites. (A) A GDP molecule diffusing from PF1 during the unmodified PF Sheet simulation. Diffusion
occurred at 22 ns. (B) Mass-weighted RMSF for GTP and GDP molecules during all PF Sheet simulations,
organised by tubulin subunit. Above 10 A, the molecules begin to vibrate more and detach from the binding sites.
Above 30 A, the molecules escape from the binding sites completely and diffuse into the solvent around the model.
The centre bars show median values; error bars show interquartile range. (C) Mass-weighted RMSF for GDP
molecules bound to B2 (plus end) tubulin heterodimers for all PF Sheet simulations. The centre bars show median

values; error bars show interquartile range.
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Discussion

| have generated the PF Sheet and Short MT models to represent a microtubule in atomistic
molecular dynamics simulations. The PF Sheet model was the basis for a series of simulations
testing the effect adding different PTMs (poly(G), poly(aE) and poly(yE)) to a- and B- tubulin
subunits had on the model’s structure and dynamics. The Short MT model was used to
validate the accuracy of the PF Sheet simulations as a suitable representative model for a full
microtubule. The results of these simulations revealed that tubulin CTTs and PTMs were the
most mobile regions, with B-tubulin CTTs being, on average, more mobile than a-tubulin CTTs.
Tubulin subunits at the plus- and minus- ends pulled away from the centre of both models,
causing the protofilaments to bow. The diameter of the PF Sheet and Short MT models rapidly
increased over the first 2 ns of each simulation, as the distance between neighbouring
protofilaments increased, before stabilising. The distance between protofilaments 1 and 7 in
PF Sheet simulations tended to increase past this initial expansion distance over the 100 ns
timescale. However, for the Short MT simulation, this distance stabilised at around 1 nm above
its initial distance after 20 ns. Positioning negatively charged poly(yE) PTMs between
protofilaments caused a tear to form in the PF Sheet model, where uncharged poly(G) PTMs
did not. Finally, GDP was more likely to diffuse away from the plus end B-tubulin nucleotide

binding site than from other positions in the model.

There are currently only a small number of examples of atomistic microtubule or protofilament
sheet simulations being used to study microtubule dynamics, likely due to the difficulty
associated with simulating multi-million atom systems. Nasedkin et al. (2021) used a 3x3
heterodimer model (3 adjacent protofilaments with a height of 3 tubulin heterodimers), in
conjunction with a 13 protofilament microtubule model, to investigate the differences in
dynamics between microtubules with GTP and GDP bound to plus end B-tubulins.
Protofilament bowing was present in both the PF Sheet and microtubule simulations, as in the

simulations presented in this project, likely enhances by the plus end-bound GDP, which
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resembles earlier computational work studying single protofilaments as well as complete
microtubules (Grafmdiller and Voth, 2011; Nasedkin et al., 2021; Igaev and Grubmiuiller, 2022).
RMSD showed the smaller 3x3 model PF Sheet had higher average RMSD values than then
full microtubule model, in accordance with my results (Nasedkin et al., 2021). Differences
between the behaviour of the PF Sheet and full microtubule models during simulations were
also observed, further implying PF Sheet-like models are not an accurate substitute for full

microtubule models in atomistic simulations (Nasedkin et al., 2021).

Bigman and Levy (2021) used a 3x2 heterodimer model to investigate the effect of different
length poly(G) and poly(E) PTMs on tubulin CTTs, observing poly(G) PTMs to collapse in on
themselves and poly(E) tails to protrude from the CTTs more noticeably. This does not fully
agree with the results of this project, which show unobstructed poly(G) and poly(E) tails to
fluctuate at similar levels, however this may be due to differences in simulation conditions.
Bigman and Levy (2021) used 0.125 mM NaCl to neutralise the system and each simulation
was heated to 400K for the first 10 ns, whereas the simulations in this project used 150 mM
KCI to approximate in vivo conditions and maintained the system temperature at 300 K for the

entire 100 ns duration.

Neither Bigman and Levy (2021) nor Nasedkin et al. (2021) report diffusion of the plus end-
bound nucleotide from the nucleotide binding site. Exchange of GDP bound to B-tubulin for
GTP is thought to only occur on unpolymerised tubulin heterodimers (Desai and Mitchison,
1997). Kinetic Monte Carlo models have recently shown that GDP-to-GTP exchange at the
plus end of microtubules is theoretically possible (Piedra et al., 2016). It is possible that the
conformation of the B-tubulin nucleotide binding site is a GTP-accepting conformation. This
would increase the chances of GDP dissociation, allowing a new GTP molecule to diffuse into
the site ready for hydrolysis. Further simulations with excess GTP present in the solvent may
provide a simulation where this GDP-GTP exchange occurs. Alternatively, a preliminary

energy minimisation and structure optimisation simulation of a single tubulin heterodimer could
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provide a structure with the B-tubulin nucleotide binding site is the GDP-bound conformation,
which could be used to create variations of the PF Sheet and Short MT models. This would
allow us to determine whether the binding site conformation is the cause of the observed GDP

diffusion.

