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Abstract
Structural studies of the microtubule and its regulation
By Lisa Eshun-Wilson
Doctor of Philosophy in Molecular Cell Biology
University of California, Berkeley

Microtubules (MTs) are highly conserved, cytoskeletal polymers that are involved in a large
number of cellular processes. These include cell maotility, in which they form the central scaffold
of the beating machinery in cilia or flagella, to intracellular transport, in which they function as
the cellular highways for the shipment of organelles and other cargos by motor proteins of the
kinesin and dynein families, or cell division, in which they form the mitotic spindle to carefully
segregate genetic material. These polymers undergo dynamic instability, the stochastic
switching between growth and shrinkage, which give them the capacity to rapidly rearrange to
allow the cell to grow, move, or divide'. Dynamic instability misregulation can cause cancer,
Alzheimer's disease, and other life-threatening diseases. Therefore, it is crucial to understand
how MTs, and the chemicals or proteins that regulate them, work. For example, the molecular
mechanism of a-tubulin acetylation (aK40) has remained elusive, although this chemical
modification has been shown to correlate with stability of MTs and serves as a prognostic
marker for breast cancer?®. In addition, how MAPs transform large MT substructures is an
emerging frontier waiting to be explored.

While it is known that aK40 acetylation is associated with more stable MTs, it is not clear
whether the relationship between this chemical modification and stability is causative. To tackle
this controversy, | applied a reductionist approach to tease out the direct effects of this
modification on MT structure by using cryo-electron microscopy (cryo-EM) to visualize
acetylated and deacetylated MTs. | showed that acetylation changes the conformational
ensemble of the intraluminal ak40 loop in a-tubulin and may serve as an evolutionarily
conserved ‘electrostatic switch’ to regulate MT stability*. Due to the high flexibility of the loop,
unlocking the effects of this modification required an exciting hybrid EM-MD approach,
designed in collaboration with Dr. James Fraser at UCSF and Dr. Massiliano Bonomi at the
University of Cambridge.

As a result of my studies, | have become very interested in conformational heterogeneity and
plasticity in the MT lattice. For example, the structure and mechanics of the lattice are not only
dependent on the modification state of each tubulin, but also on tubulin isotypes, interacting
drugs, or MT-binding partners, all of which can cause changes in tubulin structure and subunit
packing within the MT and affect local mechanical strain and other physical properties of the
latticed. | started to appreciate the MT as an allosteric macromolecular machine that interprets
multifaceted inputs and reacts by transforming its conformation, stiffness and dynamics®. This
appreciation launched an exploratory project into the complex world of therapeutic agents,



specifically on lankacidins, a unique class of antibiotics. Similar to PTMs and MAPs, therapeutic
agents can affect MT structure and stability. Taxol, a major breast cancer chemotherapy agent,
can block the cell cycle in its G1 or M phases by stabilizing MTs and limitng MT critical
dynamics®’. Surprisingly, lankacidins (LCs) were shown to have both in vivo antitumor activity
in multiple cancer cell lines and antimicrobial activity against Gram-positive pathogens. We
observed that LC did not polymerize MTs in a taxol-like manner and now believe that the
proposal that its in vivo antitumor activity occurs via MTs could be due to previous lack of proper
experimental controls. Thus, we shifted our focus to the effects of LC on bacterial translation
and its role as an antibiotic. We present a 2.8 A structure of the LC-ribosome complex, which
improves upon the existing model and shows that LC ring closure is imperative for its
mechanism of action. This mechanism may be conserved across related metabolites in the
lankacidin class for their antibiotic activity.
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Chapter 1: Introduction to microtubules, their regulatory factors, and cryo-electron
microscopy

This chapter will delve into the structure, biogenesis, and mechanics of these essential
cytoskeletal polymers as well as the modulators that can tailor their function in the cell. | also
discuss the techniques we can use to tease these complex processes apart, specifically cryo-
electron microscopy (cryo-EM).

1.1 Introduction to microtubules

MTs are highly conserved cytoskeletal polymers that play essential roles in intracellular
transport, cell division and cell motility in all eukaryotes. They are assembled from heterodimers
of a- and B-tubulin (50kDa each), which stack longitudinally, or head-to-tail, into polar
protofilaments (PFs), with ~13 PFs that laterally associate to form a hollow tube®. These lateral
contacts, which are essential for MT growth, involve the H2-H3 and H1'-S2 loops of one
monomer interacting with the M-loop of its neighbor. Lateral contacts are homotypic (a-a and
(-B contacts), except at the “seam”, where the contacts are now heterotypic (a-f and 3-a
contacts) and presumably weaker (Fig. 1)°.
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Figure 1 | MT structure and lateral interactions. Schematic of MT structure showing the seam (a-tubulin: green,
B-tubulin: blue), to the left. In the top panel, cryo-EM density map at 3.3 A resolution showing the important
residues for homotypic lateral interactions, viewed from the lumen side. The aK40 loop is highlighted in red to
emphasize its close proximity to lateral contacts, however, its current structure remains unknown. In the bottom
panel, comparisons of the atomic models of the lateral interactions at the seam (orange) and the non-seam (blue
for 3-8 and green for a-a) contacts. Modified from Zhang et al., Cell, 2015 and Nogales and Zhang, Current
Opinion in Structural Biology, 2016.




The tubulin arrangement just described gives rise to a polar tube which exposes 3-
tubulin at the ‘plus-end’, or the end that preferentially undergoes growth or shrinkage, also
known as dynamic instability'®'2, Powered by guanine triphosphate (GTP) hydrolysis, dynamic
instability is defined by: (i) the rate of growth or polymerization, (i) the rate of shrinkage or
depolymerization, (i) the catastrophe frequency (the rate of switching from a growing to a
shrinking state), and (iv) the rate of rescue (the rate of switching from a shrinking to a growing
state)'®',

Dynamic instability is critical for a plethora of cellular processes, including the
coordination of chromosomes segregation and precise assembly of the mitotic spindle during
mitosis. Thus, errors in chemical modifications that mark MT stability or mutations in
microtubule-associated proteins (MAPs) that modulate MT dynamics could lead to life-
threatening diseases. Thus, it is imperative to gain mechanistic insight into how MTs function in
order to create potent therapeutic agents to combat MT-related diseases.

1.1.1 Microtubule structure and function

Tubulin belongs to a unigue class
of GTPases, composed of tubulin, which
is found in all eukaryotes, and filamenting
temperature sensitive strain Z (FtsZ),
which is found in eubacteria and archaea.
Tubulin and FtsZ share a common fold of
two domains, an N-terminal, nucleotide-
binding domain with a Rossmann fold
that connects by a central or core helix
(H7), to a smaller, Intermediate domain,

which in b-tubulin includes the taxol bind ~ Nuclectidesinding Nucieotide-Binding
pocket (Fig. 2). Additionally, tubulin cor
contains a C-terminal domain that

includes the H11 and H12 helices that

serve as a platform for the binding of 180°

many MAPs. ¢

To form af3-heterodimers, each C-terminal
monomer is folded individually through a

heavily  regulated two-step  folding iy
pathway. First, the nascent a-tubulin and

Nucleotide-Binding

Outer View Luminal View

Figure 2 | aB-tubulin heterodimers are the basic building blocks of MT structure. The top panel displays a
closeup view of a-tubulin in green and B-tubulin in blue. The non-exchangeable site (N-site) where GTP binds
in a-tubulin is highlighted in orange, while the exchangeable site (E-site) where GDP binds in B-tubulin is
highlighted in purple. The lower panel shows schematics of each domain within tubulin (Nucleotide-binding
domain, navy blue in 3 and dark green in a; C-terminal domain, royal blue in 3 and bright green in a; Intermediate
or taxol-binding domain, sky blue in 3 and light green in @) are shown in the panel below. Helix 7 (H7) is the
central helix that unites the Nucleotide-binding and Intermediate domains (indicated by black arrow). Each
dimer is shown from the outer and luminal views.



(-tubulin chains each associate with prefoldin, which delivers them to the cytosolic chaperonin
TRIC (TCP-1 Ring Complex, also called CCT for chaperonin containing TCP-1)™16, Once
released from the TRIC, six tubulin folding cofactors (TFC-A, TFC-B, TFC-C, TFC-D, TFC-E and
ARL2) bind sequentially to either tubulin subunit and then to both to coordinate subunit synthesis
and the formation of the heterodimer'”18,

In vivo, MTs are largely composed of 13-PFs. It has been proposed that this selection
(which is distinct for what is seen in vitro in the absence of microtubule-associated proteins
(MAPs), may be due to their nucleation by the y-tubulin ring complex, which has been proposed
to template 13-PF MTs, or by regulation via MAP-binding that promotes 13-PF MTs, as seen
for end-binding proteins (EBs) and doublecortin in vitro™. Along the MT lattice, PFs stagger
giving rise to a pseudo-helical arrangement, where, if we ignore the subtle differences between
aB tubulin heterodimers, the polymer can be seen as a 3-start helix of tubulin monomers. A 3-
start, 13-PF MT with homotypic contacts at all lateral interfaces, but the seam, appears to be
the most common species found in vivo'®#°,

The process of MT disassembly is driven by GTP hydrolysis. Thanks to a-tubulin’s built-
in GTPase activity, or ability to hydrolyze GTP, MTs can harvest hydrolysis energy and release
it explosively to do work. In tubulin, the catalytic residue E254 resides in loop T7 between H7
and H8 in a-tubulin and hydrolyzes GTP in the exchangeable nucleotide site (E-site) in 3-
tubulin®. Notably, GTP in a-tubulin lies at the intradimer interface in the non-exchangeable site
(N-site) and serves as a structural cofactor of tubulin®®2" (Fig. 2). Hydrolysis from GTP to GDP
at the E-site causes an important conformational change, or a lattice compaction (REFs), which
generates strain that breaks lateral contacts. Specifically, the lattice compaction describes a
decrease in the dimer rise, or “axial repeat”, which is the distance between dimers along a
protofilament.

