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An X-ray beam - the brightest light,
Born in the dance of whirling grains,
At its full speed it rushes
Against the rock of crystal smashes.
*

Lucky witnesses of the crush,
Happy we are to collect the flash.
Gathering splinters of this collapse
Leads us to electron density maps.
*

Inside the rock in silent cores
A shining fortune is concealed,
The turns of life:
a strand of mine,
a strand of yours,
The coiled coll is revealed.
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Introduction

Chapter 1. Introduction

1.1 X-ray crystallography and coiled coils

Diffraction of X-rays scattered by electrons applied to protein crystals allows one to
get an insight into the atomic resolution structure of these biomolecules. This is the most
widespread and successfully used technique for structure investigation as seen from the
number of determined structures to date (Protein Data Bank (PDB), www.rcsb.org). Protein
structure in atomic details is indispensable for a detailed understanding of an organization
and mechanism of action of proteins as well as of causes of many human diseases.

Interestingly, the first molecules studied structurally with the help of X-rays were
keratins and DNA, both containing helical structures. The properties of keratin and collagen
fibres were actively studied in the 20™ century alongside with the development of textile
industry. Britain was especially interested in these studies, as it was one of the main
producers of wool since the Industrial Revolution in the middle of the 18™ century. It was no
surprise that it was an English biophysicist and lecturer in the Textile Physics at the
University of Leeds, William Astbury, who discovered a-helical repeat in unstretched wool
fibres in early 1930s. He also demonstrated using an X-ray diffraction on stretched wool
fibres that the helical structure uncoils, forming an extended state [1]. This state was called
by Astbury a p-form [1]. Later, in 1951, this terminology was kept when two main protein
secondary structure motifs, a-helices and p-sheets, were described by Pauling et al. [2, 3]. A
helix with 3.7-residues per turn was defined as the main fold of a-keratin, a-myosin, and
similar fibrous proteins [2]. It took one more year for Astbury’'s student Francis Crick to
describe a specific complex of several intertwined a-helices. These structures were called
coiled coils (CC) [4, 5]. Thus, the rise of the scientific interest to the CC proteins fell on the
rise of the use of X-rays for protein structure determination.

An a-helical CC is a wide-spread structural motif found in 1.5-3.3 % of all proteins [6,
7]. A typical CC is formed by two a-helices twisted around each other in order to shield their
hydrophobic residues (Fig.2, B-D). This hydrophobic core defines an architecture of the CC.
Due to an elongated structure, CCs often serve as ‘cables’ for transmitting signals or
organising filamentous network of the cell. For example, CCs are the main structural
components of transcription factor proteins forming Leu-zippers - GCN4, Fos/Jun [8, 9], in
membrane proteins such as G-protein coupled receptors (e.g., rhodopsin), cytoskeletal
intermediate filament (IF) proteins [10] and many others [11].

In this work we focus on IF proteins, which among all cytoskeletal proteins are the

least understood. Their complete structures remain unresolved crystallographically to date.
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1.2 Historical overview of intermediate filament proteins

IFs together with microtubules (MTs) and microfilaments (MFs) form three filamentous
systems of the cytoskeleton of metazoan cells (Fig. 1) [10, 12]. The MTs (~25 nm in
diameter) and MFs (~7 nm in diameter) were studied in atomic detail [13, 14]. They consist of
globular proteins (tubulins and actin respectively) limited in number and diversity among
different species. In contrast to MTs and MFs, IFs correspond to a big heterogeneous system

consisting of fibrous proteins, structural information of which is obscure.

Fig.1. Immunofluorescence microscopy with immunostained DNA, microtubules, actin filaments,
lamin A and keratin 18. A. Endothelial cells from bovine pulmonary artery. Blue staining (4,6-
diamidino-2-phenylindole) indicates DNA in nuclei; microtubules are marked green (an antibody
bound to fluorescein isothiocyanate) and actin filaments are labelled red (phalloidin bound to
tetramethylrhodamine isothiocyanate). Copied from www.wikipedia.org (public domain). B.
Immunofluorescence microscopy using Thermo Scientific dyes: cytokeratin 18 labelled red
(DyLight 594) and lamin A labelled green (DyLight 594) in adenocarcinomic human alveolar basal
epithelial cells A549. Copied from www.piercenet.com with permission of Thermo Fisher Scientific
Inc.

IFs found in muscle cells (cultured from chick embryos) were first characterized as a
separate class in 1968 by Ishikawa and colleagues [15]. Their research showed that the
diameter of IFs is about 10 nm, intermediate between MTs and MFs. IFs were assigned to a
new class of cytoskeletal proteins [15]. After this discovery, the class of IF proteins was
expanding: new IFs were found in many different tissues in both, cyto- and nucleoplasm of
the cells. Purification and in vitro assembly of intact IFs became a big step towards better
understanding of IF architecture [16-20]. It was noted early on that purified in denaturing
conditions (using 8 M urea) keratins from bovine epidermis self-assemble into ~ 8 nm wide
filaments under low-salt conditions: 5 mM Tris-HCI (in the range of pH from 7 to 8) [16, 21].

These filaments could be found in the pellet after centrifugation for 1 h at 250000*g. However
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this pellet could again be resuspended in the presence of denaturing agents such as 8M
urea, 6M guanidine or 0.1% SDS [16, 21]. The most interesting discovery was that these
proteins are capable of refolding into filaments again when dialysed against low-salt buffers
without denaturing agents [21]. A mechanism of the filament assembly was completely
unknown. At that time Steinert and colleagues described seven different species of keratins
extracted from bovine epidermis [16]. They showed that none of these proteins formed
filaments when isolated alone [16]. Different pair-wise combinations of keratins necessary for
the filament formation were found and appeared to have a molar ratio of 1:2 in each case.
Hence, the building block of keratins was initially erroneously considered to be a trimer [16].
However, subsequent experiments showed that the building block of all IFs is a dimer [22-
24]: the initial assumption concerning the trimerization of keratins derived from the fact that
keratin filaments re-assembled in vitro contain both hetero- and homo-dimers [22].

An estimation of the a-helical content of different regions of IF proteins (using optical
rotary dispersion and circular dichroism) revealed similarities between desmin and vimentin
extracted from baby hamster kidney as well as between vimentin and two keratins from
bovine epidermis [25]. Afterwards, sequences of the other IF proteins became available. A
comparison of the sequences of human epidermal keratin, two sheep a-keratins, chicken
muscle desmin and parts of the sequences of porcine vimentin, neurofilament and bovine
glial fibrillary acidic protein (GFAP) that were available, revealed tripartite structure
characteristic of all IF proteins. They all contained presumably a-helical rod domain and non-
a-helical head and tail domains (Fig. 2, A) [24, 26]. Moreover, Geisler and Weber analysed
the amino-acid distribution in the rod domains and showed high amino-acid sequence
similarities between different IF proteins [24]. For keratins and desmin a homology of 66-69%
within the regions corresponding to the beginning of the coill and the end of the coil2,
respectively, was observed. In addition about 75% identity along the whole coil2 (and 86%
homology between the second halves of coil2 regions) of vimentin and desmin proteins was
demonstrated [24]. Geisler and Weber used Crick’s finding that seven residue repeat
indicates the possibility of CC formation [5] (Fig. 2 B, C). They demonstrated characteristic
for CC distribution of apolar amino acids within the rod domains of studied IF proteins [24]. In
addition, it was found that these proteins have a specific distribution of charged amino acids
on the surface of the CC [24, 27] (Fig. 2, B).
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Fig.2. Tripartite structure of IF proteins: flexible head and tail domains flanking an a-helical
rod domain, leading to formation of a CC dimer. A. Sequencing analysis of chicken desmin
resulted in the tripartite model, suggested by Geiser et al.[24] (figure is copied from [24]).
Regions, shown in rectangles are a-helical, la, Ib and Il correspond to coillA, coillB and
coil2, respectively. Hatched areas indicate highly conserved regions among chicken gizzard
desmin, human epidermal keratin 14, sheep wool keratins 8c-1 and 7c, porcine vimentin and
NF-L, as well as bovine GFAP. Sp1 and Sp2 stand for non-a-helical spacers, linkers L1 and
L12. B. A scheme of the cross-section of an a-helix with heptad distribution of hydrophobic
amino acids with repeating pattern of positions abcdefg, where a and d are occupied by
hydrophobic (H), b, ¢, f — by polar (P) and e, g - by charged (+/-) amino acids. C. positions a
and d form a hydrophobic thread on the surface of an a-helix, leading to the formation of the
classical left-handed coiled-coil, shown in D. Figures B and C are reproduced from [28], with
permission of The American Association for the Advancement of Science, licence agreement
number 3259411262768.

To shed light on the whole class of IF proteins, it was necessary not only to know the
amino acid sequences, but also to characterise their distribution in the organism (tissue
specificity, localization in the cell) as well as their functions and assembly process. In the late
1970’s only a small part of all IF proteins was described and no full sequence of any IF
protein was known. However, different IF proteins could be already distinguished with the
help of immunofluorescence microscopy. Using antibodies to vimentin, keratin, desmin and
neurofilaments Franke et al. described the tissues where each IF protein was found [29].
This led to the knowledge of the unique pattern of the localization in tissues for each of them,
and to the initial outdated classification of all IF proteins [29]. According to this classification
an IF protein found in mesenchyme-derived cells (e.g. endothelium, fibroblasts, blood
vessels, connective tissues) and in some brain- tumour derived cells was ascribed to the first
type and named vimentin. This nhame came from Latin vimentum - flexible branches of willow
trees used for wicker-work [29]. The second type consisted of IF proteins found in epithelia-
derived cells (prekeratin). The third type included IF proteins characteristic of muscle cells
(desmin). Neurofilament proteins were assigned to the fourth type [29]. Later glial fibrillary

acidic protein (GFAP), detected in glial cells and cells of glial origin, was described as one
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more type [30]. Interestingly, at that time it was believed that biochemical and immunological
taxonometry of IF proteins was close to complete [31], though discoveries of new IF proteins
are still ongoing even nowadays.

As soon as the sequences of most cytoplasmic IF proteins became available, their
classification was revised. The main criteria to distinguish different types of IF proteins
became the similarity between central rod domains sequences [32]. Thus, acidic and basic
keratins were classified as type 1 and 2 IF proteins. Keratin IFs are obligate heteropolymers
each consisting of both types [20, 33], while most of other IF proteins form homodimers.
Vimentin, desmin and GFAP were observed to have a high similarity of the rod domain
sequence and therefore were combined into the type 3 of IFs. Neurofilaments showing rather
different rod domain sequence were classified into type 4 [32].

In parallel with cytoplasmic, another class of IF proteins was found in the nuclei.
Three nuclear IF proteins (named later lamin A, B and C [34]) were characterised
immunocytochemically using specific antibodies [35]. Proteins with masses 60, 67 and 70
kDa were found specifically in the periphery of the interphase nucleus [35] and shown later to
be also present in non-membrane associated nucleoplasm during mitosis [34]. The fact that
lamina dissociates from the membrane during mitosis was explained by depolymerization of
its fibrous proteins [34]. A few years later the nucleotide sequence of the coding region of
lamin A/C showed a high homology between the a-helical rod domains with the cytoplasmic
IF proteins [36, 37]. Lamins were placed in the IF family also due to the organization of the
native nuclear lamina as well as the structure and assembly properties of purified lamins [38].
In a commonly used system they are classified as a separate fifth class of IF proteins [39]
(see Table 1).

Later two more IF proteins were found uniquely in the eye lens, named filensin
(formerly called CP94, CP95, or CPII5) and phakinin (formerly called CP49 or CP47) and
classified as the sixth class of IF proteins [40]. The sequencing of the full human genome
and the genomes of new species is a reason for discoveries of new IFs. The new IF protein
crescentin (from bacteria Caulobacter crescentus [41, 42]), the IF-like protein isomin (from an
arthropod Isotomurus maculates [43]) as well as the new types of keratins [44, 45] have been
discovered recently.

Due to many parameters (tissue specificity, cell specificity or sequence similarities)
the classification of IF is rather complex. For example, different IFs may co-express in one
cell type: vimentin and desmin in baby hamster kidneys [17], keratin and vimentin in
carcinoma cells [46]. In addition different IFs may express in the same cells at different
stages of tissue development. So, ectodermal cells expressing keratins differentiate into
vimentin-expressing mesenchymal cells of neural tube [47]; lamin A is only expressed during

gastrulation and later is substituted by lamin B [48]). Here we use the system where more
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than 70 members of IF proteins in higher metazoa are classified into 6 classes (Table 1).

This is an extended classification based on [39].

Table 1. Classification of IF proteins.

Type Proftein Ne of genes Mw Celltype Disease

Typel Acidic 28(17 epithelial | 42-64kDa EBS(K5/K14)
keratins and 11 hair KIF) Epithelia Keratoderma disorders

Hair and nail defects

Typell Basic 26 (20 epithelial | 50-66 kDa (for details see Fig. 3)
keratins and 6 hair KIF)

Typelll | Vimentin 1 54 kDa Mesenchyme vimentin-related ADC
Desmin 1 53kDa Muscle Desmin-related myopathy
GFAP 1 50kDa Glia, astrocytes | Alexanderdisease
Peripherin 1 54 kDa PNS neurons ALS (for details see Table 2)

TypelV | NF-L 1 62kDa Neurodegenerative disorders
NF-M 1 102kDa CNS neurons | Charcot-Marie-Tooth disease
NF-H 1 110kDa Parkinson
a-internexin 1 55kDa

TypeV |[LaminsA/C |1 70/63kDa | Maturecells Laminopathies
Lamins B, 1 67 kDa Developingcells | (for details see Table 3)
Lamins B, 1 72kDa Germ-line cells

TypeVl | Phakinin 1 49kDa ADC (violated lens
Filensin 1 95kDa Lens transparency)

Due to their inherent mechanical and (de)polymerization properties, IFs are involved
in shaping of the cell organelles, positioning and structural integrity of cells and tissues [49,
50]. Therefore, IFs were thought to be purely ‘mechanical integrators of cellular space’ [31,
50]. Subsequently, other functions of IFs were discovered: interaction with other proteins,
DNA and organelles, as well as up- and down-regulation of many cell processes (for
overview see [50]). IFs are involved in cell adhesion, migration and signalling pathways [51].
Recent studies demonstrate that IFs are stress proteins as they are highly dynamic and in
most cases are regulated under stress conditions. Characteristically for stress proteins they
inhibit apoptosis, interact with many heat shock proteins and are major substrates for stress
kinases [52].