There are no other examples of tears resulting from negatively charged PTMs being positioned
between protofilaments, further confirming that this resulted from an error during model
building, and that the likelihood of the CTTs being positioned between protofilaments in a
growing microtubule, as in the trapped poly(yE) and poly(G) simulations, is low. The additional
negatively charged side chains afforded by the poly(yE) chains interfered with the inter-
protofilament salt bridges. PF 5-6 and 6-7 were the only protofilament pairs to exhibit a
breakage during the trapped poly(yE) simulation. This results from imperfect dimer fitting
during the Short MT and PF Sheet model generation process, resulting in a slightly larger
distance between these protofilaments. This would weaken the strength of the stabilising salt
bridge interactions, making it easier of the misplaced poly(yE) chains to disrupt them and

cause a tear to form.

There is not enough evidence to show that poly(E) can initiate microtubule catastrophe alone.
However, it is possible that CTTs could position between PFs if a hole or breakage in the
microtubule lattice was already formed. In this scenario, the poly(E) PTM acts as a
catastrophe-accelerating factor, rather than a catastrophe-instigating factor. It is also possible
for a microtubule-destabilising protein recognise and position longer poly(E) chains between
protofilaments, causing a break to form between PFs. It is important to emphasise that these
are purely hypothetical scenarios and mechanisms, and the results of this project do not
provide enough evidence to present a concrete mechanism. Further simulations and, crucially,

evidence from in vitro and/or in vivo studies is required.



55

Changes to the current simulation systems

All future simulations should be carried out at 310.15 K (37 °C) as opposed to 300 K (26.85 °C).
Not only will this produce simulations that more accurately represent microtubule dynamics at
biologically relevant temperatures, but it should speed up the rate at which different
conformations are sampled. Crucially, | would expect this temperature increase to increase
the rate at which breakages between protofilaments form, caused by negatively charged
PTMs. This would make further simulations investigating this phenomenon easier to analyse
as a shorter simulation would be needed, either resulting in a smaller trajectories file or

allowing longer simulations to be run (= 1 ps).

For situations where atomistic detail is important, such as studying specific residue
interactions, improvements can be made to PF Sheet model simulations so that they better
represent the dynamics of a full microtubule. One such improvement could be to restrain the
outer protofilaments (PF1 and PF7 for my PF Sheet model) during a simulation (Fig. 18). This
would fix the atoms of those protofilaments in place, while leaving the remaining protofilaments
free to move. | would expect this to prevent the model from flattening out, as observed in all
the unrestrained PF Sheet simulations (Fig. 13B), whilst still leaving most tubulin heterodimers
free to move and be influenced by PTMs. To improve similarity between PF Sheet and Short
MT simulations, | would remake the PF Sheet model using coordinates from the unmodified
Short MT simulation to account for the initial increase in model diameter seen during the first
1-2 ns. This would involve exporting a frame at around 5-10 ns as a PDB file, using a tool such
as VMD (Humphrey et al., 1996). Then, tubulin heterodimers could be removed from the PDB
file until the equivalent of the PF Sheet model remains (i.e., 7 protofilaments, 2 heterodimers

tall, not including the seam).
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Figure 18. Restraining PF1 and PF7 should prevent model flattening. PF1 and PF7 (red) can be held in place

to prevent the model from flattening during a simulation.

Transitioning from the PF Sheet model to the Short MT model would likely result in simulations
more accurate to the in vivo and in vitro dynamics of a microtubule. The increase in inter-
protofilament interactions across the structure, and the fact there are no terminal
protofilaments, would eliminate the flattening seen in PF Sheet simulations. However, this
change would significantly increase the number of atoms in the simulation. Not only does the
Short MT model contain almost double the atoms of the PF Sheet model (192,375 and
99,750, respectively), but solvent can occupy the empty space inside the microtubule lumen,
increasing the number of solvent atoms present in the simulation. Solvated PF Sheet
simulations contained ~1,700,000 atoms, whereas the Short MT simulation contained
2,700,000 atoms once solvated, which significantly reduced the rate at which simulation ran.
The PF Sheet simulations ran at an average rate of 12.25 ns/day, requiring 8 days to complete
100 ns, whereas the unmodified Short MT simulation ran at 7.55 ns/day and took 13 days to
complete. Building PTMs onto the Short MT model would increase the periodic box size, as
the new chains protrude further from the lattice. This further increases the number of water
molecules in the system, driving simulation rate down and increasing the environmental impact

of each simulation, through more energy being required to run HPC nodes for longer. It is,
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therefore, not recommended to completely switch to a full microtubule model, such as the

Short MT model, for atomistic simulations using an explicit solvent model.

The larger Short MT model could be used in coarse-grained simulations, which summarise
the constituent atoms of an amino acid down to a handful of particles. By reducing the total
number of particles in the system through increasing the granularity of the system, we could
study the effects of different combinations of PTMs on a much larger microtubule model, and
how these PTMs might affect MAP binding or processivity. Coarse-grained simulations are a
more widely used tool for studying microtubules in silico than atomistic simulations. They have
already been used to show: defects in the microtubule lattice impair resistance to mechanical
breakages (Jiang et al., 2017); clusters of acetylated tubulins provide better resistance to
microtubule disassembly than more regularly spaced patterns (Aparna et al., 2020); poly(E)
PTMs reduce the rate of diffusion of EB1 and PRC1 along microtubules and poly(G) PTMs
enhance diffusion rates (Bigman and Levy, 2020); differences in the mechanical properties of

microtubules up to 12 um in length, using an ultra-coarse-grained model (Zha et al., 2021).