The nucleotide-binding domain is exceptionally rich in aromatic residues, making it highly
resilient. It consists of a parallel 3-sheet (S1-S6) and a-helices HO-H7 (Fig. 3A), each of which
are connected by loops T1-T6™ (Fig. 3B). Each of six loops attach one 3-strand to a neighboring
a-helix and play an important role in stabilizing with the nucleotide. The intermediate domain
consists of a-helices H8-10 and a mixed (3-sheet (57-S10) and the C-terminal domain
completes the structure with two antiparallel 3-strands S11-S12 and two highly negatively
charged helices H11-H12. The terminal residues of H12 (~10 residues for a and ~20 for 3)
also known as the C-terminal tails, are highly charged, flexible and acidic and serve as a major
interaction site for PTMs and MAPs® 022 (Fig. 3).
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Figure 3 | Outline of the structural domains and nucleotide binding site of tubulin. (A) Secondary structure 3-
strands and a-helices are numbered HO-H12 and S1-S12 and mapped to their corresponding structural
domains (nuclectide binding domain (a-helices HO-H7 and R-strands S1-S6); Intermediate domain (a-helices
H8-10 and B-strands S7-5S10); C-terminal domain (a-helices H11-H12 and (3-strands S11-S12). (B) Top-view
of B-tubulin monomer highlighting GDP bound to the E-site and interacting with loops T1-T6. Adopted from
Nogales et al. Nature, 1998.

To form af3-heterodimers, each monomer is folded individually through a heavily
regulated two-step folding pathway. First, the nascent ap-tubulin chains associate with the
chaperone protein prefoldin, which delivers them to the cytosolic chaperonin TRIC (TCP-1 Ring
Complex, also called CCT for chaperonin containing TCP-1)'*16, Once released from the TRIC,
six tubulin folding cofactors (TFC-A, TFC-B, TFC-C, TFC-D, TFC-E and ARL2) bind either af3-
tubulin subunit and coordinate subunit synthesis and the formation of the heterodimer!”-'€, This
process interweaves the (3-sheets and a-helices to form the domain architecture that empower
tubulin to perform its unique GTPase enzymatic activity.

In tubulin, the catalytic residue E254 for GTP hydrolysis resides in loop T7 between H7
and H8 in a-tubulin and hydrolyzes GTP in the exchangeable nucleotide site (E-site) in 3-
tubulin®. Notably, GTP in a-tubulin lies at the intradimer interface in the non-exchangeable site
(N-site) and serves as a structural cofactor of tubulin®®2! (Fig. 2). Hydrolysis from GTP to GDP-
P at the E-site causes a global conformational change, or a lattice compaction, which generates
strain that breaks lateral contacts. Specifically, the lattice compaction describes a decrease in
the dimer rise, or “axial repeat”, which is the distance between dimers along a protofilament.

Lattice compaction and strain generation events lead to the following changes along
longitudinal contacts at the E-site in 3-tubulin: local rearrangements within a: T7-H8, 3:12-H2,
and 3:T5, the release of the coordinating Mg?* ion, and a shift in the position of a:E254 for
catalysis®. These changes promote the release of phosphate and result in the final GDP state
in the body of the MT. More specifically, there is a distortion in the a:H8 post-hydrolysis (GDP-



like) state and not the pre-hydrolysis (GTP-like) state. The distortion in a:H8 is suspected to
generate strain in the lattice, suggesting that GTP hydrolysis provokes a global, longitudinal
strain that builds up gradually in addition to lateral strain propagation, until a threshold is reached,
leading to an abrupt release of the excess strain. A second conformational change in the GDP-
like state that may also contribute to mechanical strain is the rotation of the intermediate domain
and C-terminal helices (H11-H12) of a-tubulin relative to its N-terminal domain. As the
heterodimer rotates, it moves further away from its proposed ground state, based on previously
published crystal structures. The build-up of mechanical strain in the GDP-like state can lead
to explosive release of energy that is hypothesized to pop the “GTP-stabilizing cap”. A growing
MT contains a stabilizing GTP-cap (or an accumulation of tubulin dimers with GTP at the E-site).
This ‘cap’ disappears when GTP hydrolysis or Pj release happens faster than the addition of

new dimers, for example, at concentrations of tubulin lower than its critical concentration or in
the presence of depolymerizing MAPS, leading to MT catastrophe’.

The role that the seam plays in MT catastrophe remains unknown. Some support the
seam-centric model, which asserts that the build-up of longitudinal tension and mechanical
strain leading to GTP hydrolysis destabilizes MTs starting at the seam interface®®. Whereas,
others support a more holistic model, which argues that the seam plays a passive role in MT
instability and MT catastrophe is caused by the weakening of lateral contacts (first between a-
a subunits followed those between (3-8 subunits) paired with the strengthening of longitudinal
contacts, but without the influence of mechanical strain build-up within the lattice®.

1.1.2 Introduction to the MT chemical modification: ak40 tubulin acetylation

Dynamic instability is highly regulated in vivo by multiple mechanisms that affect tubulin
and its interaction with a myriad of regulatory factors. One mechanism that cells can use to
manipulate MT structure and function involves the posttranslational modification (FTM) of tubulin
subunits. Through the spatial-temporal regulation of proteins by the covalent attachment of
additional chemical groups, PTMs can play important roles in controlling the stability and
function of MTs?*. Most of tubulin PTMs alter residues within the highly flexible and negatively
charged C-terminal tail of tubulin that extends from the surface of the MT and contributes to the
binding of microtubule-associated proteins (MAPs)?2¢, These PTMs include detyrosination, A2-
tubulin generation, polyglutamylation, and polyglycylation®”. However, acetylation of a-tubulin on
K40 stands out as the main tubulin PTM that localizes to the inside of the MT, within a loop of
residues P37 to D47, often referred to as the ak40 loop. This modification is carried out by a-
tubulin acetyltransferase aTAT1 and removed by the NAD*-dependent deacetylase SIRT2 and
by HDACE%>?". Despite some interesting functional studies conceming this modification,
structural insights into the effect of this “hidden PTM” on MT properties are still missing.

Shortly after its discovery over 30 years ago®®, acetylation of ak40 was found to mark
stable, long-lived (. > 2 h) MT subpopulations, including the axonemes of cilia and flagella or
the marginal bands of platelets®>2’, and to protect MTs from mild treatments with depolymerizing
drugs, such as colchicine?® and nocodazole®. Multiple studies have suggested that reduced
levels of aK40 acetylation cause axonal transport defects associated with Huntington's disease,



Charcot-Marie—Tooth disease, amyotrophic lateral sclerosis, and Parkinson’s disease®' =%,
These defects can be reversed by restoring ak40 acetylation levels®. On the other hand,
elevated levels of aK40 acetylation promote cell-cell aggregation, migration, and tumor
reattachment in multiple aggressive, metastatic breast cancer cell lines®®4", While these studies
imply that tubulin acetylation has an effect on axonal growth and transport, a mechanistic model
is still missing.

Whether acetylated MTs are stable because they are acetylated or whether stable
structures are better at acquiring this modification remains a point of contention. For example,
a previous study showed that acetylation did not affect tubulin polymerization kinetics in vitro®,
However, this study was confounded by two factors: (i) MTs acetylated by flagellar extract were
compared with native brain tubulin, which is ~30% acetylated, and (i) only a single round of
polymerization/depolymerization was performed after in vitro acetylation, which is insufficient to
remove aTATT or other MAPS. Thus, the results of that study may be limited by the purity and
preparation of the sample.

Our previous structural work also found no significant differences between 30%
acetylated and 90% deacetylated MTs at a resolution of ~9 A, particularly at the modification
site. The akK40 residue within the ak40 loop, which was invisible in both cases due to the
intrinsic disorder and/or to the remaining heterogeneity of the loop (i.e., that study may have
been limited by the low purity of the samples)?’. More recent in vitro studies, using pure samples
of 96% acetylated and 99% deacetylated MTs, argue that aK40 acetylation induces a structural
change that improves the flexibility and resilience of MTs**4°, These studies find that acetylated
MTs maintain their flexural rigidity, or persistence length, after repeated rounds of mechanical
stress, while deacetylated MTs show a 50% decrease in rigidity and are 26% more likely to
suffer from complete breakage events®¥4°,

Since the ak40 residue is less than 15 A away from the lateral interface between PFs,
a possible model for the molecular mechanism of acetylation is that it alters inter-PF interactions
by promoting a conformation of the ak40 loop that confers flexural rigidity, thus increasing its
resistance to mechanical stress—a phenomenon called PF sliding as illustrated in Fig. 4%°4°,
Molecular dynamics (MD) simulations have suggested a model where ak40 forms a stabilizing
salt bridge with aE55 within the core of the a-tubulin monomer that in tun stabilizes aH283
within the M-loop of its neighboring a-tubulin monomer*!. Another study proposed that ak40
acetylation may specity 15-PF MTs, which are known to be 35% stiffer than 13-PF MTs and
more effective at forming MT bundles*.