All functions of IF proteins depend on the organelle, cell and tissue type they are
expressed in. The functions may vary during the cell cycle. Phosphorylation is the main post-
translational modification used by cells to alter subcellular organization and dynamics of the
IF network [53].
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1.3 IF family - classification, functions and related diseases

1.3.1 Typeland?2

Type 1 and 2 IF proteins consist of acidic and basic keratins, respectively. Keratins
are major IF proteins uniguely expressed in epithelial cells of vertebrates [54]. They are
ubiquitous in the skin of mammals, forming ~30% of the total protein of basal and ~85% of
the total protein of outermost layer of the epidermis [54]. All keratins form hetero-dimers
composed of acidic (pKa 4.5-5.5) and basic (pKa 6.5-7.5) keratins, different in their masses
and isoelectric points [55].

Keratins play a big role in human health as well as in our everyday life. For example,
horns, leather, fur, feathers are used in clothing, weaving, knitting, in bedding materials,
interior decorations and medicine. Consequently, health of keratinized and cornified tissues
of the livestock is one of the primary goals of veterinary medicine. For human population a
well-attended look and health of skin/hair/nail has an extremely important role. Keratins are a
target for many investigations in the field of cosmetics and dermatology as well as in
treatment of keratin-associated diseases [56]. Up to date 54 keratin genes were described in
human [57] (see Table 1). The expression of keratins in different epithelial cells at different
stages of cellular differentiation depends on the cell type (see Fig. 3) [55].

In cells keratins play different roles. The main role of keratins is mechanical:
maintaining the stability and integrity of epithelial cells and tissue resilience [58]. In addition,
keratins have many other functions: they are involved in signalling pathways, activated under
mechanical stress such as wound healing [59] as well as in apoptosis and cornification - a
specific type of the cell death [60]. Due to a very specific pattern of expression, keratins
serve as markers of human tumours of different origin and widely used in
immunohistochemical diagnosis of carcinomas [57]. Mutations in keratins are linked to a big
number of disorders. In the human IF protein database [61] the diseases caused by
mutations in keratins are subdivided onto five types.

1. Epidermolysis bullosa simplex (EBS) is the first disease reported to be linked to a
point mutation (R125C) in keratin 14 [62]. EBS is characterised by blistering upon
mechanical trauma due to the keratin aggregation in keratinocytes of stratum basale [62].
After this discovery many other mutations in the keratins 14 and 5 were shown to be related
to EBS. About 1 out of 20,000 people suffer from some form of EBS and in most cases it is
an autosomal dominant, inherited disease [61].

2. Keratoderma disorders are linked to autosomal dominant mutations in different
keratins. The most widespread keratodermas are related to mutations in K1 or K10. These
are the two major keratins expressed in keratinocytes of stratum spinosum and other body
sites, where cornifying stratified squamous epithelium is present — hair, nails, epidermis of

palm and sole. The other types of keratoderma are associated with K2, K6 isomer (K6c), K9,
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K10, K14 and K16 abnormalities (for details see [61]). The symptoms of keratodermas are
similar to EBS, but the histological analysis reveals different affected tissues.

3. Hair and nail defects are characterised by hypertrophic nail dystrophy related to
mutations in K6a/K16 or K6b/K17. These keratins are normally expressed during wound
healing or as a response to stress. However, if the latter are overexpressed in normal
tissues, it leads to painful thickened finger and toe nails, different severity focal keratodermas
and pelosebaceous (in the hair follicles and sebaceous glands) cysts. In addition, many
mutations in trichocyte keratins (K74, K81, K83, K85 and K86) lead to hair defects/loss and
nail abnormalities [61].

4. Keratin disorders affecting other tissues are related to different keratins. Oral, anal
and genital epithelia can be affected when stratum spinosum keratins K4 and K13 are
mutated. Mutations K3 or K12 in stratum corneum are related to occurrence of corneal
microcysts causing erosions and photosensitivity (for details see [61]).

5. Simple epithelial keratin mutations cause widely spread inflammatory bowel diseases
(IBDs). IBDs are a heterogeneous group of diseases, including Crohn disease and ulcerative
colitis. According to available statistics, IBDs affect intestinal epithelium of ~1/400 Americans
and as much as ~1/20 of Scottish population. Despite the fact that the mechanism of IBD
development is not understood there are links made to mutations in K8/K18 [63]. In addition,

many liver disorders are caused by mutations in K8/K18 [64].
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Fig. 3. Types of epithelium and epithelial tissues where different keratins are expressed [56].
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1.3.2 Type3

Type three IF proteins are combined in one group due to the similarity of the rod
domain sequences [32, 39]. Despite such similarity, it is a heterogeneous group, including
different proteins characteristic for different tissues. It includes vimentin found mainly in the
cells of mesenchymal origin, desmin and syncoilin characteristic of the muscular cells, GFAP
in the cells of glial origin, and peripherin found in peripheral neurons. Consequently, the
functions of these proteins differ and depend significantly on the cell type they are expressed
in.

It was noticed early on that different IF proteins of the third type may co-express. For
example, along with GFAP vimentin can be expressed in the glial cells [29], desmin and
vimentin are co-expressed in muscle cells and fibroblasts [18, 65]. Later it was also shown
that type 3 IF proteins can co-polymerise in vitro, for example, desmin and vimentin [66].
Probably, the property of IF proteins to replace each other serves an important role in the
case when, for example, one of the IF proteins is damaged or expressed in a low amount
and hence may be partially substituted.

Vimentin
Vimentin is found in many tissues, from eye lens to the muscle and sperm cells but not
independently from other IFs, suggesting it acts in combination with those IFs in many
aspects of cell function. As all IF proteins, vimentin supports and anchors the position of the
organelles in the cytosol (it is attached to the nucleus, endoplasmic reticulum and
mitochondria, either laterally or terminally), as well as provides cells with resilience. In
addition to mechanical functions, vimentin is involved into many other processes. It plays an
important role in human health. It is shown to regulate leukocyte migration and cell adhesion
[51]. Moreover, vimentin is overexpressed in different cancers tumour cells (for review see
[67]). Its presence in the cytoplasm is shown to be necessary for metastatic spread of many
cancers, for instance in breast tumour cell lines [68]. It was demonstrated that vimentin is
required not for growth but for the late stage elongation of invadopodia — a specialised
protrusion of invasive cancer cells, typical for breast and colon cancers [69]. Vimentin is used
for detecting colon cancer, as it is differentially methylated in tissues from colon cancer and
unmethylated in normal human tissues (patent [70]). It is known that vimentin is highly
expressed in lens fibre cells, forming there a membrane-connected cytoskeleton.
Correspondingly, mutations in vimentin can affect the eyesight, e.g., the E151K mutation
causes a dominant, pulverulent cataract [71]. Surprisingly, despite the presence and the high
conservation of vimentin in different species, vimentin null-mice show no abnormalities under
normal conditions [72]. However the phenotypic differences occur under stress conditions,
such as CNS injury - the absence of vimentin or GFAP causes reduced scar formation and
axonal regeneration as well as skin wound healing becomes slower due to delayed migration

of fibroblasts into the wound site [73]. Furthermore, counterbalancing on the rotating platform
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becomes very difficult for vimentin null-mice, which points to affected motor coordination [74].
In addition, vimentin is shown to interact with viruses (e.g., foot-and-mouth disease [75] and
Bluetongue virus [76], affecting cattle, pig, sheep, goats, etc.) and a disruption of the
vimentin structures results in a reduction of the amount of the virus released from infected
cells [75, 76]. In addition, recently a new vimentin sub-type was found, which is secreted
from both blood endothelial cells and activated macrophages; its role is not clear yet [77].
Many functions of vimentin working in a tight coordination with other proteins remain to be
identified.

GFAP

Glial fibrillary acidic protein was first found in glial cells (i.e. microglia, astrocytes,
oligodendrocytes, ependymal cells [31]) and later in other tissues. It is the main IF protein in
astroglia where vimentin, nestin and synemin can also be found. This protein demonstrates a
high level of variability: at least eight different isoforms of GFAP have been identified [78]. It
is also known that GFAP expression is enhanced upon brain damage, CNS degeneration as
well as in the aged brain [78].

A GFAP-related Alexander disease (AxD) is caused by the biggest number of various
mutations (Table 2 [61]), despite the fact that only about 500 cases have been described.
This progressive neurological degenerative disease shows such symptoms as rapid head
growth and clinical decline, usually fatal within the first decade of life. Patients suffer
seizures, atonia and a range of cognitive and developmental defects. This disease is
characterized by the degeneration of fibres and cell bodies of the fibrillary neuroglia, where
GFAP, aB-crystallin, heat shock protein 27 and other components aggregate. It was shown
that GFAP mutations, causing AxD, decrease the solubility of this protein [79], which might

be explained by jeopardized filament assembly.

Peripherin

Peripherin is mainly found in neurons of the peripheral nervous system. As typical for
the type 3 IF proteins, it forms homodimers at the first step of assembly. However, in some
neurons it was found in heterodimers with neurofilaments or a-internexin. In dorsal root
ganglia cells of rats it forms an IF network together with a-internexin and neurofilaments (NF,
including H, M and L subunits) [80]. Peripherin is shown to be involved in axonal elongation,
axonal regeneration after an injury and development of sensory neurons, however many
aspects of its functioning are not understood completely [81]. A number of known mutations
in peripherin and NF proteins cause amyotrophic lateral sclerosis 1 (ALS1). According to
available statistics, it is one of the major neuropathologies found in ~1/50000 Americans.
Upon this disease, upper and lower motor neurons degenerate. As a consequence, muscles

do not get the nervous signals, weaken and undergo atrophy [61].
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Desmin

Desmin is the main IF protein of muscle cells including skeletal, cardiac and smooth
muscles. Its name derives from the Greek “desmos” — a link. Indeed, as the name implies, it
plays an important role in anchoring the organelles in the cytosol. It links Z-discs of
neighbouring sarcomeres (laterally and longitudinally — see Fig. 4), the nucleus, mitochondria
and cell membrane. In addition desmin serves as a connection between neighbouring
muscle cells via desmosomes (in cardiac muscles) or costamers and myotendinous junctions
(in skeletal muscles) (Fig. 4 [82]). Consequently, it provides a mechanical and structural
integrity of the muscles. In mammalian skeletal muscles it can be detected at the early
developmental stage (in somites and myoblasts of the embryo). It participates in myogenesis
- but at that stage it is not the major IF protein in muscles, which instead is vimentin [83]. This
may explain why desmin knock-out mice develop normally, with normally looking muscles,
but after birth cardiomyopathy, skeletal myopathy and smooth muscle dysfunction begin to
develop [84, 85]. In these mice the positioning, distribution and function of mitochondria are
strongly affected. The anchorage of the myofibrils to the plasma membrane at the
costameres is easily lost and regeneration of the skeletal muscles is delayed [84].

Human desmin is 53.5 kDa in size. It is related to the largest percent of known
diseases among the type 3 of IF proteins (Table 2). Desmin-related myopathy manifests itself
by the structural disintegration of the muscle Z-line and accumulations of protein in the
muscle fibres. Clinical features include progressive weakness in skeletal muscles, cardiac

arrhythmia and other irregularities of the heart function [61].

aB-crystallin &,0 Unknown binding partners Desmosome

@ Desmoplakin

V
> g

Fig. 4. Schematic representation of a myocyte. Desmin (shown as red filaments) interconnects Z-
discs of neighbour sarcomeres, the nucleus, mitochondria and the cell membrane. Individual
myocytes are connected via desmosomes (in cardiac muscles) or costamers and myotendinous
junctions (in skeletal muscles), where desmin is found in the interaction with desmoplakin and
plectin (Reproduced from [82] with permission of Elsevier, licence agreement number
3259430110476).
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Nestin, syncoilin and synemin

Due to sequence homology, nestin, syncoilin and synemin are assigned to the type 3,
although they have a lot of sequence similarity with the type 4 IF proteins [82]. Nestin is
found mainly in the cells of central and peripheral nervous system at the early stages of
development. Upon development nestin degrades. As it exists only in early developing
neurons and glia, nestin serves as a marker of neurogenesis. Syncoilin and synemin are
mainly found in the muscle cells. None of these three proteins are able to self-assemble into
IFs on their own. Instead, they form heteropolymers. Nestin is shown to form in vitro
heteropolymers with vimentin or a-internexin [86]. Syncoilin and synemin form heterodimers
with vimentin or desmin in vitro and are included in the desmin aggregates in muscle (for
review see [82, 87]). So far, no mutations related to diseases have been found in these

proteins [61].

Table 2. Diseases associated with mutations in the type 3 IF proteins [61].