The Martini force field is a commonly used coarse-grained model which uses an elastic
network to connect backbone particles via springs that follow Hooke’s law (equation 7)
(Marrink et al., 2004; Monticelli et al., 2008). This model mostly uses a four-to-one atom
mapping (four heavy atoms and their associated hydrogens summarised as one particle),
though ring-like structures present in amino acids such as His and Phe use a higher resolution,
two-to-one mapping to better represent their geometry (Monticelli et al., 2008) (Fig. 19).
Coarse graining adds a layer of abstraction, making this type of simulation less accurate than
equivalent atomistic simulations. However, atomistic simulations of um-length microtubules
would be prohibitively expensive and time consuming to run, making coarse-grained

simulations an attractive alternative.
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Equation 7. Hooke's Law. F; is spring force; k is the spring constant; x is spring expansion or compression.

@@8888888% *
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Figure 19. Amino acid atom mapping for Martini force field simulations. Adapted from Bradley and

Radhakrishnan (2013). (A) Skeletal structures for the 20 canonical amino acids overlayed with spheres

representing differently charged Martini model bead types and the heavy atoms associated with them.

(B) Atomistic (left) and Martini coarse-grained (centre) representations of an a-helix, overlayed (right) to show how

polypeptides are mapped for coarse-grained simulations. Backbone beads are shown in grey; Side chain beads

are shown in yellow.
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The Short MT model could also be used in implicit solvent simulations. These consider the
solvent as a structureless medium, as opposed to explicit solvent models in use discrete
solvent atoms. Using an implicit solvent model would reduce the number of atoms for Short
MT simulations to 1/10™ their explicit counterparts. The molecular mechanics generalized Born
surface area (MMGBSA) and molecular mechanics Poison-Boltzmann surface area
(MMPBSA) models are commonly used implicit solvent models (Miller et al., 2012). Typically,
the actual rate of simulation is lower for implicit solvent simulations than for explicit solvent
simulations. However, given the same amount of simulation, the solute samples more unique

conformations when simulating with implicit solvent than with explicit solvent.

Future Experiments

Whilst it is possible for poly(E) PTMs to be added onto any of the C-terminal Glu residues, in
vitro studies of purified tubulin, and molecular docking and dynamics simulations of CTTs
bound to TTLLs have identified 2 major polyglutamylation sites: a-tubulin Glu 445 and [3-
tubulin Glu 438 (Eddé et al., 1990; Rudiger et al., 1992; Natarajan et al., 2017). Future poly(E)
simulations should use these sites. These sites are positioned closer to the main body of the
corresponding tubulin subunit than a-tubulin Glu 446 and B-tubulin Glu 445, making it more
likely that atoms from PTMs bound to these sites are more likely to overlap and clash with
atoms on neighbouring tubulins, causing simulations to crash. To alleviate this issue, we would
need run a simulation on a single, unmodified tubulin heterodimer and export a frame in which
the tails are positioned so that the major glutamylation sites can be modified without causing
clashes with neighbouring heterodimers in the microtubule. Alternatively, we could rebuild the
C-terminal tails as B-strands using Modeller, making them straight. This would then make
positioning the tails and PTMs so that no atoms overlap significantly easier. This initial model
would be less accurate to the structure of tubulin CTTs and oligopeptide PTMs, as neither
exists as B-strands in vivo for any notable period of time, though work published by Wall et al.
(2016) using NMR spectroscopy suggests that tubulin CTTs have a slight propensity to form

B-sheets. More recent work by Wall et al. (2020) suggests that a-tubulin CTTs interact with
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the tubulin heterodimer surface, rather than extending into the solute, which may have an
effect microtubule stability. This could be simulated by rebuilding the CTTs as B-strands and
positioning them close to the outer surface of a microtubule. This would also allow us to
investigate the effect to adding poly(G) or poly(E) chains on microtubule stability, when

positioned along the microtubule surface.

The next step would be to expand the list of PTMs being studied to include things like
polyamination, detyrosination, A2 and A3, using the workflow established in this project.
Polyamination occurs at Glu 15 of B-tubulin, meaning an fremod and prep file would have to
be generated for an altered glutamine residue, using a similar method to the one used to
create ‘GLG’ and ‘GGN’ (Fig. 20). Detyrosination, A2 and A3 are all common PTMs that can
be easily modelled by removing the residues from the PDB file. Lys 40 is a prominent
acetylation site for all a-tubulin isotypes (excluding TUBA8 which has an alanine residue at
this position), located in a small, disordered loop positioned at the internal microtubule-solvent

interface.