Given the uncertainties remaining conceming the effect of ak40 acetylation on MTs, we
decided to characterize the conformational properties of the ak40 loop in the acetylated and
deacetylated MTs that could have an effect on MT structure and properties. To that end, we
produced near atomic-resolution cryo-EM maps of 96% acetylated (Ac®) and 99%
deacetylated (Ac®) MTs. By improving sample purity, we were able to visualize more density for
the aK40 loop in the acetylated state. Using MD methods to fit the cryo-EM map, we found
that acetylation shifts the conformational landscape of the ak40 loop by restricting the range of



motion of the loop. In contrast, in the Ac® state, the ak40 loop extends deeper into the lumen
of the MT, and samples a greater number of conformations. These motions are likely to increase
the accessibility of the loop to aTAT1, in agreement with the hypothesis that aTAT1 acts by
accessing the MT lumen*#, and likely influence lateral contacts, in agreement with the
causative effect of acetylation on the mechanical properties of MTs*., For more details, please
visit Chapter 2.

TATH ‘ enters the
lumen

-

Hypothesis | Acetylation alters lateral contacts and may
promote interprotofilament sliding

Figure 4 | Hypothesis | Acetylation stabilize MTs by changing lateral contacts and promoting inter-protofilament
sliding.



1.2: Introduction to cryo-electron microscopy (cryo-EM) and molecular dynamics
1.2.1 Cryo-EM in the study of MTs

Cryo-electron microscopy (cryo-EM) is a type of electron microscopy in which the
specimen is prepared and imaged at cryogenic temperatures, more specifically, at the boiling
point of nitrogen: -196°C. Winner of the 2017 Nobel Prize in Chemistry and the 2015 Method
of the Year Winner by Nature Magazine, this technique is superb for imaging biological
macromolecules in their native, hydrated state. Joachim Frank, Jacques Dubochet and Richard
Henderson, winners of the 2017 Nobel Prize in Chemistry for Cryo-EM, worked tirelessly over
several decades to advance this, now, cutting-edge technique. Indisputably, one of its
paramount advantages is its ability to analyze large, dynamic macromolecular assemblies.
Complex, flexible proteins are too large to analyze by other structural techniques, such as X-ray
crystallography, or too heterogenous for ensemble modeling techniques like nuclear magnetic
resonance (NMR) spectroscopy, for instance. However, large dynamic complexes or variable,
flexible regions within more rigid, globular structures often responsible for some the cells most
critical activities, such as the hallmark Alzheimer's marker tau which stabilizes neuronal MTs.

To prepare samples for cryo-EM, proteins are plunge-frozen in liquid ethane on a thin,
carbon-coated support layer placed on a copper mesh grid (Fig. 5). This near-instantaneous
vitrification and subsequent manipulation in liquid nitrogen allows us to not only capture high
resolution structural details but also possible intermediate states of our protein of interest. Cryo-
EM has played a pivotal role in elucidating the structure-function relationship of MTs and their
PTMs and MAPs. Beginning in the 1990s, researchers began to provide a mechanistic picture
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Figure 5 | Schematic of cryo-EM sample preparation. Proteins are plunge-frozen at cryogenic temperatures
on supportive copper grids and imaged using an electron microscope on a direct detector. MAPS are shown
in orange and MTs are shown in green.



of how dynamic instability works by using cryo-EM to construct a 3D model of a fully assembled
MT polymer at 20 A8, This map showed that the negatively charged C-terminal tails extended
from the outer protofilament crest of the MT and served as a major landing and interaction site
for a plethora of MAPs. Gaining a deeper mechanistic understanding of MT function and stability
immediately became a challenge, however, because of the presence of the seam, which
breaks helical symmetry, and the structural similarity between a- and (3-tubulin, making it
computationally challenging to extract high resolution information at the time.

Thanks to the improvement in data quality and image analysis, our group published MTs
in different stages of dynamic instability at 4.7-5.5 A resolution. The work employed two
strategies: to build upon image processing techniques developed by Edward Engelman,
Charles Sindelar and Ken Downing to better account for the heterogeneity along the MT lattice;
and the motor domain of kinesin as a fiducial marker to differentiate between a- and (3-tubulin
heterodimers. By comparing the structural transitions at each stage of dynamic instability, our
group found that GTP hydrolysis, which powers this fundamental process, leads to a
compaction at the exchangeable nucleotide site (E-site) of 3-tubulin at the longitudinal inter-
dimer interface®*°. Soon after, our group went on to visualize not only the different stages of
dynamic instability at higher resolution (3.5 A), but also characterize their regulation by the MAP
end-binding 3 (EB3)°. Our group showed that EB3 stabilizes a compacted structural
intermediate state proposed to correspond to GDP-P, and that it promotes GTP hydrolysis,
thus uncovering the molecular basis for its modulation of MT dynamics. With each new
development in the field of cryo-EM, the MT field has propelled further and further, allowing us
to now ask more challenging questions. How do tubulin isotypes and their PTMs drive the
tubulin code, or, in other words, how cells read and write unique MT populations? How should
we define a bona fide MAP? Do MAPs have different or redundant functions and what about
their structures dictate that? How are local concentrations and the relative abundance of
different MAPs regulated in the cell? What are the implications of misregulated PTMs and MAPs
in disease”? What role do small molecules play in MT stability”?

1.2.2 MT image processing and helical processing

As previously mentioned in 1.3.1, our general MT 3D reconstruction approach builds
upon the Iterative Helical Real Space Reconstruction (IHRSR) algorithm, featuring new
additions for MTs*47, First, as shown in Fig. 6, MT segments are manually selected from
motion-corrected micrographs, which can be done using either the APPION image
processing suite or the RELION software package®®°. Next, individual MT particles are
extracted from these segments by dividing the segments into overlapping boxes (512 x 512
pixels) that overlap every 82 A, which corresponds to an expanded tubulin dimer repeat.
Thus, the non-overlapping region captures ~13 unique tubulin dimers with each dimer
corresponding to a single asymmetric unit. The raw particle stacks are then compared to 3D
MT reference models that range in PF number (11-16). This multi-reference alignment (MSA)
protocol can be carried out using the EMANT software or using the 3D classification module
in RELION®2°T,



Now, in order to orient a raw MT particle image with respect to the 3D reference model,
the following five alignment parameters are needed: x, y translations (shx, shy) and three Euler
angles (W, B, ¢). For a helical object, W is the in-plane rotation, 8 is the out-of-plane tilt, and ¢
is the azimuthal angle around the MT axis. With this information, MT particles with the same PF
are grouped together and further refined using the FREALIGN software package®°°,
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Figure 6 | Schematic of helical processing pipeline. MT particles are extracted from drift-corrected images and
used to generate a 3D model. Using the given helical alignment parameters and the seam location, high
resolution 3D MT reconstructions can be generated with high confidence.

There are two types of 3D reconstructions you can generate with FREALIGN: (1) one
with pseudo-helical symmetry in which each raw particle is used ~13 times during the
reconstruction step (symmetrized) or one without symmetry in which each raw is used only
once (C1). In addition, the seam location serves as an important alignment parameter and can
be used to generate a high resolution MT model, as previously described®. From this model,
we can quantify any changes in the global parameters. For example, MAP binding could
transform the MT lattice, leaving it more compacted or twisted. Specifically, the global
parameters we measure are the rise, or the translation along the helical axis, parallel to the

10



seam, the twist, or the rotation around the helical axis, the dimer rise, or “axial repeat”, which is
the distance between dimers along a PF, and the dimer twist or ‘MT supertwist’, which
describes the angle between protofilaments and the axis of the MT (0 supertwist indicates that
the PFs run parallel to the MT axis). These global parameters are also used to further enhance
MT particle alignment during iterative refinement tactics and, thus, improve the signal-to-noise
ratio in our final reconstruction.

1.2.3 Meta-inference molecular dynamics as a complementary tool to EM

Modeling a dynamic, complex system is a challenging task. In cryo-EM you often
capture multiple intermediate, highly populated states that are only pieces of the full story.
Joachim Frank very beautifully illustrates this point using the reaction of the post-termination
ribosome splitting into its subunits, which is catalyzed recycling factor RRF and elongation factor
EF-G o GTP bind to post-termination ribosome®. As this reaction proceeds, there is a short-
lived intermediate state in which both RRF and EF-G e GDP are bound to the ribosome, but
splitting has not yet occurred. According to kinetic simulations, this state lasts less than 200
ms, and would, thus, be challenging to capture given the slow method of cryo-EM grid
preparation described in 1.3.1%°. And if captured, it would occupy a low number of sub-states

that could be averaged A Input B Errors
out using the

conventional  image [ Measurement-+Prior Mixing
processing pipeline,

also described in 1.3.1.