Disease Ne of variation record Protein
Acquired partial lipodystrophy 1 GFAP
Alexander disease 205 GFAP
Amyotrophic lateral sclerosis 1 9 peripherin
Autosomal dominant cataract 1 vimentin
Cardiomyopathy (different types) 17 desmin
Desmin-related limb-girdle muscular dystrophy 2 desmin
Desmin-related myopathy 119 desmin
Distal myopathy 2 desmin
Scapuloperoneal syndrome type Kaeser 1 desmin
1.3.3 Type4d

The type 4 includes neurofilament proteins and a-internexin. Neurofilaments together
with the MTs are the main structural elements in the cytoplasm of neurons. NF family is
represented by the three types: light (NF-L, 62 kDa in size), medium (NF-M, 102 kDa) and
heavy (NF-H, 112 kDa) chains. NFs are expressed in high concentrations in axons of
neuronal cells, providing axon the mechanical strength and regulating its diameter. Among
the proteins of the fourth type, a-internexin is expressed first and later found co-polymerized
with NFs in most of mature neurons. NF proteins as well as keratins at the first step of
assembly form heterodimers, NF-L /NF-M, NF-L/NF-H as well as any of NFs with vimentin or
a-internexin [88]. Among the fourth type of IFs, a-internexin can form homodimers in a
specific manner, similar to lamins, forming first longitudinally annealed dimers which then
assemble laterally [88, 89].

Mutations in NFs are shown to be involved into several neurodegenerative disorders.

Charcot-Marie-Tooth group of diseases (characterised by progressive loss of muscles and
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touch sensation, one of the most common inherited neurological disorders affecting 1/2,500
people), ALS (discussed earlier), Parkinson (characterised by shaking, rigidity, difficulty of
movement and depressions, results in accumulation of a-synuclein into inclusion bodies in
neurons) and neuronal intermediate filament inclusion disease (characterised by behavioural
and personality changes, memory loss, cognitive impairment, language deficits and motor
weakness) [61]. Due to a great variety of proteins involved in these diseases, its
heterogeneity and complexity, the exact mechanism of most of them remains to be

discovered.

1.3.4 Type5

Lamins belong to the fifth type of IF proteins, based on their intracellular localization
(nucleus) and the assembly properties [38]. Being uniquely nuclear IF proteins, they show a
number of differences with cytoplasmic IF on the different levels.

At the sequence level, there are two features characteristic for lamins. First, their
coillB is 42 amino acids (six heptads) longer than the one of cytoplasmic IF proteins. In
addition, their rod, according to the secondary structure predictions is capable of forming a
contiguously a-helical rod domain [90] (for sequence see Fig. 11). All lamins include a
nuclear localization site (NLS) and compact domain with immunoglobulin (lg) fold as a part of
the tail domain. In addition, most of lamins have a conserved CAAX box at the C-end, which
undergoes farnesylation during lamina maturation.

At the level of assembly, nuclear lamins show a behaviour which is different from that
of most of the cytoplasmic IFs, similar only with a-internexin (Fig. 7 C). The assembly
process starts with the formation of longitudinally annealed dimers and tetramers where the
beginning of the rod overlaps with the end of the rod (in so called Acy mode, see Fig. 6, [91,
92]). Some experiments show that this overlap is crucial for assembly [93]. Thereafter, long,
tetrameric in a cross-section units, assemble laterally in ~10 nm wide IFs in vivo [38, 91, 92,
94-96]. However in vitro assembly results in paracrystals — a layer of laterally assembled
long units with the major axial repeat of stained bands 48-50 nm from each other [94].
Interestingly, only one type of lamin found in Caenorhabditis elegans (C. elegans) could be
assembled into filaments in vitro [95], but showed 12-16 versus 32-48 monomers per cross-
section in cytoplasmic vimentin [97].

At the cellular level, lamin network looks differently from the vimentin, desmin and
other cytoplasmic IF networks. While, in general, IFs in the cytoplasm are distributed
throughout the whole space (Fig. 1A), lamins mainly form a nuclear lamina attached to the
perinuclear membrane (Fig. 1B). Thus, the concentration of lamins in the nuclear periphery is
much higher than in the non-membrane associated nucleoplasm, where, however, some
lamins are present - depending on the lamin/cell type [98] and the moment of the cell cycle
[34]).
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It is believed that evolutionary cytoplasmic IF proteins derive from lamins. This
assumption is based on two facts. First, there are organisms having either both, nuclear and
cytoplasmic IFs, or only lamin-like IFs [98]. Second, cytoplasmic IFs found in the most
primitive chordates (e.g., tunicate Styela plicata has IFs close by homology to desmin and
keratin 8), molluscs (e.g., IFs in oesophagus epithelium of the snail Helix pomatia) and in
nematodes (e.g., IFs from a muscle tissue of the Ascaris suum), all have additional 42 amino
acid domain within the coillB, characteristic for lamins [99, 100]. Proper nuclear lamins have
been found only in metazoans of the animal kingdom [98].

There is also a hypothesis that lamins evolved as an adaptation to mobility in animals.
First, lamins are not found in plants and fungi (except some IFs, e.g. found in the pea Pisum
sativum [101]). Second, the symptoms of many laminopathies include muscle defects [102],
hence lamins are important for mechanical integrity of the physically stressed cells. Lamins
play an important role for the nuclear integrity and maintenance of the chromatin structure.
Lamin IFs form a network for proper functioning of the transcription apparatus: lamina matrix
allows different proteins to bind to chromatin for DNA regulation, transcription, replication and
repair [103, 104].

Based on the structure and expression patterns, all lamins are divided into two types:
A and B. The A-type lamins are mainly expressed following the gastrulation phase of tissue
development. Lamin B is expressed in all somatic cells of mature organisms.

In mammals, there are three lamin genes: LMNA, LMNB1 and LMNB2, expressing
seven lamin isoforms. LMNA is a matrix for expression of the two major lamins, A and C; and
two minor lamins. Lamin C is a product of two post-translational modifications of the prelamin
A — 1) truncation of 98 amino acids (including the CAAX box) and 2) binding of six unique
amino acids at the C-terminus. LMNB1 and LMNB2 encode B-type lamins (B1, B2 and B3)
[98]. B1 and B2 lamins are found in all somatic cells, while B3 type is characteristic for the
germ-line cells (for details see Table 3) [105].

Interestingly, the C-terminus of lamins is the most variable region, defining the
functional differences between lamins. It is also the main binding domain for lamin-binding

proteins [103].

Table 3. Classification and characterization of human lamins

Gene type of | where expressed Diseases
lamin
LMNA | A in differentiating cells >750 sequence variants of different mutations
C [36, 104] in LMNA causing a vast majority of
AA10 laminopathies [61]
C2 germ-line cells [106]
LMNB1 | B1 all cells, including Autosomal dominant leukodystrophy [107]
LMNB2 | B2 [elrgtd)f]ryonlc stem cells Acquired partial lipodystrophy [108]
B3 germ-line cells [105]
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Strikingly, different mutations of more than 30% of the 664 lamin A amino acids are
shown to cause diseases [61, 98]. A common name of this group of diseases is
laminopathies. The pathogenic mutations are located throughout the whole lamin sequence
and not specifically restricted to one region (for an overview see Fig. 6 in [98], and Fig. 5 in
this thesis adapted from [64]). Due to such a complexity, there is still a lot of research
needed to understand the mechanisms of most of laminopathies. One of the most severe
types of this disease is progeria. It causes premature ageing, short stature, tight atrophied
skin, hair greying and it is usually lethal in the second decade of life. The mechanism of this
disease is connected to the jeopardized post-translational modification of prelamin A. In the
normal conditions prelamin A is farnesylated at the Cys of the CAAX box, then the C-terminal
AAX amino acids are removed and the terminal Cys is methylated. This farnesylated
prelamin A is then incorporated into the perinuclear envelope as a part of nuclear lamina. To
dissociate from the lamina, prelamin A has to be modified into lamin A via the proteolysis of
the 15 C-terminal amino acids including the farnesylated site. When the last step is affected
due to mutations, there is no lamin A released in the nucleoplasm, the nuclear IF network

weakens, resulting in abnormal nuclear shape and affected gene expression [109].

1.3.5 Connection between the localization of mutations and disease

phenotype

A tremendous number of reports on IF protein mutations causing human diseases
has been released in the last few years ([61, 64] Fig. 5). Correspondingly, “IF-pathies” are a
hot topic and molecular information is urgently needed for the understanding of potential
pathomechanisms. Interestingly, many pathogenic mutations are found in conservative
region of the rod domain of IF proteins — coil 1A and the end of coil2 [61]. For example,
mutations in coillA of K14 [62] as well as in the end of coil 2 in K5 and K14 cause EBS [57,
61]. All reported mutations in K9 causing epidermolytic palmoplantar keratoderma (a
common type of keratoderma, e.g., found in 4.4 per 100,000 men in Northern Ireland)
affecting palms and soles are within coillA [110]). Mutations in coillA of K17 lead to
hypertrophic nail dystrophy (pachyonychia congenita type 2) [111]. Mutations in coil 1A of
GFAP cause severe developmental neurological disorder named Alexander disease [79].
Likewise, mutations mainly found in coillB and in the end of coil2 of desmin give rise to
muscular dystrophies and cardiomyopathies. In contrast, for nuclear IF proteins a correlation
between the localization of mutations and disease phenotype is less pronounced. More than
400 mutations located all along the molecule of nuclear lamin A, expressed in differentiating
cells of the human body, lead to more than 10 distinct disease entities [98].

IF-related disease mechanisms are tightly connected to their structure, and its

knowledge is indispensible for developing treatment strategies. Structures at atomic
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resolution may help to understand how the interactions within particular regions of IF proteins
influence the functioning of cells, tissues and organs.
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Fig. 5. Distribution of mutations within different domains of IF proteins leading to human diseases.
Seven IF proteins belonging to five different types are shown schematically with their head,
coillA, coillB, L12, coil2 and tail domains respectively. The length of vertical bars corresponds to
the frequency of mutations, triangles indicate widely spread IBD, liver and pancreatic disorders,
caused by mutations in K8/K18. It is easy to see that the mutations in cytoplasmic IFs are more
domain-specific, often affecting specifically head, tail and conservative regions (the beginning and
the end of the rod domain), while in lamins mutations are found all along its sequence. Figure is
adapted from [64] (with permission of Elsevier, licence agreement number 3259421251614),
where a correction to the coil2 domain structure was added.

1.4 IF structure and assembly mechanism

1.4.1 Sequence analysis

As it was described earlier, circular dichroism experiments [25] and the sequence
analysis [24, 26] revealed a tripartite structure, an assigned hallmark of all IF proteins: a
central mostly a-helical rod domain is flanked by non-a-helical head and tail domains. While
the rod domain has a uniform size and includes two conservative domains in the beginning
and the end [24] (Fig. 2, A), head and tail domains have no defined secondary structure and
highly variable in both, amino acid composition and length. It was noticed early on that a
specific distribution of hydrophobic amino acids within the rod allows formation of a CC [24,
27] (Fig. 2, B-D). A further detailed analysis of the amino acid sequences of the rod domains
gave different results. Some sequence-based predictions suggested that the rod should
contain three contiguous a-helical regions, relying only on the propensity of different amino
acids to form an a-helix [24, 112]. Another analysis taking into account only a heptad-based

distribution of apolar amino acids, suggested the existence of four CC segments (coils 1A,
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1B, 2A and 2B) interconnected by linkers L1, L12 and L2 (reviewed in [113]). However, more
recent analyses suggested that there may be deviations from the heptad pattern [113, 114]
These deviations are called stutters (four-residue inserts) and stammers (three-residue
inserts) [115]. A combination of the heptad and one stutter leads to eleven residues; a
heptad with two stutters results in 15 residues. Therefore, known repeat patterns of the core
residues in CCs are represented by heptad (abcdefg), hendecad (abcdefghijk) or quindecad
(abcdefghijklmno) repeats, where positions a, d, h, | are the core positions. Correspondingly,
classical left-handed, parallel or right-handed CCs can be formed, respectively [28, 116,
117]. According to the study of Harbury et al., depending on the composition of residues in
the hydrophobic core, CC dimers, trimers or tetramers may occur [118]. CC core positions

are usually occupied by Leu, Ala, Glu, Val, lle and Lys residues [118, 119].

1.4.2 Structural studies of IF fragments

The assembly process of IF proteins is tightly connected to the CC formation. This is
a driving force for dimerization of two monomers containing a-helical rods into a parallel left-
handed CC [120]. Such dimer is a very stable complex. In particular, cytoplasmic vimentin
reveals dimers even in 6 M urea [121]. Consequently, the smallest unit which can reveal an
IF protein structure is its dimeric “building block”. Two techniques are used to get an atomic
resolution structures: nuclear magnetic resonance (NMR) and X-ray crystallography. Both
techniques are only partially applicable for IF protein studies. This is due to the fact that the
elongated full length IF dimer (~45 nm — cytoplasmic, ~50 nm - nuclear) is very flexible and
has a tendency to self-assemble. Both properties are known to jeopardize crystallization, and
NMR can be used only for small molecules. In order to overcome this obstacles, a “divide-
and-conquer” approach was applied [122]. It is based on the study of many short fragments
of IF dimer with subsequent merging of the overlapping structures. Using this approach, a
number of CC fragments of vimentin, keratin and lamin proteins has been resolved
crystallographically as well as using the NMR technique and deposited in the PDB

(www.rcsb.org, Table 4).
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Table 4. Summary of solved X-ray / NMR structures of IF protein fragments (www.rcsb.org).