Glutamine Modifiable Glutamine

H
)
N 0 N o)
H/ H/

R R R R

\N \N

H H
e} 0

Figure 20. Alternate glutamine capable of polyamination. Skeletal representation of Gin (left) and the proposed
alternate Gin (right), containing a side amide group with an unsatisfied valence. This results from the removal of a

hydrogen from the side chain nitrogen.
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Acetylation at this site has been shown to improve resistance to breakages by mechanical
stress (Eshun-Wilson et al., 2019). It would be interesting to study the combinatory effect of
acetylating and polyglutamylating a microtubule, to see if this will enhance this resistance, or
if they will cancel each other out. LEaP is shipped with sets of modified amino acid parameters,
leaprc.phosaa14SB and leaprc.protein.ff14SB_modAA, including acetyl-lysine and several
phosphorylated amino acids, meaning building and simulating K40 acetylated microtubules

can be easily achieved.

Improvements for Current Software

The workflow for modifying multiple tubulins in larger structures presented in this project, whilst
functional, is far from user-friendly. As it stands, the workflow requires 5 different pieces of
software, as well as some knowledge of PDB file formatting. This is, in part, a result of the
outdated XLEaP interface, which makes building and positioning multiple PTMs difficult on
large models. A possible fix for this would be a new function and associated graphical interface
within XLEaP, capable of building complex oligomer chains and bonding them to a protein at
a given residue/atom, using either built-in or user-defined bond length/angle parameters
(Fig. 21). This feature would significantly simplify the current modified system workflow by
removing the need to convert modified tubulin coordinates and topology files to a PDB file;
rebuild the larger model with modified heterodimers; and separate the PTM chains into their
own PDB files to import them back into XLEaP as separate chains (Fig. 22). Lowering the
barrier to entry for simulating post-translationally modified proteins should increase the

likelihood of MD simulations being used as an additional tool for studying these proteins.
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Figure 21. User interface mock-up for a hypothetical XLEaP PTM creation window. ‘Residue to modify’is a
dropdown menu that lists every residue in the protein using the same syntax as the existing desc function; ‘Afom
with hanging bond’ is a dropdown menu that lists each atom in the residue selected above. PTMs would be bonded
to the atom selected here; ‘Modification Sequence’ is a textbox that allows the user to enter the sequence of their
PTM, using the same syntax as the existing sequence function; ‘Relax modification’ has the same function as in
the edit menu: relaxing strained bonds, angles, and torsions by performing a limited energy minimisation on the

defined atoms.
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Figure 22. Software Improvements can simplify the workflow. Updated flowchart made possible with the

hypothetical PTM function added to XLEaP.
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Conclusions

Over the course of this project, | have successfully developed a method for building
poly(glutamate) and poly(glycine) chains onto non-terminal glutamate residues in
multi-heterodimer models, for use in atomistic molecular dynamics simulations. This method
could be adapted for use with more PTMs bound to other tubulin residues with little alteration.
Atomistic simulations were run using two representative models: the Short MT and PF Sheet
model. The smaller PF Sheet model was modified with 10-residue glycine and glutamate
chains. These simulations showed that 3-tubulin CTTs were the most mobile regions, the ends
of the protofilaments bowed away from the centre of the models, and plus end-bound GDP
molecules were more likely to diffuse away from the corresponding nucleotide binding sites.
Positioning excess negatively charged residues between protofilaments caused the model to
tear, hinting towards a theoretical mechanism for microtubule destabilisation. Inconsistencies
between the PF Sheet and Short MT simulations further confirm previous findings that show
smaller representative models (e.g., PF Sheet) do not act the same as complete microtubule
models (e.g., Short MT), meaning they are unlikely to be suitable replacements in atomistic
simulations. This project lays the groundwork for improved atomistic simulations of post-
translationally modified microtubules in the future, and possibly larger scale coarse-grained

simulations of these systems.
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Appendices

Appendix A: Optimising AMBER input files for efficient simulations

The amount of time a molecular dynamics simulation takes to finish depends heavily on the
size of the system (i.e., the number of atoms) and the parameters for each stage of the
simulation. Improving average simulation rates allows them to finish in a shorter time frame,
meaning longer simulations can be run, and the time between starting and analysing the data
from a simulation is greatly reduced. This also has the added benefit of reduced total power
consumption, as the HPC node running the simulation is running for less time. As this project
was based on simulating systems containing over 1 million atoms, it was vital that optimal

parameters are set for the simulation for it to run as quickly as possible.

A series of simulations containing a single tubulin heterodimer, without bound GTP/GDP, was
run to test different MD parameters. Each system was solvated with 150 mM KCI in water,
using a minimum distance from the periodic box bounds of 10 A. System contained a total of
42,983 atoms. A series of 10 energy minimising steps (min1, min2, md1-8) was run for each
simulation. 4 different production MD steps were run in parallel, each using a different set of
parameters (Table 3). Water molecule trajectories are typically discarded, as far more focus
is placed on analysing the protein in question, so we are not discarding any important data by

not writing these trajectories.

The largest increase in simulation rate was caused by reducing cut from 12 A to 8 A. Doubling
ntwx from 500 to 1000 caused the resulting output trajectories file to halve in size, from 121.04
GB to 60.52 GB. In combination with using barostat rather than ntb, these changes further
increased the simulation rate by 25%. Setting ntwprt to a non-zero value had effectively no
effect on the simulation rate. The decrease in rate of 0.73 ns/day can reasonably be explained

by run-to-run variance. The trajectories file for Run 3 was just 13.73% of that from Run 2 (8.31
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GB compared to 60.52 GB), greatly decreasing the volume of wasted storage being used to

hold trajectories for atoms that are going to be stripped from the visualisation, regardless.