Random
This can be a
major  issue  when
studying flexible

Systematic 'ﬂ‘
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as pH or temperature,

because their function Metainference: Ensemble of models

is dependent on their

ability to interconvert

petween multiple
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Figure 7 | To generate precise and accurate models from (A) input experimental data, it is imperative to
deconvolute the following errors (B): mixing, random, systemahc and forward models, or inherent model bias
to successfully extract out a representative ensemble of models (C). This is imperative for dynamic,
heterogeneous systems, in which the experimental data is based on a population of states and fluctuations
between states. To accomplish this, Bonomi et al. use metainference MD to model a finite sample of this
distribution, shown in C, using replica-averaged modeling based on the maximum entropy principle. Adopted
from Bonomi et al., Science Advances 2019.
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popular sub-states. To address the issue of visualizing a complex system populated by an
ensemble of different sub-states, but represented as an average, Drs. Massimiliano Bonomi
and Michele Vendruscolo developed an impressive Bayesian inference Molecular Dynamics
(MD) method, called “metainference” MD that can identify errors in experimental measurements,
such as the mixing of sub-states and random or systematic errors, and deconvolute multiple
sub-states from experimental measurements averaged over multiple states®™® (Fig. 7).
Metainference MD models a finite sample of the distribution of models using a replica approach,
pased on the maximum entropy principle®” and can serve as a complementary tool for cryo-
EM, especially when studying flexible proteins and flexible regions within proteins.

12



Chapter 2: Effects of ak40 tubulin acetylation on MT structure and stability
2.1 Results and discussion

This chapter highlights our high resolution cryo-EM structures of human acetylated and
deacetylated MT samples, the MD models of the aK40 loop configurations in each state, and
the mechanistic insights gained through their interpretation. These results have been published
and are discussed in more detail in our recent paper”.

2.1.1 High-resolution cryo-EM reconstructions of pure acetylated (Ac®) and deacetylated (Ac°)
MTs

Using recent biochemical schemes designed to enrich for specific acetylation states, we
generated Ac® and Ac® MTs for use in our cryo-EM studies®. We prepared cryo-EM samples
as previously described of Ac® and Ac® MTs in the presence of end-binding protein 3 (EB3)*.
EBGS served as a fiducial marker of the dimer that facilitated alignment of MT segments during
image processing. Using the symmetrized MT reconstruction, which takes advantage of the

Buil
residues

Sharpen
cryoEM map

Refine Select ' aK40 loop
atomic model central dimer Outer View Luminal View

Figure 8 | High-resolution maps of 96% acetylated (Ac96) and <1% acetylated (AcO) MTs. (A) Schematic of the
model-building and refinement process in PHENIX. We sharpened a representative 4 x 3 lattice, refined the corre-
sponding atomic structure (3JAR) into our map, and extracted out the cen- tral dimer to build additional residues
into the ak40 loop. We performed this process iteratively for both the Ac96 and AcO. The structure of the Ac96
(B) and AcO (C) aB-tubulin heterodimers, respectively, are shown from the outer and luminal views with close-
ups of ak40 loop in each state (D and E) low- pass filtered to 3.7 A.
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pseudo-helical symmetry present in the MT, we extracted a 4 x 3 array of dimers for further B-
factor sharpening, refinement, and model building (Fig. 8). This array includes all possible lateral
and longitudinal nonseam contacts for the central dimer, which was later extracted for model
building and map analysis.

The ak40 loop has been poorly resolved in previous EM reconstructions, and existing
models contain a gap between residues Pro37 and Asp48*°. While the loop has been resolved
in a number of X-ray crystallographic structures, the conformations stabilized in the crystal lattice
are likely consequences of the presence of calcium and/or crystal contacts (See Fig. S3B in
Eshun-Wilson et al. PNAS, 2019 for more details). For our symmetrized maps, we were able to
build residues S38-D39 and G44-D47 into the Ac®™ state and S38 and D46-D47 into the
Act state (Fig. 8D and E). Qualitatively, the maps suggest that the ak40 loop is slightly more
ordered in the Ac® state, with the protrusion of density following Pro37 extending away from or
toward Asp48 in the Ac®™ or AcU states, respectively. However, it is likely that multiple
conformations of the loop, perhaps as a function of each loop’s individual position around a
helical turm, are averaged together and result in the low signal-to-noise levels we observe in the
map.
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2.1.2 Conformational differences across MT states are confirned by non-symmetrized
reconstructions

We considered the possibility that the symmetrizing procedure used to improve signal and
resolution in our image analysis was averaging different ak40 loop conformation within different
PFs and thus interfering with our interpretation of the loop structure in the two states. To test
the hypothesis, we analyzed the nonsymmetrized maps calculated with C1 symmetry for the
Ac®™ and Ac? states. We extracted a full tumn of 13 adjacent dimers. This full-turn map revealed
additional density extending out further along the loop in the Ac® state compared with the
symmetrized maps filtered to the same resolution (4 A) (Fig. 9).

Furthermore, the A Acgs o
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Figure 9 | Symmetrized and NCS-averaged C1 maps of Ac® and Ac® MTs reveal the ak40 loop is more
ordered in the Ac® state. Close-up views of the ak40 loop (P37-D47) in the (A) Ac® and (B) Ac states in the
symmetrized maps low-pass fitered to 4 A and the (C) Ac® and (D) Ac® states in the NCS-averaged C1 maps
low-pass fittered to 4 A. The dotted lines indicate missing residues.
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This NCS averaging method had multiple advantages over the traditional averaging
technique for pseudohelical processing implemented in FREALIGN. First, the model
coordinates used for the averaging are based on the matrix of a-tubulin monomers along a full
turn rather than the single a-tubulin monomer. Second, in the FREALIGN averaging approach,
the signal from the dimers at the seam are down-weighted, whereas NCS averaging allows us
to separate the signal from the seam, and thus to deconvolute the signal from the nonseam
locations. Third, this procedure also acts to low-pass fitter the map to 4 A (the high-resolution
limit of the C1 map), which should suppress noise from the more disordered parts of the map,
including alternative conformations of the ak40 loop. Using this NCS-based approach, we were
able to resolve density and build a model for three additional residues, the acetylated K40, T41,
and 142. These residues pack toward the globular domain of a-tubulin, consistent with the
favorability of burying these relatively hydrophobic residues in the Ac® state. Despite observing
only very weak density, we have modeled the glycine-rich region that extends into the lumen
as a tight turn, which we note is only possible due to the expanded Ramachandran space
accessible to glycine residues (Fig. 9C). In contrast, and despite better global resolution, we
did not observe any density consistent with a stable conformation of the loop in the Ac® map.
Based on this result, which is consistent across the NCS-averaged and traditionally
symmetrized maps, we did not build any additional residues into the Ac® density (Fig. 9D).

2.1.3 Ensemble modeling of the aK40 loop in each state using density-restrained MD

For regions that exhibit a high degree of disorder, like the ak40 loop, a single, static
structure is a poor description of the native state. Ensemble models can help to elucidate how
populations of conformations change upon perturbations, such as PTMs®®°, To derive an
ensemble of conformations representing the Ac® and Ac? states, we used the atomic structure
built into the Ac™ map as the starting model to initiate metainference-based MD simulations,
which augment a standard force field with a term representing the density derived from the
cryo-EM map®. In contrast to molecular dynamics and flexible fiting (MDFF) and other
refinement methods that seek to converge on a single structure®’, this method models a
structural ensemble by maximizing the collective agreement between simulated and
experimental maps, and accounts for noise using a Bayesian approach®. Initiating simulations
for both the Ac® and Ac? states from starting models that differ only in the acetyl group and
distinct input experimental density maps allowed us to test whether acetylation restricts the
motion of the loop, trapping it in a tighter ensemble of conformations.

To analyze the conformational dynamics of the loop, we analyzed the root-mean-square
fluctuations of residues 36—-48 within replicas for each simulation. This analysis shows that the
ak40 loop fluctuations are more restricted in the Ac™ state than in the Ac® state (Fig. 10A).
Next, we analyzed the distribution of conformations adopted by the loop by analyzing the
distance between K40 and the globular domain of a-tubulin (represented by L26) and by
clustering together the snapshots from all replicas of both simulations based on the root-mean-
square deviations (RMSDs) of residues 36-48. Similar to the starting reference model, where
the distance is 10.6 A, Ac® is enriched in conformations that pack close to the globular domain
of the a-tubulin core (Fig. 10B). These conformations, exemplified by clusters 1, 4, and 6,
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position the acetylated K40 to interact with residues along H1. In contrast, the Ac® state favors
conformations that extend toward the MT lumen, as exemplified by clusters O, 2, 5, 7, and 8
(Fig. 10B). Clusters 3, 9, 10, and 11, labeled in gray, had equal numbers of frames enriched in
Ac® and Ac® and sampled rare (<5%) extreme states on both the exposed and packed ends
of the conformational spectrum (Fig. 10B).