Human PDB ID  Structure Description (reference)

vimentin

fragment

328-411, 1GK4 Crystal structure of human vimentin coil

called cys2 2B fragment [123]

385 -412, 1GK®6 Crystal structure of human vimentin coil

called Z2B 2B fragment linked to GCN4 Leu zipper
[123]

102-138 1GK7 Crystal structure of human vimentin coil
1A fragment [123]

101-139 3G1E Crystal structure of coil 1A of human
vimentin with a stabilizing mutation
Y117L [124]

263-334 3KLT Crystal structure of the beginning of coil
2 fragment of human vimentin [125]

144-251 3UF1 Crystal structure of human vimentin
linkerL1-coil1B fragment [126]

261-335 3TRT* Crystal structure of stabilized vimentin
coil2 fragment with mutations L265C,
L269(MSE), C328(MSE) [127]

153-238 3SWK* Crystal structure of vimentin coillB
fragment [128]

99-189 3S4R* Crystal structure of vimentin coillA/1B
fragment with a stabilizing mutation
Y117L [128]

crystallized: 3SSuU* Crystal structure of vimentin coillA/1B

99-189, fragment [128]

visible: 144-

189

Keratin PDB ID  Structure Description (reference)

fragment

Human K14 3TNU P ~Crystal structure of heterocomplex of

(295-422) * coil 2B domains of human keratin 5 and

human K5 m},‘,‘“““‘ﬁm keratin 14 [129]

(350-477) o
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AIC (313-386)

lamin A [135]

Lamin PDB ID Structure Description (reference)
fragments
Mouse lamin 3UFG NMR structure of Ig-like domain of
A (408 - 545) mouse nuclear lamin (Kobayashi, et al.,

~— unpublished)
Human lamin ~ 1IVT NMR structures of the C-terminal
A/C (428-549) globular domain of human lam a/c [130]
Human lamin  1IFR Crystal structure of lamin a/c globular
A/C (436-552) domain [131]
Human lamin  3GEF Crystal structure of the r482w mutant of
A/C (435-552) lamin a/c [132]
Human lamin ~ 1X8Y Crystal structure of human lamin coil 2b
A/C (305-387) [92]
Human lamin  2LLL NMR structure of c-terminal globular
B2 (449-569) domain of human lamin B2 (A.Lemak et

al., unpublished)
Human lamin  3JTO Crystal structure of the C-terminal
B1 (426-558) ~ “~ fragment (426-558) of human lamin B1
J 7 (Kuzin et al., unpublished)
NE
Human lamin 2XV5 Crystal structure of human lamin A, coil
A/C (328-398) 2b fragment [133]
Human lamin 3TYY Crystal structure of human lamin B1,
B1 (311-388) coil 2 segment [134]
Human lamin  3UMN Crystal structure of lamin B1: globular
B1 (428-550) tail domain, residues 428-550 [134].
{;‘;S:, 3

Human lamin  2KPW NMR structure of lamin B1 (439-549),
B1 (439-549) Swapna et al., unpublished
Human lamin ~ 3V4Q Crystal structure of R335W mutant of
A/C (313-386) human lamin A [135]
Human lamin  3V4W : Crystal structure of E347K mutant of
AIC (313-386) / lamin A [135]
Human lamin ~ 3V5B /f Crystal structure of coil 2B of human

*Fragments solved in this thesis are also shown; corresponding PDB IDs are bold and underlined.

20




Chapter 1

1.4.3 IF assembly process

Typically, IF proteins are purified in denaturing conditions. It was shown that IFs are
insoluble in the aqueous solution, but can be solubilised in the presence of denaturing agents
such as 8M urea, 6M guanidine or 0.1% SDS. Thereafter, by performing a step-wise dialysis
of the IF protein solution against buffers with decreasing denaturing agent concentrations, we
can reconstitute different stages of the assembly process going in the cell, and reassemble
the filaments in vitro [16, 21]. First, in 6 M urea dimers are obtained [121]. Afterwards, in 5 M
urea, two dimers associate into a tetramer, that stays such upon further dialysis into low salt
buffer, e.g., 5mM Tris-HCI (pH8.4) [121, 136]. These 60 nm long tetramers result from the
association of dimers in a half-staggered, antiparallel fashion.

Cross-linking studies of vimentin and keratin tetramers where Lys residues were
stitched with sulfo-DST showed interdimeric cross-links between coils 1 (alignment mode
A1,) and coils 2 (mode A,,, Fig. 6) [137, 138]. In particular, for vimentin the central residue in
Ai1; mode was 188 [138]. Two other modes do not exist at the tetrameric stage of assembly,
but only at the full length filament: A;, — where two antiparallel dimers are in register and Acy
— where the beginning of the rod domain of one dimer overlaps with the end of the rod
domain of another dimer. Interestingly, Acy mode does not exist in mature cytoplasmic IFs
and the calculation of Steinert et al. [137, 138] is most probably erroneous. This is opposite
to lamins, where Acy mode is shown to be indispensible for the assembly process and found
also in the crystal structures [91, 93].

Another approach used to reveal the arrangement of the molecules in the tetramer
was site-directed spin labelling electron-paramagnetic resonance (SDSL-EPR). In EPR
experiments the signals from nitroxide spin labels attached to Cys residues are used (Cys
can be incorporated by point mutagenesis in a designed position). A series of experiments
on vimentin confirmed the existence of alignment modes A;; and A,, The central residues of

A1; and A, modes were shown to be 191 and 348, respectively [139].

Fig. 6. Alignment mode of the IF protein dimers, based on cross-linking experiments of Steinert et
al. [137, 138].
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Modes Ai1, Ax» and A, coexist in the mature filament [138], but, however, in solution
mainly the mode A;; can be observed. A tetramer in Aj;;-mode [121, 140] is the building
element of cytoplasmic IFs. Once the ionic strength is raised, rapid lateral association of
about 8 Aj;-type tetramers results in the formation of so-called unit-length filaments (ULFs),
16 nm in diameter [97]. Subsequently, the ULFs gradually anneal in the longitudinal direction,
ultimately yielding long compacted filaments of 10-12 nm in diameter [121]. Such a
mechanism of assembly is a feature of almost all cytoplasmic IFs (Fig. 7A). Nevertheless
among IFs following this classical mode of assembly there are exclusions. For example, at
the first step of the assembly, keratins, neurofilaments and few other IF proteins form
heterodimers [33, 80, 88] (Fig. 7B). In addition, nuclear lamins also follow a different scheme
of assembly (Fig. 7C). Its mechanism is less understood. The assembly process of lamins is
believed to start with the parallel, unstaggered dimers assembling head-to-tail with a few nm
overlap to yield linear polymers with a ~48 nm repeat distance [91, 93]. Thereafter long
dimeric structures align in an anti-parallel way to form protofilaments — longitudinal tetramers
[94]. In vitro such longitudinally annealed dimers/tetramers associate in paracrystals [38, 91,
92, 94-96]. Possibly in vivo at the same dimeric or tetrameric stage these protofilaments
form mature filaments. It was shown that lamin filaments of C. elegans assembled in vitro are
composed of three or four laterally associated protofilaments [95]. However for human lamins
this number varies both: along the same filament and between different filaments, and is
hardly measurable, due to the fact that in vitro no filaments could be assembled.

Nevertheless, in all cases mature lamin filaments in different species are ~10nm in diameter.

ULF -
A —  __maturefilament A
dimer tetramer (A;; mode) = . =
- > e o> =—
— E — ——————— v
B I — mature filament A
dimer _ tetramer (A, mode) S = E
g B— e S
—a v

T

mature filament

C

dimer — longitudinally annealed tetramers —

— I — —_

<10 nm~>

1

Fig. 7. Schematic representation of the assembly steps of IFs. A. Classical assembly,
characteristic for most of the cytoplasmic IFs including vimentin. The assembly starts with the
formation of a homodimer. Thereafter two antiparallel dimers anneal laterally in A;; mode into the
tetramer, then ULF (~16 nm in diameter), which in turn longitudinally anneal into filaments,
following the last step of filament maturation — i.e. compactization. Mature filament is about 10 nm
wide. B. Filament assembly characteristic for keratins and NFs, starting from the formation of a
heterodimer (on the left), further steps of assembly are the same as described in A. C. Filament
assembly of lamins. When homodimers are formed, they first anneal longitudinally. Thereafter the
longitudinal tetrameric (in a cross-section) constructs are formed, following lateral annealing and
compactization stages, resulting in mature ~10 nm in diameter filaments.
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1.4.4 Role of the head and tail domains

Head and tail domains are flexible in comparison with the CC rod domain, and
represent a high variability across the IF family. These domains are shown to be involved in
inter- or intra-dimeric interaction. In contrast to the rod domain (which is 308 residues long in
vimentin and 359 residues in lamin A, Fig.11), the head and tail domains are variable in size
and amino acid composition. Correspondingly, the difference in the mass of different IF
proteins, listed in Table 1, is mainly due to the variable head/tail domains. Probably, the head
and tail domains are the triggers defining the main differences between different IF proteins,
leading to different filament assembly pathways and different mature filaments, maintaining
different functions in the cell.

While the similarity between head as well as tail regions of different IF proteins is low,
the same IF protein typically has common features in different species. For instance, the
head domain of vimentin in several fish, frog, chicken and humans has two conserved
regions (9 and 12 residues long), a specific pattern of aromatic amino acids as well as 12 Arg
residues scattered along its length. The latter residues are important for the filament
assembly (for details see [141]). As described before, wild-type (WT) vimentin forms Aj;
mode tetramers in the low salt buffer (5mM Tris-HCI pH 8.4) [140] and assembles into
filaments under high salt conditions (50-160 mM NaCl, 25 mM Tris-HCI pH 7.5) [121]. The
vimentin head deletion (up to the residue 82 in human and the residue 72 in Xenopus) leads
to the assembly arrest at the level of a dimer in a low salt concentration buffer. Furthermore,
in the presence of a high salt concentration the assembly stops at the level of the tetramers
in A;; mode [121, 140]. Probably, by preventing interactions between coils2 of two neighbour
dimers, the head domain plays a crucial role for longitudinal annealing of ULFs involving
interactions in the mode A,,. It was also demonstrated for other IF proteins that the presence
of the head domain is crucial for the formation of bona fide filaments [142].

The role of the tail domain is less understood. Among different species the vimentin
and desmin tail domains are well conserved as well as have three similar motifs with keratins
8/18 (for review see [141]). Surprisingly, a deletion of the vimentin tail (in particular
experiment, starting from residue 412 for human and 404 for Xenopus) did not affect the
assembly strongly. However, it led to the formation of filaments that were slightly wider than
normal [121]. Some IF proteins lack the tail domain or have a very short one. E.g., eye lens
IF protein phakinin has no tail while its obligatory for dimerization partner filensin has a very
long one [40]. Same is true for NF-L, which has a very short tail domain and forms
heterodimers with long-tailed NF-M or NF-H [88]. Interestingly, it was demonstrated that
tailless NF-M and NF-H retained ability to form mentioned heterodimers [88]. In contrast to
cytoplasmic IF proteins, lamin A and B tail domains contain a conservative 105 residues

block. Its multiple structures were solved crystallographically and using NMR (for details see
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Table 4) and its structure represents immunoglobulin-like domain (for review see [42]). A
number of mutations found within this block cause laminopathies [61].

Several techniques have been used to study the structure of the head and talil
domains of cytoplasmic IF proteins. Cross-linking studies revealed several intermolecular
cross-links between the head and the middle of coil2 as well as intramolecular cross-links
pointing at the head stretched along coillA and a half of coillB (Wedig et al., in preparation;
Fig. 8 in [42]). It was suggested that when the salt concentration is raised, different ions
interfere with salt bridges between acidic coill and basic head domains. This liberates heads
which in turn is necessary for interactions with coil2 for the later stages of the filament
assembly [42].

SDSL-EPR experiments gave similar results with more details [143, 144]. Head
domain was shown to fold back on the coil 1 to form a symmetric structure within the dimer.
Two heads are aligned parallel to each other, in register and span across approximately the
first half of the coill. The heads interact with one side of the dimer and make it asymmetric,
which in turn must help the alignment of dimers into the tetramer [143].

Moreover, SDSL-EPR was used to see the effect of phosphorylation of vimentin with
protein kinase A. In vivo phosphorylation is the main regulatory mechanism for IF network
formation [53]. E.g., phosphorylation drives the disassembly of vimentin network and division
of the cell during mitosis. Moreover in general phosphorylation is a cell signal for proper IF
subcellular compartmentalization, turnover, interactions with other proteins, cellular response
to stress and disease pathogenesis (for review see [53]). As it was demonstrated by SDSL-
EPR experiments, in vitro phosphorylation resulted in disassembly of the tetramers
(weakening of A;; mode and complete extinction of the A,, mode); however, dimers stayed
intact [145]. Moreover, phosphorylation caused a repulsion of the two heads from each other
(see Fig. 5 in [143]) while an interaction with the rod domains was not lost [143]. Apparently,
close proximity of the two parallel heads is more favourable for the tetramer and is regulated
by phosphorylation.

In contrast to the head domain, the tail domain was shown using SDSL-EPR method
to be mainly disordered and flexible in tetramers. However, in intact flaments a short region
of the tail (residues 445-452) becomes opposed to the same region of the neighbour tail (see
Fig. 5 in [146]). Interestingly, deletions of residues 444-452 as well as a point mutation
G405V caused formation of irregular fibrils which aggregated laterally [147]. From this it was
concluded that the tail plays its role during longitudinal annealing and compactization stage
of the filament maturation [146], which is in agreement with the data showing that the tail

domain is partially responsible for the filament diameter [121].
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Chapter 2. Research objectives

We focused on X-ray crystallographic studies of human vimentin and lamin A as
‘model’ IF proteins. To obtain the structure of the dimer, the ‘building block’ of all IFs, we are
using a ‘divide-and-conquer’ approach [122, 123]. It is based on preparation and
crystallization of multiple shorter fragments of IF dimer with subsequent merging of the
overlapping structures. This strategy is necessary in order to overcome the flexibility and
self-assembly of the full-length protein, as it makes crystallization impossible.