Parameter \ Input file Original Run 1 Run 2 Run 3
cut 12.0 8.0 8.0 8.0
ntwx 500 500 1000 1000
ntwr 500 500 1000 1000
ntb 2 2 - -
barostat - - 2 2
ntwprt 0 0 0 13858
Mean Rate (ns/day) 115.74 201.92 242.47 241.74
Rate relative to original | 100% 174% 209% 209%

Table 3. Changes made to AMBER input files and resulting simulation performance. cut is the non-bonded
cut-off distance in Angstroms, at which long range electrostatics are calculated using the Particle Mesh Ewald
(PME) method (Essmann et al., 1995; Case et al., 2021a); ntwx and ntwr determine the interval between which
trajectories are written to the coordinates and restart files, respectively; ntb and barostat control the pressure
exerted on the system (ntb = 2 applies constant pressure to the system) (barostat = 2 sets this to use the Monte
Carlo barostat, which is better optimised for GPU simulations) (Case et al., 2021a); ntwprt determines for which

atoms the trajectories are written to the output file (0 if unspecified).

The unmodified PF Sheet model contains over 10 times as many protein atoms as the single
tubulin heterodimer used in these tests (195202 and 13943 atoms, respectively). A typical
simulation using this model produces approximately 120 GB of trajectories files when using
the optimisations detailed above, at a rate of between 10-15 ns/day depending on periodic
box size and number of water residues. Without these optimisations, the trajectories would
theoretically total around 1.75 TB, and simulations would run at less than half the rate of the
optimised simulations. The optimisations made have, therefore, made simulating large, multi-
dimer systems like the PF Sheet and Short MT models possible. This was achieved by
speeding up the rate of simulation so that 100 ns can be simulated within two weeks, and by

minimising storage space requirements by not retaining unwanted water molecule trajectories.
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Appendix B: Scripts/input Files
Up to date versions of python scripts can be found at:

https://qgithub.com/crfield18/AMBER-for-HPC

(I) Building a modified tubulin heterodimer (LEaP)

This is an input file for LEaP that speeds up the process of building a tubulin heterodimer with
a single PTM. solvatebox prints the periodic box volume to the terminal, which can be used to
calculate the number of salt ions needed to reach 150 mM. Run the script without the
addionsrand and saveamberparm steps, calculate the number of salt ions, and input the
remaining commands manually. This input file only work in XLEaP (not TLEaP), as the PTM
chain needs to be moved manually using the edit window. This step could be replaced if a
command existed for translating atom coordinates. The reconstructed 5ij0 PDB file contains
901 protein residues. GTP, Mg®" and GDP are residues 902-904, respectively. PTMs typically
begin at residue 905 but can sometimes occur before the ligands. For the larger PF Sheet and
Short MT models, the second tubulin heterodimer will either begin at residue 905, if the
previous tubulin is unmodified, or 905 + n where n is the length of the PTM chain (e.g., for a
heterodimer modified with a 10 residue PTM, the N-terminus of the next heterodimer will be

residue 912).
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‘example-leap-dimer-prep.in’

# Load the ff14SB force field for protein simulations
source leaprc.protein.ff14SB

# Load force field parameters for GTP, GDP, Mg?", GLG and GGN
loadamberprep GDP.prep

loadamberprep GTP.prep

loadamberprep magnesium.prep

loadamberprep GLG.prep

loadamberprep GGN.prep

loadamberparams GTP.frcmod
loadamberparams GDP.frcmod
loadamberparams magnesium.frcmod
loadamberparams GLG.frcmod
loadamberparams GGN.frcmod

# Load the modifiable tubulin PDB
pdb = loadpdb example.pdb

# Create a unit for the ptm chain (e.g., 5 residue poly(E))
ptm = sequence { GLU GLU GLU GLU CGLU }

# Combine the pdb and ptm into a single unit
sum = combine {pdb ptm}

# Form a covalent bond between GLG and the N-terminus of the PTM
bond sum.889.CD sum.905.N

# Open the edit window

# Select the ptm and position as best you can with the mouse

# Then select the ptm and the surrounding residues and choose ‘relax selection’
edit sum

# Load the water model and add water molecules
source leaprc.water.tip3p
solvatebox sum TIP3PBOX 10.0

# Add salt ions to the system. Concentration is calculated separately (replace n)
addionsrand sum K+ n
addionsrand sum Cl- n

# Export coordinates and topology for the solvated system
saveamberparm sum example.parm’7 example.rst?
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(I1) Modifying tubulin in a multi-dimer model (ChimeraX)

This is a batch script that builds a modified microtubule/protofilament sheet model using an
unmodified scaffold model and a modified tubulin PDB file. This example uses a 4-dimer
model, but it can easily be adapted to the desired number of heterodimers by increasing the
number of modified tubulin PDB files loaded, and by incrementing the matchmaker selections

(e.g., matchmaker #6 to #1.5, matchmaker #7 to #1.6, etc.).