These computational results are consistent with the visual analysis of the density for both
the NCS and traditionally symmetrized maps, which indicated that the loop is more ordered
after acetylation. The residual disorder identified by the simulations using the Ac® map may be
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Figure 10 | Acetylation restricts the motion and alters the conformational ensemble of the ak40 loop. (A) Per-
residue root-mean-square fluctuation (RMSF) analyses were determined over the course of 12 ns for residues
34-50 the C1 maps using GROMACs in PLUMED and graphed using the MDAnalysis. The different colored
lines refer to the eight different replicas. (B) Ensemble modeling of the loop across Ac96 and Ac® states using
density restrained MD. Frames were classified into 1 of 11 clusters by conformation. Clusters either had a
greater number of Ac® frames (red), Ac® frames (blue), or an equal number of frames from both states (gray).
The reference is shown in green. The unique conformations of each of the 12 clusters (0-11) are shown below.
(C) aTAT1 cocrystalized with a bisubstrate analog consisting of a-tubulin residues 38-41 (PDB ID code 4PK3)
is shown bound to aB-tubulin sampling the ak40 loop of cluster 2 from the metainference ensemble. aTATT
is colored by hydrophobicity, where hydrophobic regions are red. (C, i) After backbone alignment of the
surrounding residues of the bisubstrate analog, ak40 from cluster 2 fits directly into the catalytic groove,
highlighted by the black arrow. (C, ii—iv) Similar to the bisubstrate analog (shown in yellow), ak40 from the
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important for deacetylation by SIRT2. On the other hand, the increased flexibility we observe for
the Ac? state suggests a potential mechanism by which aTATT could acetylate K40. Previous
proposals argued that acetylation can occur from the outside® or inside of the lumen®,
However, to catalyze the modification, a flexible region within aTAT1 would have to extend ~25
A through a MT wall fenestration between four tubulin dimers to reach ak40, or the MT would
have to undergo a major structural rearrangement in the lattice to allow aTAT1 to enter the
lumen. Previous work demonstrated that the aTAT1 active site and its MT recognition surface
is concave and could not stretch through the lumen*®44, Our findings support the idea that
alAT1 modifies the loop from within the lumen of the MT because the deacetylated loop
samples extended structures that could be accessible to aTATT and because the structural
rearrangement caused by acetylation is small and local to the ak40 loop.

To test this idea, we superposed the backibone of the bisubstrate analog consisting of
a-tubulin residues 38-41 from the aTAT1 cocrystal structure (PDB ID code 4PK3) with
representatives of the clusters from the metainference ensemble. Not surprisingly, most
arrangements generated severe clashes between aTAT1 and the globular domain of a-tubulin.
However, the model from cluster 2 had only a single severe clash (between aTAT1:R74 and a-
tubulin:G57) and displayed reasonable surface complementarity with aTAT1, positioning ak40
directly into the catalytic groove (Fig. 10C, i). Here, akK40 remains within a close proximity of
alAT1:D157 (Fig. 10C, ii—iv), which coordinates an essential hydrogen-bond network at the
enzyme—tubulin interface and when mutated decreases acetylation by ~96% and ~92% for
free tubulin and within assembled MTs, respectively*®. Notably, although cluster 2 was not the
most extended conformation, it was highly enriched in the Ac® ensemble. This finding bolsters
the model that acetylation occurs from inside the lumen*® and suggests that deacetylated a-
tubulin samples the conformations that are competent for catalysis by aTAT1 with relatively little
energetic cost.
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2.1.4 Acetylation induces a local structural rearrangement of the aK40 loop that promotes

stability by weakening lateral contacts

Collectively our structural and MD results show that acetylation restricts the motion of
the ak40 loop. These results led us to hypothesize that the change in the structural ensemble
of the ak40 loop upon acetylation, while subtle and local, may affect lateral contacts. These

local changes may disrupt the small
lateral interface between a-tubulin
subunits. The origin of this effect may
e highly distributed, as we do not
visualize any stable interactions
between the Ac? state of the loop and
the globular domain. However, upon
acetylation, the structural ensemble
becomes more restricted and the
potential for the loop to strengthen
any of these interactions between
monomers is lost. For example, in
many of the extended conformations
favored by the Ac? state, K40 inaal-
monomer is close to the M-loop of
the neighboring a2-monomer and
may buttress the H1'-S2 loop,
providing support  for the vital
A1KB0:02H283  lateral  interaction
(Fig. 11). In contrast, when K40 is
acetylated, it packs ~10 A closer to
the globular domain of the al-
monomer, reducing the potential for
intermonomer interactions (Fig. 11).

We tested whether K40
acetylation alters the electrostatic
interaction energy and the hydrogen-
bonding network at the lateral
interface by  estimatng  the
electrostatic interactions. We used
the Debye—-Huckel (DH) formula to
calculate interaction energies for each
conformation sampled in the two
metainference  ensembles  and
compared the resulting distributions.
We found that acetylation does
indeed weaken lateral interactions.

Figure 11 | Acetylation may weaken lateral interactions. Close-
up view of the lateral contacts between two a-tubulin
monomers at a nonseam location (a1, light green; a2, dark
green). K40 in al of the Ac? state is 8 A closer to the M-loop
of a2 and appears to buttress the H1'-S2 loop, providing
support for the vital a1K60-02H283 lateral interaction. By
contrast, that support is lost in the Ac® state because the
acetylated K40 now packs much closer to the hydrophobic,
inner core.
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Additionally, the Ac® ensemble contains conformations with strong DH interaction
energies that do not exist in the Ac®* ensemble (See Fig. S5 in Eshun-Wilson et al. PNAS, 2019
for more details). While the effects of acetylation are subtle, the local effects at the lateral
contacts site may have an additive effect that stabilizes the MT lattice. This idea is consistent
with previous work that argues that the weakening of lateral interactions is a protective
mechanism to prevent preexisting lattice defects from spreading into large areas of damage
under repeated stress—a mechanism that could be exploited by cancer cells®4064,

In conclusion, this integrative approach combines the structural insight of cryo-EM with
the sampling efficiency of MD to investigate how PTMs can transform a conformational
ensemble. Our high-resolution maps serve as a blueprint for the scale of conformational change
and relevant degrees of freedom that the aK40 loop can sample. We show that acetylation of
tubulin induces electrostatic perturbations that restrict the motion of the ak40 loop, weakening
lateral contacts. The sum of many weak reduced lateral contacts reduces the inter-PF
interactions. The increased flexibility provided by fewer inter-PF interactions provides a
mechanism by which aTAT1 can locally fine-tune the load-bearing capacity and mechanical
resistance to stress of MTs%%, Deacetylation increases lateral contacts, which renders MTs
inflexible, brittle, and highly susceptible to breakage under stress®. The pattern of increased
lateral interactions between subunits leading to mesoscale instability may be conserved in other
polymeric systems®¢’, Therefore, ak40 acetylation may function as an evolutionarily conserved
“electrostatic switch” to regulate MT stability®®%°, Cancer cells may exploit this subtle form of
regulation to promote cell adhesion, invasive migration, and other markers of aggressive
metastatic behavior®,
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2.2. Materials and Methods

This chapter outlines the necessary methods for our structural interpretation. Didier Portran
performed the tubulin purification and modification to generate the Ac® and Ac®™ samples. Lisa
Eshun-Wilson and Rui Zhang performed the cryo-EM sample preparation, electron microscopy
and data processing. Lisa Eshun-Wilson and Jamie Fraser engineered the NCS-averaging
technique, performed iterative model-building/refinement. Lisa Eshun-Wilson, Jamie Fraser,
Massimiliano Bonomi and Michele Vendruscolo executed the metainference MD simulations.
All authors contributed to structure interpretation, model development and manuscript writing.

2.2.1 Sample preparation for cryo-electron microscopy

Porcine brain tubulin was purified as previously described™ and reconstituted to 10 mg/mL in
BRB8O buffer [80 mM Pipes, pH 6.9, 1T mM ethylene glycol tetraacetic acid (EGTA), T mM
MgClI2] with 10% (vol/vol) glycerol, 1T mM GTP, and 1 mM DTT, and flash-frozen in 10-pL
aliquots until needed. The acetylated and deacetylated MTs (15 pM) were copolymerized with
EB3 (25 uM), at 37 °C for ~15 min in the presence of 10% Nonidet P-40, 1 mM DTT, and
BRB8O buffer. The EB3-decorated MTs were added to glow-discharged C-flat holey cartbon
grids (CF-1.2/1.3-4C, 400 mesh, copper; Protochips) inside a Vitrobot (FEl) set at 37 °C and
85% humidity before plunge-freezing in ethane slush and liquid nitrogen, respectively, as
previously described®.