As shown in Table 4, this approach has been successfully used before. For vimentin,
several fragments of coil 1 and coil 2 segments were resolved (for the PDB IDs and
references see Table 4) but the model of the rod domain remained incomplete. The
structures of the linkers L1 and L12 and coil 1B were not resolved. For lamins several
structures corresponding to the tail domain as well as the end of the second half of the coil 2
were resolved (for the PDB IDs and references see Table 4) but the major part of the rod
domain remained to be investigated.

Relying on similarities between the sequences of vimentin and lamin A rod domains
we are able to use the experience with vimentin for the design of lamin fragments. In
addition, the aforementioned sequence similarity of different IF proteins should allow us to
use one model protein for structure prediction of the others. Structural data on a model IF
protein dimer should shed light on the effect of different mutations as well as give an insight
into the process of the filament assembly. These key aspects would lead us to better
understanding of IF proteins and related diseases. To reach this goal we focused our work
on the following issues:

e obtaining X-ray crystallographic structures of vimentin and lamin A fragments;
¢ modelling the dimer and the tetramer of the IF rod domain based on the fragment
structures;

e studying the ULF formation and IF assembly using complementary biophysical methods.
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Chapter 3. Methods and general procedures

High-resolution structural information of various regions of vimentin and lamin A can
be obtained using protein crystallography in combination with the discussed earlier “divide-
and-conquer” approach [122]. In addition, intelligent mutagenesis can be used to minimize
the possible artifacts caused by the relatively short length of the fragments.

For this we used the following steps:

1) design of suitable fragments with accurately chosen mutations (if necessary),

2) fragment amplification and cloning into the chosen expression vector,

3) protein expression and purification,

4) protein crystallization,

5) crystallographic diffraction data collection,

6) structure determination,

7) structure interpretation and modelling.

3.1 Design of the suitable fragments

Fragments of the rod domain were designed using data of the cross-linking [138] and
site-directed spin labelling electron paramagnetic resonance (SDSL-EPR) experiments [126,
139, 143, 144, 146, 148-150], ultra-centrifugation, EM [121], small-angle X-ray scattering
(SAXS) [151, 152], computer modelling, available NMR and crystal structures (see Table 4).
Jpred3 [153] and NetSurfP [154] algorithms were employed for the prediction of the a-helical
regions and estimation of the probability of a particular residue to be buried within the
hydrophobic core. The aim of our design was to get a stable CC dimer, either purely a-helical
or containing a linker region. In some cases we had to use mutations in order to preserve a
dimeric state and to stabilize the structure.

The success of every crystallographic experiment depends on the possibility to
overcome several main ‘hurdles’ such as protein purification, crystallization in a biologically
relevant conformation and phasing. Therefore, the ‘trial-and-error’ method was extensively
used. To determine the structure of any particular region we created a set of fragments of
different length with varying N- and C-ends (see Tables 5, 6). In our hands only about one

structure out of ten purified proteins could be resolved.

3.2 Molecular cloning

Vimentin fragments were amplified from the full-length human vimentin cDNA. All
mutations, listed in the Tables 5, 6, including the mutation Y117L in the 1AB fragment as well
as L265C, L269M, C328M mutations in the D3st fragment, were introduced into the

corresponding expression vectors using the QuikChange site-directed mutagenesis protocol
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(Stratagene). All plasmid sequences were verified by DNA sequencing starting with the T7

promoter or terminator.

Three different vectors were used for the expression of the protein fragments (Tables
5 and 6): 1) the vector pPEP-TEV that allows overexpression of a fusion construct including
an N-terminal Hiss-tag, a 5kDa laminin spacer, a TEV protease cleavage site and the
sequence of interest; 2) the pETHSUK/pETHSUL vector [155], resulting in a fusion product
containing a Hisg-tag, the SUMO sequence, the SUMO protease cleavage site and the
vimentin fragment; and 3) pET15-NESG vector, allowing us to get a construct carrying Hise-
SHM- sequence at the N-end [126]. Primers were designed using ApE plasmid editor (written

by M. Wayne Davis) and synthesized by LGC Genomics Company (UK).

3.3 Protein expression and purification

Expression constructs were transformed into BL21(DE3) or BL21(DE3) Rosetta E.
coli competent cells (Stratagene, USA and NEB, England) using the heat-shock method.
Induction of the protein expression was done by either of the two methods:

1) Freshly transformed bacteria were cultivated at 37°C in LB medium with 100 pg/ml
ampicillin until ODggo reached 0.6, and then 3h more in the presence of 1 mM IPTG.

2) Bacteria were cultivated in auto-induction media ZYP-5052 at 24°C till ODggo
reached 6, and then for 7h more at 18°C [156].

In general, a significant portion of the expressed protein was in the inclusion bodies.
Therefore to dissolve the target protein, cells were collected, resuspended in 8M urea, 10mM
Tris pH 8, 0.1 M NaH,PO, and 5mM B-mercaptoethanol, lysed using sonication (Branson
Digital Sonifier), and the cellular dust was removed by centrifugation (60 min, 13000 x g).
The fusion products were purified on a pre-equilibrated Ni-chelating column (Sigma His-
select) and eluted with 8 M urea, 10mM Tris HCI, 0.1 M NaH,PO,, pH 6.3. Pure fractions
were dialysed into the ‘cleavage buffer’ (40mM Tris-HCI pH 8, 150mM NacCl) using 3.5 kDa
cut-off membrane (Spectrum) and then digested with the TEV-protease (fragments 1AB and
1ABL) or SUMO-protease (coillB fragments) at 4°C. In the case of NESG constructs no
digestion was needed. Where applicable, a second Ni-chelating column was then used to
remove the His-tag-containing fragments. Pure protein fractions were concentrated by
ultrafiltration (Amicon, 3.5kDa cut-off) and gel-filtered on a Superdex 75, 200 or 300 16/60
columns in the ‘cleavage buffer’ using an Akta chromatographic system (GE Healthcare, see
Fig. S1).
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Fig. S1. Purification of lamin A fragment, residues 93-214. Estimated masses of the fusion
product and the final protein is 20.2 kDa and 14 kDa, respectively. SDS-PAGE. Lines 1-5
correspond to the protein 1) eluted from the first Ni-chelating column, 2) digested with TEV
protease, 3, 4) flow-through from the second Ni-chelating column (cleaved lamin A fragment), 5)
elution from the second Ni-chelating column (mixture of cleaved, uncleaved lamin A fragments
and His-tag). Lines A4-A6 correspond to the TEV protease eluted from the size-exclusion column.
M stands for the protein marker, with corresponding masses 10, 15, 25, 35 kDa, from the bottom
to the top, respectively. Lines B12-B7 correspond to the eluted lamin A fragment (14 kDa). Size-
exclusion chromatogram of combined protein fractions - lines 3 and 4 on SDS-PAGE. The two
main peaks correspond to the eluted TEV protease (fractions A4-A6) and laminA fragment
(fractions B12-B8), respectively.

Expression of the selenomethionine (SeMet) containing protein fragments followed
either of the two protocols: Cowie and Cohen’s (using IPTG induction) [157] or Studier's
(using autoinductive PASM 5052 media) [156]. Expression of SeMet-containing protein
fragments 1AB ,1ABL and D3st followed the protocol of Cowie and Cohen [157]. Briefly, the
transformed BL21(DE3) cells were grown on a minimal medium (38 g/l Na,HPO,*2H,0, 15
g/l KH,PO,, 2.5 g NaCl, 5 g/l NH,CI) at 37°C until ODgyp=0.6. At this point SeMet (50 mg/l,
Sigma) complemented by natural amino acids (50-100 mg/l) excluding methionine was
added. After 15 min the expression was induced by 1 mM IPTG addition. Culture growth was
continued until ODgoo reached 2 (13 h). Expression of the SeMet-containing 1B fragment was
done in the autoinductive PASM 5052 media [156] containing 200 mg/ml of each of 17
amino acids (excluding Cys, Tyr, and Met), 10 mg/ml Met, 125 mg/ml SeMet, and 100 nM
vitamin By, [156]. The purification procedures for the SeMet labeled proteins were the same
as for the unlabelled. As detected by mass-spectrometry analysis, the substitution of Met by
SeMet in the 1B fragment was about 66% (Fig. 16).
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3.4 Full-length vimentin purification

Three Cys mutants were engineered using a QuickChange mutagenesis and DNA
ligation techniques. All sequences were verified by GCTA sequencing company. Mutant
proteins as well as the WT vimentin were expressed recombinantly using pDS5 vector
transformed into TG1 E. coli cells. Further purification consisted of the following three steps.
Firstly, inclusion bodies were purified and dissolved in 9.5 M urea buffer. Thereafter the
proteins were separated from impurities using two consequent anion and cation exchange
chromatography columns (respectively, DEAE and CM sepharose, GE Healthcare, Sweden).

The fractions were analysed using SDS-PAGE.

3.5 Invitro IF assembly and electron microscopy

Pure proteins were used for the filament assembly experiments. Firstly, a step-wise
dialysis was performed in 8, 6, 4, 2, 1, 0 M urea buffers until the protein was in the final
solution (ImM EDTA, 1mM EGTA, 1 mM DTT, 5mM Tris pH 8.4) at the concentration 0.3
mg/ml. Afterwards an assembly buffer (20mM Tris pH 7, 50 mM NaCl) was added at 37°C
and different states of assembly (after 10sec and 1h) were fixed by an addition of a
glutaraldehyde solution.

Electron microscopy (EM) grids covered with a layer of carbon were used for
preparation of EM samples. Assembled protein was kept on the grid for 15 sec to bind and
then negatively stained with uranyl acetate. Dried grids were observed with the electron

microscope (DKFZ, Heidelberg, Germany) at the magnification of 6.3-20k.

3.6 Crystallization and crystal mounting

To obtain crystals, a vapour diffusion method was used (Fig. 8 C). A droplet with a
mixture of protein and precipitant solutions was brought to equilibrium with the initial
precipitant solution in a closed vial, using either a hanging or sitting drop (Fig. 8A). During the
evaporation of the water from the protein droplet, both the protein and the precipitant
concentrations are increasing. When the solubility limit of the protein is reached, it either
precipitates or crystallizes (Fig. 8B).

Before crystallization, pure proteins were concentrated to 1-10 mg/ml (depending on
the solubility and the overall yield) in 10-12.5 mM Tris-HCI pH 8, 10-40 mM NaCl. Robotic
crystallization screening was performed with commercially available kits including Crystal
Screen 1+2, Index, AmSO, (Hampton Research), JCSG+, PACT (Qiagen) and Wizard | + 1l
(Emerald) crystallization screens. Sitting drops were set up by mixing 0.1-0.3 pl of a protein
solution with 0.1-0.3 pl of a reservoir solution in 96-well MRC plates (Molecular Dimensions)
at 20°C or 4°C using the Mosquito robot (TTP LabTech) and monitored with Rock Imager

(Formulatrix). The crystallization conditions were manually optimized using hanging drops of
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typically 1-3 ul in volume. All crystals were briefly soaked in the mother liquor supplemented
with 30% glycerol or PEG 400, mounted on the loops (Hampton Research) and flash-frozen

in the liquid nitrogen.
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Fig. 8. Protein crystallization. A. Hanging and sitting drops, vapour diffusion technique
representation. B. Phase diagram, illustrating the change in protein behaviour during the
equilibration of the droplet solution with the mother-liquor, adapted from [158]. C. An illustrtion of
the crystal components (adapted from www.rcsb.org). In the crystal millions copies of the
molecule are arranged in a highly ordered way - in a crystallographic lattice. One or several
symmetry-related asymmetric units form a building block of the lattice — called cell unit, which,
multiplied by symmetry operators, represents the arrangement of all the molecules in the crystal.

3.7 Data collection

The process of data collection is one of the most important as its quality is often a

limiting factor for phasing and also the quality of the final structure.

3.7.1 X-ray sources and detectors

The presence and quality of crystal diffraction was assessed in our laboratory using
MicroMax 007HF machine, consisting of a high-intensity microfocus rotating copper anode X-
ray generator (Rigaku, Japan, Fig. 9A) and a Mar345 image plate detector (MARresearch,
Germany). The generator produces an X-ray flux of ~ 10° photons per second, with beam
diameter of 150um at the sample position. Exposures of about 10 min/frame were used.

To achieve higher intensity of the X-ray beam and to be able to tune the wavelength,
the synchrotron facilities are used (Fig. 9B). Thanks to higher intensity of the X-ray beam,
data collection at the synchrotron may lead to higher resolution data and its collection
requires less time (of the order of seconds). In addition, the possibility to vary the wavelength
is necessary for optimal data collection for crystals with heavy atoms (HA) where at a
particular wavelength an effect of anomalous dispersion takes place. In our case diffraction
patterns were collected at the Soleil synchrotron (France) at the beamline Proximal using an
ADSC Q315r and a pixel detector PILATUS 6M (DECTRIS, Baden, Switzerland) and at the
SLS synchrotron (Switzerland) at the beamline X06DA, using a Mar225 CCD detector. For
comparison, at the Soleil synchrotron the beam size at the sample position can be set
between 100 -250 um in diameter, and has an electron flux > 5x10* photons per second

over the entire energy range for a stored beam current of 500 mA [159].
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A photon counting detector PILATUS 6M [160] consists of 60 sensor plates, which
record X-rays in single-photon counting mode and the data are stored immediately with a
very small processing time (5 ms). This detector is also much faster than majority of the other
detectors as it is not sensitive to X-rays during readout and therefore no mechanical shutter
is required [160]. In addition almost no detector noise is added to the signal as opposed to

the integrating detectors (http://pilatus.web.psi.ch/pilatus.htm).