‘example.cxc’

# Load the unmodified PF Sheet/Short MT model
Open scaffold.pdb

# Load n copies of the modified tubulin pdb where n is the number of tubulins in the scaffold
open modified-tubulin.pdb
open modified-tubulin.pdb
open modified-tubulin.pdb
open modified-tubulin.pdb

# Position each modified tubulin into a different unmodified tubulin
matchmaker #2 to #1.1
matchmaker #3 to #1.2
matchmaker #4 to #1.3
matchmaker #5 to #1.4

# Save a ChimeraX project file
save “/path/to/directory/example.cxc”

# Select all the modified tubulins
sel #2-*

# Save a pdb file containing only modified tubulins, positioned as in the scaffold pdb.
save “/path/to/directory/example.pdb” selectedOnly true relModel #1
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(lll) Split PTM chains into separate PDB files automatically
‘ptm-split.py’ automates the process of separating the PTM chains and protein body into
separate PDB files (Field, 2022). It takes a single PDB file with multiple modified heterodimers

as an input using -i as a command line argument.

ptm-split.py’ (Field, 2022)

import argparse

# This script uses -i as a command line argument to pick the input pdb file
parser = argparse.ArgumentParser ()

parser.add argument (‘-i’, ‘—input’, type=str, required=True)

args = parser.parse_args()

input = args.input
check list = (‘ATOM’, ‘HETATM')
tail res = ()

# Check whether gtp/gdp have residue number before or after the ptm
# Currently set to check for 5-residue PTMs
# Add/remove residues from each ‘tail res’ tuple as needed
with open (input, r) as file:
for line in file:
if not any(i in line for i in check list): # Ignore any lines without ‘ATOM’ or ‘HETATM’
pass
else:
if ‘gdp X 909’ in line:
print (‘PTM before ligands’)

tail res = (‘X 9027, ‘X 903", 'X 904’, ‘X 905', ‘X 906")
break

else:
print (‘PTM after ligands’)
tail res = (‘X 905’, ‘X 906’, ‘X 907’, ‘X 908’, ‘X 909")
break

# Creates pdb files for the body and all tails, using the same filename as the pdb file
body = open (input.split(‘.’)[0] + ‘-body.pdb’, ‘w’)
tail all = open(input.split(‘.’)[0] + ‘-tails.pdb’, ‘w’)

# Write body and tails out to separate pdb files
with open (input) as file:
for line in file:
if any(r in line for r in tail res):
if YOXT’ not in line or ‘GGN’ in line:
tail all.writelines(line)
else:
tail all.writelines(line + ‘TER\n’)
else:
body.writelines (line)
tail all.writelines (‘END’)
file.close ()

# Split tails into separate pdb files

with open (input.split(‘'.’)[0] + ‘-tails.pdb’, ‘r’) as tail all:
t=1
while t <= 14: # Currently set for 14 heterodimers. Change as needed.
tail = open(input.split('.')[0] + '-tail' + str(t) + '.pdb', 'w')

for line in tail all:

if 'TER' not in line:
tail.writelines (line)

else:
tail.writelines(line + 'END\n')
tail.close ()
t += 1
break
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(IV) Reconstructing modified microtubules (LEaP)

This script takes the separated body and PTM PDB files and rebuilds them in LEaP, making
the modified microtubule/PF sheet compatible with . The sequence of the PTM must be set
before importing the PTM PDB files to ensure they are interpreted correctly when importing.
The N-terminus is not defined as an N-terminal residue (i.e., GLU nor NGLU), leaving an
unsatisfied valence that will be used to draw the covalent bond between it and the tubulin
residue being modified. If left unspecified, LEaP will make this an N-terminal residue when
exporting coordinate or topology files. The C-terminus is set to CGLU, as this residue is not
being modified further. Since all the PTM chains are loaded in separately from the main
protein, once summed, their residue numbers will start after all the residues associated with
the main protein and ligands. This influences which numbers need to be set for the bond

commands.
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‘example-leap-md-prep.in’

# Load the ff14SB force field for protein simulations
source leaprc.protein.ff14SB

# Load force field parameters for GTP, GDP, Mg?', GLG (and/or GGN)
loadamberprep GDP.prep

loadamberprep GTP.prep

loadamberprep magnesium.prep

loadamberprep GLG.prep

loadamberparams GTP.frcmod

loadamberparams GDP.frcmod

loadamberparams magnesium.frcmod

loadamberparams GLG.frcmod

# Load the pdb file containing only the main body of the model
body = loadpdb body.pdb

# Set the sequence for the PTM. This example is a 5-residue poly(E) chain
ptmseqg = { GLU GLU GLU GLU CGLU }

# Load the separate tail pdb files using the PTM sequence defined previously
taill = loadpdbusingseq taill.pdb ptmseg
tail2 = loadpdbusingseq tail2.pdb ptmseg

# Combine all the proteins into one summed unit
sum = combine {body taill tail2}

# Form covalent bonds between the body and PTMs. This example has the PTMs at beta tubulin E438
bond sum.889.CD sum.12657.N
bond sum.1793.CD sum.12667.N