2.2.2 Cryo-electron microscopy

Micrographs were collected using a Titan Krios microscope (Thermo Fisher Scientific) operated
at an accelerating voltage of 300 kV. All cryo-EM images were recorded on a K2 Summit direct
electron detector (Gatan), at a nominal magnification of 22,500x, corresponding to a calibrated
pixel size of 1.07 A. The camera was operated in superresolution mode, with a dose rate of ~2
e— per pixel per s on the detector. We used a total exposure time of 4 s, corresponding to a
total dose of 25 electrons/A2 on the specimen. The data were collected semiautomatically
using the SerialEM software suite”". See data collection tree below in Fig. 12.

2.2.3 Image processing

Stacks of dose-fractionated image frames were aligned using the UCSF MotionCor2 software
(47). MT segments were manually selected from the drift-corrected images (acetylated dataset,
205 images; deacetylated MT dataset, 476 images) using the APPION image processing suite
(48). We estimated the CTF using CTFFIND42 and converted the segments to 84% overlapping
poxes (512 x 512 pixels) for particle extraction. The remaining nonoverlapping region is set to
80 A and corresponds to the tubulin dimer repeat (asymmetric unit). Consequently, there are
~183 unigue tubulin dimers per MT particle. To determine the initial global alignment parameters
and PF number for each MT particle, raw particles were compared with 2D projections of low-
pass filtered MT models (~20 A, 4° coarse angular step size) with 12, 13, 14, and 15 PFs using
the multireference alignment (MSA) feature of EMANTC,
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Figure 12 | Data collection tree for acetylated and deacetylated MTs in the presence of EB3 and kinesin.

Finally, 13-PF MT particles (acetylated dataset, 20,256 particles; deacetylated MT dataset,
29,396) were refined in FREALIGN, version 9.11%2, using pseudohelical symmetry to account
for the presence of the seam. To verify the location of the seam, we used the 40-A shift
approach to categorize MTs based on their azimuthal angle, as previously described™. See the
data collection tree below (Fig. 12).

2.2.4 Atomic model building and refinement

COOT"™ was used to build the missing polypeptides of the ak40 loop in a-tubulin, using the
available PDB 3JAR as a starting model. Successively, all ab initio atomic models were iteratively
refined with phenix.real_space_refine into EM maps sharpened with phenix.autosharpen (29,
55). For visual comparisons between states, potential density thresholds were interactively
adjusted in Coot to maximize isocontour similarity around backbone atoms distant from the
ak40 loop. For Figs. 8 and 9, all densities are represented in Chimera at a threshold of 1.1.
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2.2.5 Molecular dynamics simulations

Code for map preparation, simulation execution, and analysis is available at
https://githulb.com/fraser-lab/plumed_em_md.

To prepare the cryo-EM maps, we fitted the maps with a Gaussian mixture model (GMM) by
applying a divide-and-conquer  approach®, using generate_gmm.py and
convert_ GMM2PLUMED.sh. Cross-correlations to the experimental maps were greater than
0.99. All simulations were performed with GROMACS 2016.5™* and the PLUMED-ISDB"®
module of the PLUMED library’® using the Charmm36-jul2017 forcefield’” with patches for
acetylated lysine (aly)”® and the TIP3P water model. For the deacetylated simulations, the same
starting model was used with a manual edit of the PDB to eliminate the acetylation (with all
hydrogens replaced by GROMACS during model preparation). The initial model was minimized
then equilibrated for 2 ns, using prep_plumed.py. MD simulations were performed on a
metainference ensemble of eight replicas for an aggregate simulation time of 96 ns for each
acetylation state, using prep_plumed2.py and prep_plumed3.py. Contributions of negative
scatterers (atoms OD1 and OD2 of Asp residues; OE1 and OE2 of Glu) were excluded from
contributing to the predicted maps during the simulation. This maodification effectively eliminates
the contribution of these side chains to the agreement between density maps, in keeping with
the nonexistent density of negatively charged side chains in EM maps, while allowing them to
contribute to the simulation through the energy function. Clustering and convergence analyses®™
were performed and analyzed using MDANnalysis’™.

Clustering of the two metainference ensembles was carried out using the Gromos method®
after aggregating the trajectories of the Ac® and Ac™ simulations. A subset of every 10 frames
were selected from the entire aggregated trajectory. The distance between two conformations
was defined as the RMSDs calculated on the Ca atoms of the aK40 loop. The clustering cutoff
was equal to 2.5 A, with similar results obtained with other cutoffs. The population of each
cluster in the Ac® and Ac® ensembles was then recalculated from the two separate trajectories.
Changes in the electrostatic interaction energies at the lateral contacts were determined using
the using the DH formula. Parameters used in the calculation of the DH energy are as follows:
temperature (T = 300 K), dielectric constant of solvent (e. = 80; water at room temperature),
and ionic strength (Is= 0.3—1 M).

Accession Numbers. All electron density maps have been deposited in the Electron Microscopy
Data Bank, www.ebi.ac.uk/pdbe/emdb/ (EMDB ID codes EMD-0612, EMD-0613, EMD-0614,
and EMD-0615). Atomic models have been deposited in the Protein Data Bank,
www.wwipdb.org (PDB 1D codes 602Q), 602R, 602S, and 602T).
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Chapter 3: Effects of the therapeutic agent Lankacidin C (LC) on MT function and ribosome
activity

3.1 Results and discussion

Similar to PTMs and MAPs, therapeutic agents can affect MT structure and stability.
Taxol, a major breast cancer chemotherapy agent, blocks the cell cycle in its G1 or M phases
by stabilizing MTs and limiting MT depolymerization®. This chapter discusses the effects of
Lankacidin C (LC), an antibiotic with in vivo antitumor activity in multiple cancer cell lines and
antimicrobial activity against Gram-positive pathogens on MT structure. We observed that LC
did not polymerize MTs in a taxol-like manner and the hypothesized in vivo antitumor activity in
likely due to the previous lack of the proper experimental controls. Based on this finding, we
shifted our focus to the effects of LC on bacterial translation and its role as an antibiotic. We
present a 2.8 A structure of the LC-ribosome complex, which improves upon the existing model
and shows that LC ring closure is imperative for its mechanism of action. This mechanism may
e conserved across related metabolites in the lankacidin class for their antibiotic activity. lan
B. Seiple performed the lankacidin isolations/syntheses and Fred Ward performed the bacterial
ribosome purification. Jenna Pellegrino performed the in vitro translation assays. Lisa Eshun-
Wilson performed the cryoEM sample preparation, data collection, and data processing.
Collectively, Lisa Eshun-Wilson, D. John Lee, Jenna Pellegrino, Dan Toso and Jaime Fraser
completed the cryo-EM sample preparation, data collection and data processing and analysis.
All authors contributed to structure interpretation, model development and manuscript writing.

3.1.1 Turbidity assays debunk the previous hypothesis that lankacidin stabilizes MTs and has
anti-tumor activity

Isolated for the first time in 1969, lankacidin-group antibiotics (T-2636) are fermentation
products that are produced by the organism Streptomyces rochei, see 4.2.1. for more details.
The parent of this group Lankacidin C (LC), a 17-membered macrocyclic tetraene, shows
strong antimicrobial activity against multiple Gram-positive bacteria, even those highly resistant
to macrolide antibiotics, such as X and Y, making them popular in veterinary medicine®'. The
antimicrobial mechanism of action of lankacidin is due to interference with peptide bond
formation during protein synthesis by binding at the peptidyl transferase center (PTC) of the
eubacterial large ribosomal subunit, discussed in more detail in 4.1.2,

In addition to its antimicrobial activity, scientists believed LC and its derivatives
possessed antitumor activity.  Most  antibacterial - antibiotics had proven ineffective
chemotherapy agents against mammalian tumors, until 1973, when LC, LC 8-propionate (LC8)
and LC 14-propionate (LC14) were shown to effectively retard tumor growth in mice®?. Each
metabolite was administered intraperitoneally at doses 25 to 1000 mg/kg to suppress the
following tumors: leukemia L-1210, lymphosarcoma 6C3HED/OG sensitive to |-asparaginase
and melanoma B-16 in mice. At high doses, LC suppressed the production of antibodies
against erythrocytes in mice, both before and after antigenic simulation, though, LC8 and LC14
exhibited significant but weak effects on tumor growth. Additional studies later on showed that
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by replacing the hydroxyl group at position 8 or 14 of LC with an acyloxy group instead of
propionate group, enhanced their respective antitumor activity against L1210 leukemia and
6C3HED/OG lymphosarcoma®,

The mechanism of action for the proposed antitumor activity of LC remained elusive,
however, until 2016, when Ayoub et al. conducted turbidity assays to show that LC increased
the rate of tubulin assembly comparable to taxol, or paclitaxel®*. They concluded that LC bound
MTs to stabilize and halt MT dynamics in a paclitaxel-like manner. In addition to turbidity assays,
competitive binding assays found that LC competed with the fluorescent taxoid flutax-2 for the
paclitaxel binding site, with a weak dissociation constant of Ky of 50 + 13 uM. Moreover,
fluorescence quenching assays revealed that LC bound to assembled tubulin with a greater
affinity than to free dimers. The authors also conducted molecular dynamics simulations LC
bound to the paclitaxel-binding site of 3-tubulin to estimate the binding energy between LC and
tubulin,