Fig. 9. X-ray generators. A. Schematic representation of an X-ray tube. K/A — cathode and anode,
U, — cathode heater voltage, U, — anode voltage, Wi out — Water circulating system of the anode
water cooler (C), X - X-rays (copied from www.wikipedia.org with permission of the copyright
holder Hmlich). The X-rays are emitted by the Cu anode after a stream of electrons hits its
surface. The electrons are directed by a cathode and accelerated in a vacuum tube. As the X-
rays are emitted by the Cu atoms, the emitted wave has a constant length (A=1.5418 A). B.
General scheme of the Soleil synchrotron. Electrons (a flux shown in cyan) are produced by the
electron canon (a) and directed into the small accelerating ring, called booster (b), afterwards the
accelerated electrons are directed into the big synchrotron ring (c) for further acceleration with the
help of particle accelerators (shown in green) and magnets (shown in red). When the speed of
the electrons is high enough (close to the speed of light), they emit X-rays (shown in yellow)
directed into beamlines. Each beamline is equipped with the optic room (d), the room for X-ray
experiments (e) and the room for remote operations of the experiments (copied from
www.wikipedia.org with permission of the copyright holder EPSIM 3D/JF Santarelli, Synchrotron
Soleil).
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3.7.2 Choice of the X-ray wavelength

To solve the phase problem, we used SeMet derivatives of the proteins, expressed in
E.coli in SeMet rich media [156, 157]. Se has its predicted K absorption (resonance) edge at
12.658 keV. To confirm the presence of the Se atoms in the crystals and to determine the
optimal resonance (‘peak’) wavelength for SAD experiments, a fluorescence scan was
performed (Fig. 10). This scan measures an integral intensity of fluorescence as a function of
the incident X-ray energy. Fluorescence is a function of an anomalous component of the

atomic form factor (f'). The maximum of the f” is at the resonance energy of the HA.

= counts in ROI — —

20000 —

counts in ROI
1

10000 — T —

I ! 1 ! I ! I !
12620 12640 12660 12680

Energy [eV]

Fig. 10. A fluorescence scan for Se K edge from the crystal of 1ABL vimentin fragment made at
Swiss Light Source, beamline PXIIl. Theoretical peak of spectral lines of Se are at the energy
12.658 keV. The peak of fluorescence at 12.657 keV (f'=-7.9, f'=6.1) confirms the incorporation of
the Se atoms in the crystal. Calculated inflection energy is 12.654 keV (f'=-10.5, f'=3.5). Red line
corresponds to the dispersive component f' and black line corresponds to the anomalous
component f* of the atomic form factor, blue line with crosses corresponds to fluorescence.
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3.8 Crystal structure determination and analysis

3.8.1 Determination of vimentin coill structure: fragments 1AB,
1ABL and 1B

Diffraction data were processed using the HKL package [161] (fragments 1AB and
1ABL) or XDS and Xscale [162] (fragment 1B, see Table 7). Initial phasing, density
modification and model building was done using an Auto-Rickshaw server [163]. For the
fragments 1AB and 1B, a SAS protocol of Auto-Rickshaw was used. For the fragment 1ABL
SIRAS protocol of Auto-Rickshaw (a native and SeMet data sets) gave the best results. HA
sites were found using the program SHELX [164]. All three structures contained two chains
per asymmetric unit, with two (1AB and 1ABL fragments) or three (1B fragment) SeMet
residues per chain. All Se atoms could be located in each structure. Initial phases were
calculated using the program MLPHARE [165]. Density modification, phase extension and
NCS averaging (for the 1AB structure) were performed using the programs RESOLVE [166]
and DM [167]. Initial model building was done using ARP/WARP [168] and SHELXE [164].
Manual model completion was performed using Coot [169]. Phenix.refine [170] was used for
the model refinement. The final refinement of the 1AB and 1ABL structures was against the
native data sets. The program MolProbity [171] was used to analyze the quality of the final

models. Interactions within the structure were analyzed with the program PISA v1.18 [172].

3.8.2 Structure determination of the first half of vimentin coil2: D3st

fragment

Initially, a dataset was collected for the D3 (L265C/C328A) crystals, but phasing of
these data using MR failed. Thereafter a MAD dataset was collected for SeMet-containing
D3st crystals, with the presence of selenium confirmed by a fluorescence scan. Diffraction
data were processed using the HKL2000 package [161]. The initial low-resolution (3 A) two-
wavelength MAD dataset (Table 7) was submitted to the Auto-Rickshaw on-line server [163].
All four HAs were found using the SHELX suite, followed by phase calculation, density
modification and building of the initial polyalanine model [164, 173]. Thereafter PHENIX [170,
174] and Coot [169] were used for model completion and refinement against the high
resolution (2.3 A) dataset (Table 7). The D3st structure revealed one dimer per asymmetric
unit.

The program MolProbity [171] was used to analyze the quality of the final models
(Table 7). Interactions within the structure were analyzed with the program PISA v1.18 [172].
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Chapter 4. Results

As a starting point for crystallographic studies, we have re-visited the prediction of the
CC structure within the IF rod based on its amino-acid sequence. We argue that the CC
regions should comply with two criteria. Firstly, they should have a high probability of a-helix
formation, as can be evaluated using standard secondary structure prediction algorithms,
such as Jpred3 [153]. Secondly, they should exhibit regularly spaced apolar residues forming
the CC core. To this end, we have used the NetSurfP algorithm [154] that estimates the
probability for a particular residue to be buried within the hydrophobic core (Fig. 11). While
well-established CC prediction algorithms, such as COILS [175], only consider the heptad
periodicity typical for left-handed CCs, one should also look for other possibilities, including
the 11-residue (hendecad) and 15-residue (quindecad) periodicities that drive the formation
of a parallel a-helical bundle and a right-handed CC, respectively [116, 176].

We found this generalized approach to be highly accurate towards localizing the CC
regions of the human vimentin dimer. In particular, Jpred3 algorithm suggests that the first a-
helical segment (coillA) should include residues 97 to 139 (Fig. 11). Moreover, within the
whole 1A region the buried residues indicated by the NetSurfP algorithm are in a perfect
agreement with the heptad pattern. This very pattern is found in the crystal structure of coillA
(Y117L mutant) dimer 1AL (PDB entry 3G1E [124]). At the linker L1 region an interruption of
the a-helical structure was predicted for eight residues, Gly140 to Gly147 (Fig. 2A). From
analysis of the heptad patterns within coillA and coillB one can readily conclude that the
linker L1 causes a phase shift in the heptad periodicity that corresponds to an insert of five
residues (or a deletion of two residues). This is distinct from either one of the two phase
perturbations commonly seen within continuous CC structures, the stutter (equivalent to an
insert of four residues, converting a heptad into a hendecad) or the stammer (an insert of
three residues) [115, 176]. Moreover, this is also distinct from either of the inserts (stutter or
stammer) repeated twice. A continuous CC running from coill1A into coillB is therefore highly
unlikely. The length of the linker L1 and, correspondingly, the phase shift at the linker are
conserved throughout all type 3 IF proteins (Fig. 11), while in other IF types L1 has a
different length and sequence (Fig. 18) [114].

Interestingly, for both vimentin and lamin A, NetSurfP algorithm showed a possibility
for the end of the coill and the beginning of the coil2 to form a parallel a-helical bundle (Fig.

11). Subsequently, for vimentin this structure was confirmed experimentally [125-128].
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Fig. 11. Primary structure analysis of the IF rod domain. Sequence alignment for the rod domains
of human type 3 IF proteins including vimentin, desmin, GFAP and peripherin and type 5 IF
protein - nuclear lamin A. Residues predicted by the NetSurfP algorithm [154] to be buried inside
the structure are highlighted in yellow. Heptad assignment is indicated. The secondary structure
prediction for vimentin and lamin A sequences by the Jpred3 algorithm [153] is shown on the top
and the bottom respectively (‘H’ indicates a-helix, ‘E’ indicates -sheet). Stutter inserts resulting in
11-residue repeats are highlighted with cyan. Proline residues are highlighted in gray. Positions

corresponding to the residues conservative among all IF proteins are highlighted in green.

Based on the primary sequence analysis we were able to proceed with the
engineering of the constructs suitable for crystallization. Fragments corresponding to several
regions of the IF protein rod domain were designed. According to the part of IF protein to be
resolved this work consisted of several directions:

1) Vimentin coillA/L1/coil1B structure (constructs 1-6, 21-26, Table 5)

2) Vimentin coil2 structure (constructs 7-10, Table 5)

3) Vimentin L12 structure (constructs 11-20, 27-36, Table 5)

4) CoillB - tetrameric organization of vimentin (constructs 37-42, Table 5)

5) Lamin A structure and its tetrameric organization (constructs 43-51, Table 6)
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Chapter 4

Table 5. Vimentin fragments and crystals

diffraction /

Number | Vimentin fragment vector | crystals structure (ID)

1 79-252 -

2 99-189 (fragment 1AB) N ETO) 2.6 A/3s5U

3 99-189, SeMet > +

4 99-189, Y117L (fragment 1ABL) '|"—IJ +(2) 2.45 A/ 354R

5 99-189, Y117L, SeMet a +(3)

6 99-189, E103C % -

7 261-335, L269C, C328A ~ -

8 261-335, L265C, C328A g/ +(4) 1.7 A/ phasing

9 261-335, L265C, L269(MSE), C328(MSE), SeMet ',-'_J +(5) 23 A /3TRT
(fragment D3st) a

10 261-335, Y276C, L269M, C328M % -

11 167-280, A280C -

12 174-291,Y291C -

13 167-276,Y276C -

14 153-265, L265C -

15 153-327 -

16 224-330 -

17 230-330 -

18 220-330 -

19 180-327 -

20 180-313 -

21 161-238 +(6) trimer

22 161-238, SeMet +(7) trimer

23 161-243 +(8) trimer

24 161-243, SeMet X +(9)

25 153-238 2 +(10)

26 153-238, SeMet (fragment 1B) 2 | +(11 1.7 A/ 35WK

27 219-276, F233M, Y276C -

28 212-276,F233M, Y276C -

29 219-280, F233M, Y276M, A280C +(12) 2 A/ phasing

30 219-280, F233(MSE), Y276(MSE), A280C, SeMet +(13) 2.3 A/phasing

31 219-280, F233M, Y276M, A280L -

32 212-280, F233M, Y276M, A280C +(14)

33 212-280, F233(MSE), Y276(MSE), A280C, SeMet +(14)

34 219-292, Y276M, W290A, Y291M ) -

35 219-304, Y276M, W290A, Y291M, F295M 2 -

36 202-276, F206M, F233M, Y276C g -

37 144-283,N283C, Y276M

38 144-272,N272C ® . | hotpur

39 110-283, Y276M, N283C hft s

40 99-283, Y276M, N283C e

41 99-289, Y276M iy

42 87-340, Y276M, C328M, L340C g | notpur

“not pur” stays for not purified fragments; “phasing” — for not yet solved structures; column

“vector”. in the brackets an additional residue or fused construct occurring in the final fragment is
indicated; column “crystals”: number in brackets indicates the number of the corresponding
crystal picture shown after the Table 6.
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Table 6. Lamin A fragments and crystals

Number | Lamin A fragment vector | crystals diffraction /
structure

43 27-119, L85M, L104M + (15)

44 65-222, L85M +(16) 2.7 A/ phasing

45 71-222,L85M +(17)

46 71-222, L85(MSE), SeMet +(18) 2.9 A/ phasing

47 77-214, L85M o | notpur

48 93-214 S [+@9) 2.4 A/ phasing

49 93-214, SeMet "|'_J +(20) 2.35A/phasing

50 77-259, L85M, Y259C a. +(21)

51 171-259, Y259C S [ +(22

“not pur” stays for not purified fragments; “phasing” — for not yet solved structures; column
“vector”: in the brackets an additional residue or fused construct occurring in the final fragment is
indicated; column “crystals” number in brackets indicates the number of the corresponding
crystal picture shown below.

(11)

Fals”
$: v

(14) '.T { (15)

(18)

19)
Scale bar - 100 um

(22)
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Table 7. Crystallographic statistics

Vimentin fragment 1AB (98-189) 1ABL (98-189) 1B (153-238) D3st (261-335)
Native SeMet Native SeMet SeMet SeMet
Crystallization conditions 0.04M Ca acetate, |0.06M Ca acetate, | 0.45 M Mg acetate, 0.35M Li,SO,, 0.2M NH, acetate, 2M (NH,),S0,,
0.1IM MES pH 6, |0.1M MES pH5.5 | 0.1M Na cacodylate | 0.1 M MES pH 6.0, | 0.1 M Bis-Tris pH 0.1M Tris
6% isopropanol, 6% isopropanol, | pH 6.5, 20% MPD, 35% MPD, 6.5, 25% wiv PEG pH 8.5,
4°C 4°C 4°C 4°C 3350, 20°C 20°C
Data collection
Wavelength (A) 0.9763 | 0.9786 (peak) 1.0000 | 0.9798 (inflection) 0.9790 (peak) 0.9793 (peak)
Space group 12:2,2, R32 P2, 1222
Unit cell parameters (A) 45.6,83.5,118.6 | 45.7,82.8,119.2 | 65.3,65.3,377.3 65.0, 65.0, 378.5 40.2,54.5,44.1 53.4,75.5,86.9
Resolution (A) 24.3-2.6 (2.64-2.6) | 50-3.0 (3.05-3.0) | 48-2.45(2.49-2.45) | 50-2.8 (2.85-2.8) | 34.3-1.7 (1.8-1.7) | 28-2.3 (2.34-2.30)
Rsym** (%) 0.072 (0.6) 0.096 (0.277) 0.071(0.420) 0.090 (0.295) 0.068 (0.778) 0.088 (0.352)
I/o 8.9 (1.1) 12.3 (5.2) 14.5 (1.7) 7.8 (2) 13.26 (2.6) 10.7 (2)
Unique reflections 7261 4745* 11209 6867* 38320* 14768 (695)*
Completeness (%) 99.9 (100) 99.6 (96.9)* 93.7 (55.9) 82.1 (34.9)* 98.9 (96.1)* 97.8 (87.1)*
Multiplicity 5.5 (5.6) 8.1 (6.5)* 10.9 (8.5) 4.8 (3.2)* 4.9 (4.6)* 3.4 (2.5)*
Mosaicity (°) 0.55 0.6 0.85 0.25 0.44 0.8
Wilson B-factor (A% 70.7 44.0 30.6 37.6
Refinement
Ordered chain A 144-189 102-189 153-238 261-335
residues chain B 149-187 99-189 153-237 262-334
R value*** R work 0.24 0.29 0.25 0.22
R free 0.28 0.32 0.28 0.30
R.m.s. Bond lengths (A) 0.007 0.011 0.004 0.008
deviations Bond angles (%) 11 1.22 0.64 1.034
Number of total 730 1521 1694 1260
atoms ligand/ water 0 16 251 68
Average total 93.8 78.3 38.8 40.1
B-factor ligand/ water - 80.1 39.9 58.1
PDB ID 3SsU 3S4R 3SWK 3TRT

* Reflections F+ and F- were treated as different; data in parentheses are for the highest resolution bin;
** Reym =2n2i|lin—<In>/Z12i lin, where i, is the i-th observation of I, and <I,> is the mean of N, measurements;
**k R =5 Fops—Fcarcl/2Fobs, With the ‘free’ value calculated with 5% of reflections.