# Load the water model and add water molecules
source leaprc.water.tip3p
solvatebox sum TIP3PBOX 10.0

# Add salt ions to the system. Concentration is calculated separately (replace n)
addionsrand sum K+ n
addionsrand sum Cl- n

# Export coordinates and topology for the solvated system
saveamberparm sum example.parm’7 example.rst?
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(V) Running MD with PMEMD

These scripts are used as input files for PMEMD to set the parameters for each simulation.
The first is one of multiple energy minimisation scripts which are used to reduce the potential
energy in the simulation, by simulating the solvent with the protein being restrained. During
this project | used 10 minimisation steps (min1, min2, md1-8), totalling 590000 cycles. The
second is the production MD script, used for running a 100 ns protein simulation. For larger
systems (i.e., systems containing many tubulin heterodimers), multiple copies of this script

were used in series to reach 100 ns.

‘min1.in’ (energy minimisation)

# Change n in ‘RES 1 n’ to final C-terminal protein residue

&cntrl
imin =1,
maxcyc = 10000,
ncyc = 5000,
ntb =1,
ntr =1,
cut =12.0

/
Hold the DNA fixed
500.0
RES 1 n
END
END

‘md9.in’ (production MD)

# Set ntwprt equal to the final atom associated with your protein/ligand (replace n)
# i.e., not water or salt ions

&cntrl
irest=1, ntx=5,
ntf=2, barostat=2, cut=8.0,
nstlim=50000000, dt=0.002,
temp0=300.0, ntt=1,
ntp=1,
ntc=2,
ntwprt=n,
ntwx=1000,ntwr=1000,



82

(VI) ARC4 Submission Scripts

These input files contain the commands needed to run PMEMD jobs on ARC4. They worked
on ARC4 from October 2021 until September 2022. Energy minimisation jobs were run on a
full CPU node (40 cores). The large number of atoms comprising the Short MT/IPF Sheet
model requires the entire 192 GB of RAM of the node. Production MD jobs were run on 2
GPUs. filename should be set to the name as the parm7 and rst7 files used for the job.
previous-md should be the same as current-md for the previous job. current-md should use
the name of the current md input file. A typical series of jobs used in this project began with
min1.in (I=rst7; f=min1) and continue through min2 (I=min1; f=min2), then md1 (I=min2; f=md1)

through to md8. Production MD started at md9.

CPU jobs:

#!/bin/sh

#$ -cwd -V

#$ -1 nodes=1

#$ -1 h rt=48:00:00
#$ -N jobname

module purge
module add user
module add amber/20

n=filename
l=previous-md
f=current-md

mpirun pmemd.MPI -O -i $f.in -o $f.out -inf $f.inf -c $n.$1 -ref $n.$1 -r $n.S$f -p Sn.parm7 -x
Sn$f.x

GPU jobs:

#!/bin/sh

#$ -cwd -V

#$ -1 coproc_v100=2
#$ -1 h rt=48:00:00
#$ -N jobname

module purge

module add user

module add cuda

module add amber/20gpu

n=filename
l=previous-md
f=current-md

mpirun -np 2 pmemd.cuda SPFP.MPI -O -i $f.in -o $f.out -inf $f.inf -c $n.$1 -ref $n.$1 -r $n.Sf
-p $n.parm7 -x $n$f.x
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Appendix C: PDB file formatting

The different pieces of software used for the modified tubulin/microtubule workflow (Fig. 7)
output PDB files with small differences in formatting. Slight inconsistencies between how each
program interprets and exports PDB files can prevent them from working in LEaP, causing the
program to crash without providing an error message that explains why. Information on the
PDB file format can be found on the wwPDB Foundation website (Berman et al., 2003;

wwPDB, 2022).

When mutating a Glu residue to ‘GLG’, first remove hydrogen atoms from the protein using
the -trim flag for the Reduce. Then change the residue name in columns 18-20 from GLU to
GLG in the trimmed PDB file (Fig. 23). Delete the line associated with atom OE2. This is the
side chain carboxylic acid oxygen atoms that is not present in ‘GLG’. Using non-standard
residues to build PTMs can introduce issues when exporting files from ChimeraX. ChimeraX
exports PDB files containing non-standard residues, such as ‘GLG’, using the HETATM record
type. By default, residues marked as HETATM are not bonded to adjacent amino acids.
Therefore, any non-standard residues with the HETATM record type should be changed to
ATOM. The PDB file format is dependent on the position of the data in each column. ATOM
needs to be followed by 2 spaces so that correct column spacing is maintained for the rest of

the line.