We set out to confirm previous work
that asserts LC binds MTs in a paclitaxel-like
manner. We began by repeating the tubulin
polymerization assay (Cytoskeleton, Inc.,
catalog no. BKOOBP), based on the principle
that MT solutions scatter light in a
concentration dependent manner®. In this
assay, MT growth is tracked by measuring the
optical density of the solution at 340 nm over
time. To illustrate this point further, a tubulin
growth curve shows tubulin polymerization at
multiple conditions over the course of three
phases: (1) lag, (2) growth, and (3) steady
state®®" (Fig. 13).

steady state
S —————

growth

optical density

lag

time

Figure 13 | A tubulin polymerization assay measures
optical density as a function of time. This assay allows
to probe how different conditions change the three

Experimentally, in the presence of
GTP, tubulin remains in the lag phase for ~10
min before entering the growth phase and,
finally, saturating at an OD340 of 0.4 (Fig. 14).

stages of MT dynamics: (1) lag, or the initial stage in
which MTs begin to nucleate; shown in red (2) growth,
or the linear stage in with MTs begin to elongate;
shown in orange (3) steady state, or the saturating

In the presence of MT-stabllizer paclitaxel at S99 Shown in green.

concentrations of 1 uM and 10 uM, tubulin immediately begins to elongate into MTs, bypassing
the lag phase, and saturating at a higher OD340 of 0.73 and 0.82, respectively, due to the
higher final polymer mass (Fig. 14). These controls vyielded the expected results and therefore
validate the tubulin polymerization assay as an effective tool to test the effects of a MT-stabilizing
compound on MT dynamics. Next, we measured the effects of dimethyl sulfoxide (DMSO) and
LC on MT polymerization in a dose-dependent manner. DMSO has a significant effect on MT
polymerization and dynamics. In 1988, it shown that DMSQO lowered the critical concentration
of tubulin 10-fold, from 9.4 UM in the absence of the organic solventto 1.1 UM in its presence®’.
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Thus, it is imperative to deconvolute the effects of small molecules in solution with DMSO when
measuring their effect on MT polymerization.

We compared the effects of paclitaxel, LC solutions and DMSO on MT polymerization
not only at multiple concentrations but also in distinct buffer conditions: either in 99% DMSO
solution or 1xBRB80 containing GTP (Buffer Mix), for more details visit 4.2.2. In the presence
of 10 uM LC in DMSO, while the nucleation phase is shortened and the reaction enters the
steady state phase at 0.68, this growth curve is not significantly different from that of the 100%
DMSO solution (Fig. 14). Moreover, the effects of LC in DMSO at a concentration of 100 pM
(black triangle) are less significant than that of paclitaxel in DMSO at 1 uM (blue cross). We
observe the effects of LC scale proportionately with those of DMSO. Whereas, Ayoub et al.
found that 10 uM LC entered the steady state at the same point (0.33) as the 10 uM paclitaxel
condition and the GTP only condition, which is problematic. Our polymerization assay thus
supports that the effects of LC on MT polymerization and stability are insignificant. We
hypothesize that LC does not confer MT stability in a paclitaxel-like manner and the observed
antitumor activity of LC may be due to the presence of DMSO. Ayoub et al. also point out the
predicted affinity of LC for the paclitaxel binding site does not necessary correlate with the
potency of the drug as a cytotoxic agent. If LC does possess antitumor activity, it's mechanism
of action may involve different cellular targets or cytotoxic effects.

0.9
0.8
@® Tub & GTP Only
0.7 | @ +25% DMSO
—_ © + 50% DMSO
g 06F 1 @ + 100% DMSO
o » | A +100pMLC
® 05 | A +10 uM LC/Buffer Mix
Q A 10 M LC/DMSO Mix
o 04} 1 A + 50 puM LC/Buffer Mix
' A + 50 pM LC/DMSO Mix
| + 10 uM Pac
03 O + 1 uM Pac/Buffer Mix
0.2 + + 1 puM Pac/DMSO Mix

1500 2000 2500 3000

Time (s)

0 500 1000

Figure 14 | Tubulin polymerization curves at varying conditions. Polymerization is monitored by
measuring the optical density at 340 nm versus time. The plots show polymerization without DMSO
or a MT-stabilizing agent (LC or Pac), with varying amounts of DMSO (25%, 50%, and 100%), with
varying amounts of Lankacidin C (LC; 10 uM, 10 uM, 100 uM) resuspended in either DMSQO or buffer
(1xBRBB8O), or with varying amounts of Paclitaxel (Pac; 1 M, 10 uM).
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3.1.2 High-resolution cryo-EM reconstructions of lankacidin-bound ribosomes

Based on our findings in 4.1.1, we decided to shift our focus on elucidating LC's
mechanism of action for its antimicrobial activity. A previously published 3.5 A resolution X-ray
crystallography structure of the large ribosomal subunit from Deinococcus radiodurans (D50S)
in complex with LC provided the first insight into the location of LC in the peptidyl transferase
center (PTC), a highly conserved region of the ribosome®. Based on this structure it was
predicted that LC forms extensive interactions with nucleotides A2602, C2452, A2503, U2504,
G2505, U2585, G2061, and U2506 in the PTC. With our improved resolution, we find,
however, that LC forms hydrophobic contacts with A2451 instead of A2602 (Fig. 15).

Here, we present a 2.8 A structure of the LC-ribosome complex and, consistent with
the previous structure, we find that specific oxygen molecules within LC are ~3.3 A or the
distance of a hydrogen bond, away from the following nuclecotides and forms hydrogen bonds
with: N1 and N2 of G2061, 2'OH of A2503, and O5’ of G2505 (Fig. 15E and F). We can now
observe density for these hydrogen bonds and the hydrophobic contacts LC makes with
A24571, C2452, A2503, U2604, G2505, U2585, G2061, and U2506 (Fig. 16A) compared to
that of the previous structure (Fig. 156B). Our structure further supports that LC takes advantage
of the flexibility of the PTC and blocks the 3'end of the tRNA molecule in the aminoacy! site or
A-site of the ribosome, thus preventing the tRNA from binding a new amino acid through its
acceptor stem and halting translation.
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Figure 15 | Synthetic Lankacidin C and its molecular mechanism of action. Cryo-EM maps of
Lankacidin C in the peptidy! transferase center (PTC) of the 70S subunit of the £. coli ribosome 2.8 A
(A) and at 3.5 A (B; Auerbach, PNAS, 2010). Coulomb potential density is contoured in light gray at
2.0 and purple at 7.0 in Chimera. (C) Graphical representation of interactions between LC and
residues in the ribosomal binding site. Hydrogen-bond network between O1 and O2 of LC with N2
and N1 of G2061, respectively, and (E) between O4 and 2'OH of A2503 and 05’ G2505 (F).
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This elaborate hydrophobic network that LC forms within the PTC pocket is essential for
its inhibitory effect on translation and common for this class of macrolides®. Previous work
found that hydrogenation of the macrocyclic ring alters its ring conformation and reduces the
inhibitory activity of LC®. Bacteria may resist LC over time by manipulating the identity of these
nucleotides, so as not lethally affect ribosome function, but weaken LC binding to the PTC site.
We also see the 2-methyl group at the lactone edge of the macrocyclic ring insert into the
opening of the hydrophobic crevice formed by A2451 and C2452, as previously shown, which
enables LC to compete multiple other antibiotics that target the aminoacyl moiety of the A-site
that bind aminoacyl-tRNAs (aa-tRNAs or charged tRNAs),

3.1.3 In vitro translation assay of Lankacidin C

In line with our structural evidence, we found that LC inhibited 70S E. coli translation with an
ICso Of 4.31 UM +/- 0.1, higher than the previously reported value of 1.5 + 0.1 uM® (Fig. 16).
This result supports LC as an effective inhibitor of bacterial translation.
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Figure 16 | Cell-free dose response curve for lankacidin C (LC) inhibition of 70S E. coli translation.
Plotted data points come from the normalized averages of two experimental triplicates. Dashed lines
guide the eye to the inflection point of the sigmoid, where the IC50 of LC is exhibited at 4.31 UM +/-
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Our MT polymerization assays and cryo-EM data show that LC exhibits strong antimicrobial
activity, as previously established, but, possibly not antitumor activity. Based on our MT
polymerization assays, we hypothesize that LC does not confer MT stability in a paclitaxel-like
manner and the observed antitumor activity of LC may be due to the presence of DMSO. In
addition, our 2.8 A cryo-EM map improves upon the existing model and allows us to more
confidently identify contacts LC makes with the PTC.
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3.2. Materials and Methods
3.2.1 Metabolite Isolation

S. rochel strain 512562 was cultured in YM media (2 L) at 28 °C for 2 days. The culture broth
was added to a 3-L separatory funnel and was extracted with ethyl acetate (3 x 500 mL). The
organic layers were combined, and the resulting suspension was washed with sat. agueous
sodium chloride (500 mL). The washed organic solution was dried with sodium sulfate, the
mixture was filtered, and the filtrate was concentrated under reduced pressure. The resulting
residue was purified by column chromatography on silica gel (eluant: 2% = 10% methanol in
chloroform) to provide lankacidin C (3.3 mg) as a white solid. The spectroscopic data matched
the previously reported data (Chem. Biol. 2005, 12, 249-256).