Results

4.1 Vimentincoill

The main results described in this part are published in: Atomic structure of the
vimentin central alpha-helical domain and its implications for intermediate filament
assembly. Chernyatina A. A., Nicolet S., Aebi U., Herrmann H., Strelkov S. V. (2012) Proc
Natl Acad Sci USA 109: 13620-13625.

4.1.1 Crystal structure of the 1AB fragment

To obtain experimental evidence towards the L1 structure, we have crystallized
vimentin fragment 1AB containing residues 99-189 and therefore encompassing the coillA,
linker L1 and the first half of coillB (Fig. 13 A). The calculated Matthews volume of the
crystals assuming two 11.1 kDa chains per asymmetric unit is 2.55 A%*Da corresponding to
52 % solvent, which implies a rather loose packing. The structure was phased experimentally
by single-wavelength anomalous scattering collected from the crystals of SeMet-containing
protein (see Table 7 for diffraction data statistics). The final structure refined against native
data at 2.6A resolution reveals a parallel CC dimer (Fig. 13 A). Surprisingly, a clear electron
density is only observed starting from residues 144 and 149 in chains A and B, respectively.
Moreover, SDS-PAGE analysis of the crystals confirmed that the fragment was intact (mass
11.1kDa). In addition, first few traceable residues in each chain are mobile, as evident from
increased B-factors. Both the coillA and most of the linker L1 are therefore completely
disordered in this crystal structure. Tyr150 is the first residue forming the hydrophobic core of
coillB, which has a fairly regular left-handed CC structure. The hydrophobic core is formed
by the residues in a and d positions of the heptads in a perfect agreement with the
sequence-based prediction (Fig. 11). Notably, the still visible part of the linker L1 in chain A
(residues 144 to 149) is also a-helical (Fig. 13A, orange colouring). The crystal packing
arrangement is such that the 1B parts alone are sufficient to form an interconnected lattice,

albeit having large voids that should be accommodating the poorly ordered 1A parts.
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Results

4.1.2 Crystal structure of the modified 1AB fragment

In order to stabilize the coillA part of the fragment 1AB, a specific mutation Y117L
was introduced (Fig. 13 B, fragment 1ABL). This mutation had been found before to
drastically increase melting temperature of the dimer of a coillA fragment (from 32 °C to 71
°C at the protein concentration 1mg/ml) [124]. This discovery led to the crystallization of the
mutant 1AL protein in a dimeric conformation (Fig. 12, PDB ID 3G1E [124]) while the WT
coil1A being a very weak dimer in the solution was crystallized as a monomer (denoted as
1A in the Fig. 12; PDB ID 1GK7 [122]). Therefore, to stabilize the 1AB dimer, the same
mutation Y117L was introduced and the mutated protein 1ABL was successfully crystallized.
The crystals revealed the whole fragment structure, corresponding to the first half of coil 1.
Surprisingly, both chains were found to contain exclusively a-helical structure that continues
from the coillA part into L1 and coillB. This led to the fact that while the 1B part formed the
predicted dimer, the two 1A a-helices splayed apart upstream of Tyr 150 (heptad position d)
due to the rigid a-helical structure of L1 (Fig. 13 B) resulting in a 25 A separation between the
Cq-atoms of residues Leul38 in chains A and B [128].

Crystallographic packing of the 1ABL fragments

An explanation of how the single mutation Y117L could stabilise the coillA within the
crystal is based on the formation of specific contacts between the fragments 1ABL. As it is
described above, the arrangement of the 1A parts within the 1ABL structure is radically
different from a parallel CC dimer, even though such a dimer should be very stable and
indeed was found in the crystals of the 1A fragment with the Y117L mutation [124]. However,
in the crystals of the fragment 1ABL a tetrameric left-handed CC assembly involving 1A
helices from crystal symmetry-related molecules is found instead. This tetramer includes
chains A and B’ (being a symmetry equivalent of B) running in one direction, as well as
chains A’ and B” (being further symmetry equivalents of A and B respectively) running in the
opposite direction (Fig. 14 A). A common hydrophobic core involving residues from all the
four chains stabilizes the tetramer. This stabilization is due to three different types of
hydrophobic contacts: between two parallel chains A and B’, between antiparallel chains A
and A’ as well as between antiparallel chains B’ and B” (Fig. 14 A). Unexpectedly, these
contacts involve residues not only in a and d positions of the predicted heptads but also

additional residues in positions e and g, as schematically represented in Fig. 14 B.

Interestingly, altogether the interactions of the 1A and 1B parts lead to the formation
of a dodecamer featuring six 1B dimers and three 1A tetramers (Fig. 15). The dodecamer
has the point symmetry 32, which corresponds to the space group R32 of the crystals. Here
the antiparallel overlap of the 1A parts (such as, e.g., represented by chains A and A’ in Fig.
14 A) measures ~7nm. This does not correspond to any of the antiparallel dimer-dimer

alignments (A1, A or Ayy) found in the filaments [138, 177]; in particular the A;; contact
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features the complete overlap of coill segments and measures ~23 nm [138]. Moreover, the
tetramer of the 1A parts was only observed for the fragment with the mutated Leull?
residue, while the native sequence is likely to be refractive to such tetramer formation due to
the clash of the Tyr117 residues of antiparallel chains (see Fig. 14 A). At the same time, this

residue is fully compatible with a parallel dimer formation, even though it negatively affects its

stability.
7 nm
LEU 117 W
chain B” chain A
chaln A

H ’
117 chain B

C-EEYLDGL IKNQQE NTRT-N A
agfi ag.f agf agfedcba
fg

N—TRTIIEKVEL I NDAFANLIDKVRFLE NKILLLELE LKGQGKSRLL!EEEMR—C B’
abcdefgabcdefgabcdefgabcdefgabcdefgabcdefgabcdefgabcde

| | 1 I L1 | 1 |
C-LERMEEEYLDGLRSKGQGKLOELEALLIKNOQELFRVKDILNAFRDNLEQLEVKENTRT-N B”
edcbagfedcbagfedcbagfedcbagfedcbagfedcbagfedcbagfedcba

Fig. 14. Crystal contacts of the fragment 1ABL lead to the formation of an unnatural tetramer. A.
An antiparallel CC tetramer formed by the 1A parts in the 1ABL crystals. Chain A’ is a crystal
symmetry equivalent of chain A. Chains B’ and B” are crystal symmetry equivalents of chain B.
For clarity, other symmetry-related chains forming the CC within the 1B part are not shown here
(see Fig. 14 B). The residues involved in the hydrophobic core of the tetramer are shown in red,
cyan and gray according to the pairing indicated in panel E. In particular, the ‘knobs-to-knobs’
interface of the antiparallel chains A and A’ is formed by five Leu residues on each side (all in
positions d) and is shown with their side chains in red. The interface of antiparallel chains B’ and
B’ is of a classical (antiparallel) ‘knobs-into-holes’ type; it involves residues in the a and e
positions of either chain. B. Alignment of the sequences of the four 1A parts forming the
antiparallel tetramer. The heptad assignment is indicated below each chain. The opposing pairs
of residues forming the hydrophobic interactions (‘knobs-into-holes’) between chains A and B’
and chains A’ and B” (parallel, one residue register shift) are shown in cyan. Similar interactions
formed by chains B and B’ (antiparallel) are highlighted with gray. The ‘knob-to-knob’ interface of
antiparallel chains A and A’ is highlighted with red.
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Fig. 15. Dodecamers found in the 1ABL crystals, shown in stereo. The view is rotated by 90°
compared to Fig. 14 A. Coill1A, L1 and the first half of coil11B part are shown in yellow, orange
and green, respectively.
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4.1.3 Crystal structure of the 1B fragment corresponding to the coil 1B

For the vimentin coil1lB, an a-helical structure is predicted between residues 148 and
249 (Fig. 11). The expected heptad pattern is also reliably confirmed by the NetSurfP
algorithm with the exception of a single discontinuity, corresponding to a stutter, which
appears to be present close to the C-terminus of the coillB (Fig. 11). This is a new feature
that was not detected by the heptad-filtering algorithms before. We have prepared a new
series of vimentin coillB fragments with varying N- and C-termini, yielding diffracting crystals
for three fragments 161-238, 161-243 and 153-238, respectively (denoted as 21-23, Table
5). All three structures could be phased using SeMet SAD. However, the crystal structures of
the two former fragments revealed CC trimers rather than the dimers expected for the full-
length protein. Apparently, the first eleven residues of coillB are important for the formation
of the CC with the correct number of a-helices. The last fragment including residues 153-238
(denoted 1B in the Fig. 12) formed the expected dimers. Its crystal structure at 1.7 A
resolution reveals a regular left-handed CC structure all along its length (Fig. 13 C) in a full
agreement with the predicted heptad pattern (Fig. 11) [128].

SeMet-derivatization of 1B fragment

For unknown reasons crystals of the native protein did not diffract. However, we were
able to obtain the structure of 1B fragment using its SeMet derivative. As it was confirmed by
electrospray ionization mass spectrometry (ESI-MS) analysis (kindly performed by Prof.
Rozenski), the substitution of Met by SeMet was not complete (Fig. 16). Deconvoluted mass
spectrum obtained from ESI-MS analysis of purified vimentin fragment B1 in 10 mM Tris-HCI
pH 8, 12 mM NaCl buffer gave a set of peaks. The peaks at 10373, 10395, 10416 Da and
others correspond to the fragment 1B mass (MW,,. = 10374 Da) and same fragments with
one, two or more Na* ions attached (change in MWcalc = 22 Da), respectively. Deconvoluted
mass spectrum obtained from ESI-MS analysis of purified vimentin SeMet fragment B1 in the
same buffer gave a new set of peaks with shifts in masses. There are three sites for
substitution in each monomer. The population of the protein where the substitution is full
corresponds to the peaks at 10514, 10535, 10557, etc. Da (MWcalc = 10515 Da and 22 Da
change of mass is due to interaction with Na+ ions). The population with only two S
substituted by Se corresponds to the mass 10467 Da (MWcalc = 10468 Da). The population
with one S substituted by Se corresponds to the peak at 10420 Da (MWcalc = 10421 Da).
The population with non-substituted S corresponds to the peaks 10373, 10395 Da (MWcalc =
10374 Da and 10396 Da for 1B interacting with Na+). The efficiency of Se substitution was
estimated as the ratio of deconvolution peak areas with ImageJ program (rsbweb.nih.govl/ij)

showed about 66% of fully Se-substituted protein in the final solution.
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Despite the fact that there were more Se atoms than S atoms, the electron density

map of corresponding region did not show big peaks characteristic for Se. This can be

explained either by low occupancy or flexibility of the anomalous scatterer (SeMet may have

several alternative conformations, among which we see only major one). In the final structure

(PDB ID 3SWK) normal Met residues were modelled in.
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Fig. 16. Results of the mass-spectrometry analysis of the 1B protein sample. A. Deconvoluted
mass spectrum obtained from ESI-MS analysis of purified vimentin fragment B1 in Tris-NaCl
buffer. B. Deconvoluted mass spectrum obtained from ESI-MS analysis of purified vimentin
fragment B1 with sulphur (S) substituted by selenium (Se) in Tris-NaCl buffer.
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4.1.4 Complete vimentin coil 1 structure

Independently of our work, Aziz et al. recently solved the structure of a longer
vimentin 1B fragment forming tetramers in crystals (denoted as 1Btet, Fig. 12, PDB entry
3UF1 [126]). The structure of this fragment can be superimposed well with our 1B fragment.
In addition it revealed possible contacts leading to the tetramer formation as a second step of
the filament assembly. Here it should be noted that the 1Btet structure confirms the primary
sequence analysis and the NetSurfP prediction of a parallel a-helical bundle at the very C-
terminus of coillB, resulting from a stutter at the position 238 (Fig. 11). Finally, the 1Btet
structure reveals an a-helix starting already at the residue 144, i.e. for a few residues of
linker L1, which supports our observation of an a-helical linker L1 in the 1ABL fragment.