TER indicated the end of a molecule or protein chain. A TER line should be after the final
residue in each protein chain, and at the end of each ligand molecule. This includes at the end
of each tubulin subunit; between GTP, GDP and Mg?"; and either side of any PTM chains.
When using the GTP and GDP parameters from Meagher et al., (2003), any reference to these
molecules needs to be lower case (i.e. gtp instead of GTP). GTP and GDP atoms use * or *
to indicate ribose atoms. When using these parameter files, use * to indicate GTP ribose

atoms, and * to indicate GDP ribose atoms.
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Unmodified
ATOM 7020 N GLU B 896 471.161 344.172 360.014 1.00221.58 N
ATOM 7021 CA GLU B 896 470.533 344.586 361.230 1.00221.58 C
ATOM 7022 CB GLU B 896 469.613 345.807 361.064 1.00221.58 C
ATOM 7023 CG GLU B 896 469.225 346.452 362.395 1.00221.58 C
ATOM 7024 CD GLU B 896 468.496 347.754 362.097 1.00221.58 C
ATOM 7025 OE1 GLU B 896 468.159 347.985 360.905 1.00221.58 (e}
ATOM 7026 OE2 GLU B 896 468.272 348.537 363.058 1.00221.58 (0]
ATOM 7027 C GLU B 896 469.721 343.438 361.720 1.00221.58 C
ATOM 7028 O GLU B 896 469.047 342.762 360.945 1.00221.58 [0}
Modified
ATOM 7020 N GLG B 896 471.161 344.172 360.014 1.00221.58 N
ATOM 7021 CA GLG B 896 470.533 344.586 361.230 1.00221.58 C
ATOM 7022 CB GLG B 896 469.613 345.807 361.064 1.00221.58 C
ATOM 7023 CG GLG B 896 469.225 346.452 362.395 1.00221.58 C
ATOM 7024 CD GLG B 896 468.496 347.754 362.097 1.00221.58 C
ATOM 7025 OEl1 GLG B 896 468.159 347.985 360.905 1.00221.58 [0}
ATOM 7027 C GLG B 896 469.721 343.438 361.720 1.00221.58 C
ATOM 7028 O GLG B 896 469.047 342.762 360.945 1.00221.58 [0}

Figure 23. Mutating Glu to ‘GLG’ in a PDB file. Changes made (green) to mutate a CTT Glu residue to ‘GLG’.

Deletions are in cyan.

For large PDB files exported from VMD, such as the Short MT and PF Sheet models, atom
and residue numbering can cause issues when loading these same files into other software
like ChimeraX and LEaP. Past an atom number (serial) of 99999 and residue number (resSeq)
of 9999, these values will begin to be written to the output file as hexadecimal values, rather
than decimal. This is likely to maintain the strict column width rules imposed on PDB files to
make them as inter-compatible with as many software packages as possible. The atom
number can only occupy columns 7-11 and the residue number can only occupy columns 23-
26 (wwPDB, 2022). ChimeraX and LEaP are not set up to interpret hexadecimal values in
these columns. ChimeraX interprets atoms currently up to 99999, then ignores the remaining
atoms, leaving large holes in the model. Loading the same PDB file into LEaP will cause it to
crash. ‘vmd-numifx.py’ is design to take a PDB file exported from VMD and convert
hexadecimal values in the atom and residue number columns (serial and resSeq, respectively)

and convert them to base 10, fixing compatibility with ChimeraX and LEaP (Field, 2022).
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‘vmd-numfix.py’ (Field, 2022)

import argparse

# # Convert base 16 values to base 10, then conform to column width restrictions of PDB files

def hex to dec(hex:str, clmn:int):
dec = int (hex, 16)
if len(str(dec)) > clmn:
dec = str(dec)
dec = dec[-int (clmn) :]
return dec

# # Check to see if atom/residue number is in hexadecimal
def check(b:int, e:int, field:bool, clmn:int):
# If column values are not hexadecimal

if field == False:
# Check if columns contain any letters (i.e., a hexadecimal value)
try:
n = "'.Join(line[b:e]) .replace(' ', '")
n = int(n)

# Convert any hexadecimal values to decimal
except ValueError:
n = hex to dec(n, clmn)

# All future values in these columns will be treated as hexadecimal

field = True

else:
n = "'.Join(line[b:el)
# If column values are hexadecimal
else:
n = "'.jJoin(line[b:e]) .replace(' ', '")

n = hex to dec(n, clmn)

# Return the column values (converted or not converted)
return n

if name == " main ":

# # Command line argument for the input PDB file

parser = argparse.ArgumentParser ()

parser.add argument ('-i', '--input', type=str, required=True)
args = parser.parse_args()

input pdb = args.input

# Are atom/residue numbers from the current line all hexadecimal or not?

serial hex, resSeg hex = False, False

# Previous atom/residue number to compare against current
serial prev, resSeq prev = 0, 0

# Output PDB file with have -numfix at the end of the file mane
output = open (input pdb.split('.')[0] + '-numfix.pdb', 'w')

with open (input pdb, 'r') as file:
for line in file:

# Ignore any lines without 'ATOM' in the record columns (columns 1-6)

if 'ATOM' not in line:
pass

else:
# Convert the line into a list of characters and spaces
line = list(line)

# Set new atom number (serial) column values (columns 7
serial = check(6,11,serial hex,5)
line[6:11] = list(str(serial))

# Set new residue num (resSeq) column values (columns 23
resSeq = check (22,26, resSeq hex, 4)
if resSeq prev == '9999' and resSeq != '9999':
resSeq hex = True
resSeq = check (22,26, resSeq hex, 4)
line[22:26] = list(str(resSeq))

# Set current serial and resSeqg values to previous
serial prev = serial
resSeq prev = resSeq

# Write to output file ('*-numfix.pdb')
output.writelines (''.join(line))

11)

- 26)