3.2.2 Sample purification

E. coli strain MREGOO overnight cultures were diluted 1:100 into 3 L of LB. After growth to mid-
log phase (OD 0.6), cells were cooled on ice for 3 min, pelleted, and washed with buffer A (20
mM Tris-HCI pH 7.5, 100 mM NH4CI, 10 mM MgCl2, 0.5 mM EDTA, 2 mM DTT). Cells were
resuspended in 100mL buffer AS (buffer A with 0.15 M sucrose) and lysed with two passes
through an Emulsiflex-C3 homogenizer at 18000 psi. Lysate was clarified by centrifugation for
30 min at 18000 rpm in a JA-20 rotor (Beckman-Coulter). The supernatant was layered over a
sucrose cushion of 24 mL buffer B (buffer A with 500 mM NH4CI) with 0.5 M sucrose and
17mL buffer C (20 mM Tris-HCI pH 7.5, 60 mM NH4CI, 6 mM MgCI2, 0.5 mM EDTA, 2mM
DTT) with 0.7 M sucrose in ti-45 tubes (Beckman-Coulter). Ribosomes were pelleted in a Ti-45
rotor at 27000 rpm for 16 hours at 4 °C. Crude ribosome pellets were resuspended in
disassociation buffer (buffer C with 1TmM MgClI2) and clarified via centrifugation at 15000 g for
10 min. The cleared supernatant was layered over 15-40% sucrose gradients in disassociation
buffer and spun 28000 rpm for 16 hours at 4 °C in a SW-32 rotor (Beckman-Coulter). Gradients
were fractionated with an ISCO fractionation system and 30S + 50S peaks were combined.
The combined subunits were concentrated in 15 mL Millipore 100k molecular weight cutoff
spin filter and buffer exchanged with reassociation buffer (ouffer C with 10 mM MgCl2).
Ribosomes were incubated 45 min at 37 °C, layered onto 15-40% sucrose gradients in
reassociation buffer, and spun 27000 rpm for 15 hours at 4 °C in an SW-32 rotor. Gradients
were fractionated as before, 70S peaks were collected, and ribosomes were concentrated and
washed with buffer C in an Amicon stirred cell filtration system using 100k cutoff filters.
Ribosomes were stored in aliquots at -80 °C.

3.2.3 In vitro translation assays

Lankacidin C (LC) inhibition of 70S E. coli translation was tested in a cell-free system as
described in Li et al. with the following differences. The in vitro translation assay was performed
at a concentration range of 0.01 to 100 puM LC in 10% DMSO. Reactions were performed in
technical triplicate and in biological duplicate. For each biological replicate, the fluorescence
readouts were averaged across the triplicates. The data were normalized relative to the average
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fluorescence of the O-LC control. The IC50 was interpreted from these data, as previously
described®.

3.2.4 Tubulin turbidity assays

Porcine brain tubulin was purchased from Cytoskeleton, Inc., reconstituted to 10 mg/ml in
BRB80 buffer (80 mM 1,4-piperazinediethanesulfonic acid [PIPES], pH 6.9, 1 mM ethylene
glycol tetraacetic acid [EGTA], T mM MgCl2) with 10% (vol/vol) glycerol, T mM guanosine
triphosphate (GTP), and 1 mM dithiothreitol [DTT], and provided to us by the Ron Vale lab. 10
UL reactions of paclitaxel solution, lankacidin solutions, dimethyl sulfoxide (DMSO) with and
without GTP (as positive controls) or buffer solutions (as a negative control) were added to 10
uL of tubulin in a buffer. This resulted in 9 samples having final concentrations of 10 UM
paclitaxel, 10 uM lankacidin C, 10 pM lankacidin A, or a negative control, all dissolved in a
solution containing final concentrations of 3 mg/mL tubulin, 80 mM PIPES, pH 6.9, 2 mM
MgCl2, 0.6 mM EGTA, and 1 mM GTP. The plate was immediately placed in a 37 °C
prewarmed 384-well plate (Comning, Inc., Lot. No. 34214031) to follow MT growth through
optical density over the course of 30 min. The experiment was repeated in triplicate and the
average curve of OD340 versus time was plotted, and parameters were studied.

3.2.5 Sample preparation for cryo-EM

Ribosomes were prepared at a concentration of 3.4 uM in a buffer of 50 mM HEPES, 150 mM
KOAc, 6 mM Mg(OAc), 7mM B-mercaptoethanol (BME) and 0.01% NP-40 and treated with
100 nM Lankacidin in 1% DMSO. Samples were plunge-frozen on glow-discharged C-flat holey
carbon grids (CF-2/2-4C, 400 mesh, Copper; Protochips, Morrisville, NC) inside a Vitrobot (FEI,
Hillsboro, OR) set at 22 °C with 100% humidity and a blot force of O, blot time of O sec before
plunge-freezing in ethane slush and liquid nitrogen.

3.2.6 Cryo-EM

Micrographs were collected using a Titan Krios microscope (FEl, Hillsboro, OR) operated at an
accelerating voltage of 300 kV. All cryo-EM images were recorded on a K2 Summit direct
electron detector (Gatan, Pleasanton, CA), at a nominal magnification of 105000 corresponding
to a calibrated pixel size of 1.059 A. The camera was operated in super-resolution mode, with
a dose rate of 5.42 1o e- per pixel per s on the detector camera. We used a total exposure time
of 9 s, corresponding to a total dose of 45 electrons/A2 on the specimen. The data were
collected semi-automatically using the SerialEM software suite’”.
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3.2.7 Image Processing

Movies were motion corrected using MotionCorr2 and then imported into cisTEM. CTF
estimation and particle picking were performed using default parameters except maximum
particle radius 120 A and characteristic particle radius 80 A, resulting in 87706 picked particles.
Twenty rounds of 2D classification into 60 classes, removing suboptimal particles, resulted in
41221 particles, which were used for ab initio 3D reconstruction. This procedure resulted in a
3.3 A reconstruction. Further 3D classification generated a 2.8 A reconstruction when CTF
refinement was included, which was sharpened using the default parameters.

2D Classification

Micrograph

LC + 70s Ribosomes

289 A

Figure 17 | Data collection pipeline in CisTEM for Lankacidin-C treated ribosomes. A motion-corrected
micrograph, collected with a pixel size of 1.059 A and a frame dose of 5.42 to e-/pixel/s, showcases
the sample quality and particle distribution. These micrographs were then imported into CisTEM and
87706 particles were extracted and used for multiple rounds of 2D and 3D classification. After multiple
rounds of manual 3D refinement, this procedure resulted in a 2.89 A reconstruction.
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Chapter 4: Conclusions and future directions
4.1, Conclusions and future directions

We are only beginning to scratch the surface of how cells can read and write microtubule
populations using multifaceted cellular mechanisms ranging from  post-translational
modifications to diverse microtubule-associated proteins. Moreover, how these layers of
regulation intersect to regulate even deeper layers is an exciting challenge to pursue.

My ambitious pursuit of the ak40 loop, in order to complete the structure of tubulin, combines
the structural insight of cryo-EM with the sampling efficiency of MD to investigate how PTMs
can subtly transform a structural ensemble to have a major functional impact. We show that
acetylation of tubulin induces electrostatic perturbations that restrict the motion of the ak40
loop, weakening lateral contacts. The sum of many weak reduced lateral contacts reduces the
inter-PF interactions and may promote inter-PF sliding. The increased flexibility provided by
fewer inter-PF interactions provides a mechanism by which aTAT1 can locally fine-tune the
load-bearing capacity and mechanical resistance to stress of MTs. Meanwhile, deacetylation
increases lateral contacts, which renders MTs inflexible, brittle, and highly susceptible to
breakage under stress. The pattern of increased lateral interactions between subunits leading
to mesoscale instability may be conserved in other polymeric systems®®’, Therefore, ak40
acetylation may function as an evolutionarily conserved “electrostatic switch” to regulate MT
stability. Cancer cells may exploit this subtle form of regulation to promote cell adhesion,
invasive migration, and other markers of aggressive metastatic behavior.

The further decode the tubulin code, | was excited to study the potential effects of Lankacidin
group antibiotics, specifically Lankacidin-C (LC), on MTs as well as on bacterial translation
because it was hypothesized to hold both antitumor and antibiotic activity! However, our MT
polymerization assays and cryo-EM data show that LC exhibits strong antimicrobial activity, as
previously established, but no effects on MT dynamics. Our 2.8 A cryo-EM map improves upon
the existing model and allows us to more confidently identify contacts LC makes with the PTC,
whereas, our MT polymerization assays show that LC does not confer MT stability in a
paclitaxel-like manner and the observed antitumor activity of LC may be due to the effects of
DMSO.

In the future, it would be fascinating to probe the world of structural MAPs, or MAPs that can
remodel MT macromolecular assemblies, from MT bundles to MT-motor interaction sites. These
MAPs are largely intrinsically disordered and present both interesting biological guestions and
exciting structural questions. We may need to combine cryo-EM, cryoET, and MD to truly
unravel their intricate functions and implications in disease.
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