Taken together, the four crystal structures provide a redundant view of the coill. The
superposition of all these structures produces a reasonable match (Fig. 17 A), confirmed by

an analysis of the CC radius and the pitch (Fig. 17 B).
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Fig. 17. Complete structure of the vimentin coill based on the crystal structures. A. Least-
squares structural superposition of the 1AB, 1ABL and 1B fragments as well as the PDB entry
3UF1. The four structures are shown in blue, yellow, red and green, respectively. B. Plots of the
CC radius (solid lines) and the pitch (dash) as a function of residue number calculated using the
program Twister [178]. The data for the 1ABL, 1AB, 1B and 3UFL1 structures are shown in the
same colours as in panel A.
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4.1.5 Linker L1 in IF proteins

Our crystallographic data on the 1ABL fragment reveal that the vimentin linker L1 can
accommodate a fully a-helical conformation [128]. This unexpected observation deviates
from secondary structure predictions that indicated an interruption of the a-helical structure at
L1. In addition, unlike human vimentin, desmin, GFAP and peripherin all contain a proline
residue within L1 (Fig. 11). The Pro residue in the same position is also found in vimentin of
electric ray Torpedo californica [179]. When embedded in an a-helical structure, Pro residues
result in a destabilizing kink [180]. In lamin A and B, however, the residual assignment allows
coil1 to be a complete CC: if the L1 had an a-helical conformation, it would include a stutter
insert [115, 176]. Similarly, in both keratin chain types and also in NF proteins, the shift
corresponds to an insert of six residues, i.e. a double stammer (Fig. 18). It has been shown
experimentally that such a situation can be tolerated within a continuous CC if its
handedness is locally switched from the left to the right [178]. So far, an a-helix formation
within the linker L1 region should be therefore best considered a possibility rather than a rule.
Importantly, there must be interplay between the coillA and linker L1 dynamics. Indeed, if
linker L1 stays fully a-helical, this will not allow the 1A parts to zip into a CC within the same
full-length vimentin dimer (see Fig. 13 H). At the dimer stage, a tendency of the a-helix to
extend into the linker L1 may overweigh a weak propensity of coillA to zip into (intradimeric)

CC, which are mutually exclusive possibilities.

<< coil 1A L1 coil 1B >>>
abcdefgabcdefgabcdefgabcdefgabcdefgabcde abcdefgabcdefgabcdefg
K18 42 1QNEKETMQSLNDRLASYLDRVRSLETENRRLESKIREHLEKKG-PQVRDWSHYFKIIEDLRAQIFANTVD 145
K8 87 RTQEKEQIKTLNNKFASFIDKVRFLEQONKMLETKWSLLQQQKT-ARSNMDNMFESY INNLRRQLETLGQE 156
Vim 100 RTNEKVELQELNDRFANY IDKVRFLEQONKILLAELEQLKGQ---GKSRLGDLYEEEMRELRRQVDQLTND 167
NFL 85 RTQEKAQLQDLNDRFASFIERVHELEQONKVLEAELLVLRQKHS-EPSRFRALYEQEIRDLRLAAEDATNE 154
LaA 28 RLQEKEDLQELNDRLAVY IDRVRSLETENAGLRLRITESEEVVSREVSGIKAAYEAELGDARKTLDSVAKE 98

Fig. 18. Primary structure analysis of the linker L1 with adjacent parts of coil 1A and coil 1B of IF
rod domain among the five IF classes. Sequence alignment is shown for the rod domains of
human keratins K1 and K8, vimentin, neurofilament and nuclear lamin A respectively. Residues
that are predicted by the NetSurfP algorithm [154] to be buried inside the structure are highlighted
in yellow. Heptad assignment is indicated above the sequences; core positions are highlighted
with yellow. Proline residues are highlighted with gray.
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4.2 Vimentin coil2

The main results described in this part are published in: Stabilization of vimentin
coil2 fragment via an engineered disulfide. Chernyatina A. A., Strelkov S. V., (2012) J
Struct Biol 177: 46-53.

4.2.1 Summary

Contrary to a prediction that there must be a linker within the coil2 [181], it was later
suggested that the coil2 is purely a-helical [182]. More precisely, a possibility for a parallel
bundle structure of contiguous a-helices based on a hendecad (11-residue) repeat was
suggested for the part corresponding to both segment 2A and linker L2 [182]. The only
structural evidence was obtained in the form of a crystal structure of the D3 fragment of
human vimentin (residues 261 to 335) which corresponds to the first half of the coil2 domain
[125]. However, this fragment stayed monomeric in solution but formed non-native tetramers
within the crystals (Fig. 19 C). Formation of such tetramers is not compatible with the full-
length dimer due to topological reasons. At that point, the native dimeric state of this region
was modelled by excising two parallel chains out of the tetramer and bringing their N-terminal
halves closer so that their core residues would come into contact. However, a direct
evidence of the parallel bundle at the N- end of the coil2 and the absence of the linker L2 in
the native dimer state was still missing.

To overcome this problem, a Cys residue was brought in the core positions at the N-
end of the D3 structure for dimer stabilization; and the mutant D3st bearing L265C mutation
was crystallized. The structure of the D3st mutant revealed a dimer, confirming previous
cross-link experiments [138] and EPR analysis [148] as well as fitting well with the proposed
model of the D3 dimer [125] (Fig. 13 F, 19 A). The structure of D3st fragment contains
residues 261-335 in the chain A and 262-334 in the chain B, i.e., practically the complete
fragment. The final coordinates and experimental structure factors have been deposited in
the PDB with accession code 3TRT [127]. An important conclusion of these studies is that
coil2 forms a contiguous CC structure, i.e. the linker L2 does not exist.

Previously, a structure of the second half of the coil2 was resolved
crystallographically. Two fragments corresponding to this region called Cys2 (Fig. 13 E) and
a fusion fragment Z2B demonstrated classical left-handed CCs [123], with a humber of salt
bridges. Such extremely strong CCs are characteristic for this highly conservative region
among all IF proteins. In addition, Cys2 fragment demonstrates that the stutter (residues
351-354 insert into the heptad periodicity) is fully compatible with the CC geometry. A
superposition of the structures of the fragment Cys2 [123], the modeled dimer of D3 fragment
[125] and the fragment D3st [127] resulted in a full model of vimentin coil2 (Fig. 13, E-G).
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4.2.2 Design of a stabilizing disulfide within a coiled coil

Our goal was to induce a dimeric state of the previously studied vimentin D3 fragment
that corresponds to the N-terminal half of the coil2 - by introducing Cys residues in specific
core positions. We focussed on creating a disulfide near the N-terminus of the structure, as
this part failed to dimerize properly with the original D3 fragment [125]. Assuming the
traditional heptad-based possibility and a short left-handed segment 2A, its first two core
positions would be residues Leu265 - d and Leu269 - a (see Fig.11). Alternatively, we have
examined the tetrameric parallel bundle structure observed for the D3 fragment [125] (Fig.
19C).

A position of a side chain in a CC structure with respect to its axis is defined by the
so-called Crick angle. This angle is the main parameter that determines the suitability of a
particular (core) position for disulfide introduction. In heptad-based CCs, the Crick angle is
about +20° for an a position (the less favourable position for disulfide introduction according
to [183]) and about -35° for a d position (the most favourable position) [178]. In the D3
structure, the first core position (position h of the hendecad repeat) is Leu265 with
Ocrick=-19.9° when calculated for the two parallel chains of the tetramer (Fig.20 A). This Crick
angle value is relatively close to the one for a d position of a heptad-based CC. This
suggests that if the continuous a-helices seen in the D3 tetramer are brought together in a
proper dimer, the residues in position 265 would be suitable for a disulfide link (Fig. 220 A).
The second core position in D3 is Leu269 (position a of the hendecad, ac=20.9°).
Altogether, for the N-terminus of coil2, both the traditional heptad assignment and the
structure derived from the D3 tetramer consistently suggest that Leu265 and Leu269 are
involved in the core and that either of them could be potentially suitable for the disulfide
introduction.

Correspondingly, we have prepared two modified variants of the original D3 fragment
that contained mutations to Cys in the positions 265 and 269, respectively. Additionally, in
each case the naturally occurring residue Cys328 (f position of the heptad repeat exposed on
the outside of the CC) was replaced by an Ala to exclude the possibility of additional disulfide
bridge formation. For both modified fragments, a complete disulfide oxidation occurred
spontaneously in the course of purification (in Tris-HCI buffer pH 8 without reducing agents)
as evident from the SDS-PAGE (Fig. 19 B).

4.2.3 Crystal structure of D3 fragment stabilized as a dimer

Of the two prepared D3 modifications, L265C/C328A and L269C/C328A, only the
former one could be crystallized even after extensive screening. Possibly, this fact may
indicate that a disulfide link in a position a (residue 269) which was suggested to be
suboptimal for the CC stability [183] results in a poorly folded, flexible structure refractive to

crystal formation. As explained in the Methods section, to phase the crystal structure of D3
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with disulfide at the residue 265, SeMet-based phasing was necessary. Since the sequence
of the D3 fragment does not include any Met residues, two such residues were additionally
introduced. The first methionine was inserted in place of Leu269 in a core position a, as
natural methionines are commonly found in the CC core positions and stabilize it; moreover
some other IF proteins contain methionines in a homologous position (e.g., human keratin 8).
The second methionine replaced Cys328. The resulting triple mutant D3
(L265C/L269M/C328M) used for structure determination will be henceforth referred to as
D3st (stabilized).

B Cys2865
-BME +BME M
C
- 25.0
» 14
-
C
e
——

Fig. 19. The D3st dimer structure compared with the D3 tetramer. Here and elsewhere molecular
graphics was done with Pymol (DeLano, 2002) [184]. A. Ribbon diagram of D3st dimer structure.
Disulfide link is shown in yellow. Side chains forming the hydrophobic core are shown in blue and
red (N-terminal part with 15 and 11-residue repeats respectively) and orange (C-terminal part with
heptad repeats). B. SDS-PAGE of D3 (L265C/C328A) sample without reducing agents (first lane)
and in the presence of B-mercaptoethanol (second lane). The result for the D3 (L269C/C328A)
mutant was identical. Molecular weight marker (kDa) is shown on the right. C. Ribbon diagram of
the D3 structure. Core positions within the N-terminal half, featuring a hendecad repeat and
forming a tetrameric bundle, are shown in red. Core positions within the C-terminal part forming a
left-handed CCs are in orange.

The structure of the D3st fragment reveals an expected CC dimer with the a-helices
starting immediately after residue Cys265 (Fig. 19A). As seen from the CC geometry
analysis with program Twister [178] (Fig. 20 A, B), the C-terminal part of the structure
(starting at about residue 300) is a classical left-handed CC, as expected. This structure
superimposes well with the corresponding region previously resolved in the D3 fragment
structure and, correspondingly, both the CC radius and the pitch correlate well for the two
regions (Fig. 20 B). Unexpectedly, however, there is a ‘kink’ interrupting the normal a-helical
structure for residues Asn303, Arg304, Asn305, in one of the two chains of the D3st structure
(Fig. 19A, 25). These residues are more ‘stretched’ than they should be within the normal a-

helix. As a result, four characteristic main-chain hydrogen bonds, i to i+4, are missing. The
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main-chain angles for both Asn residues are within few degrees of ¢=-105°, y=+17°. For
Arg304 and all surrounding residues they are close to ¢=-60°, y=-45" which are the typical
values for an a-helix. While this kink appears to be a crystallographic artefact caused by
crystal contacts (Fig. 25), we note that Asn residues are among the least favoured in the a-
helical conformation [185] and should therefore cause a local weakening of the structure.
However, the introduced disulfide link near the N-terminus of D3st fulfills its designed goal,
as the two a-helices stay in contact with each other all along the fragment'’s length, mediated

by the hydrophobic core.
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305 in both structures as calculated with program Twister
[178]. The remaining C-terminal residues follow typical
left-handed coiled-coil geometry in both structures. Core
positions and the corresponding Crick angles are
highlighted in bold. Square brackets indicate the heptad

- (orange), hendecad (red) and quindecad (blue) repeats.
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4.2.4 N-terminal coiled-coil geometry and disulfide link conformation

The middle part of the D3st structure (residues from ~280 to ~300) has a parallel-
bundle geometry seen already with the D3 fragment. At the same time, the very N-terminal
part of D3st was found to have a right-handed geometry not seen previously for the D3
fragment. The right-handed twist becomes pronounced upstream of residue 280, and the CC
pitch drops below 100A near the N-terminus (Cys265 residue, Fig. 20 B). In line with this, the

analysis of the Crick angles reveals minor differences in the hydrophobic core structure
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between the D3 and D3st fragments (Fig. 20 A). In the latter, the span between residues 269
and 302 (both in a positions) contains three hendecads (abcdefghijk, with core residues
underlined), while in the D3 structure there is a single quindecad (abcdefghijkimno), followed
by one hendecad and one heptad. Each of these patterns corresponds to a different local
supercoiling (see Fig. 19 A, 20 B), with a quindecad repeat in particular matching somewhat
a right-handed geometry [116].

Average CC radius, i.e. one half of the distance between the a-helical axes, for
residues 265 to 300 is 4.97A. This is not significantly different from the C-terminal part with
its average radius of 4.65A being close to the typical values seen for left-handed CC dimers.
These observations indicate that the CC core packing of D3st dimer is reasonably tight. At
the same time, the core positions within the N-terminal half feature many residues deviating
from the most favoured set (Leu, Val, lle and Met) [186]. In particular, there are two alanines
(Ala287 and Ala302) which are too small for optimal core packing and known to destabilize
the core [187], and three aromatic residues (Tyr276, Tyr291 and Phe295) which are
relatively bulky. These factors are likely to contribute to the fact that the D3 fragment failed to
dimerise.

Within the D3 structure, the Leu265 was in a position h of the hendecad-based CC.
While the theoretical value of Crick angle for this position is close to zero [116], the observed
value in the D3 tetramer was acik=-19.9° (Fig. 20 A). However, in line with the differences
between the D3 and D3st dimers just described, in the latter structure, Cys265 has
Ocrick=16.8°, i.e. quite similar to an a position. While this core geometry was suggested to be
suboptimal for disulfide formation [183], certain features of the N-terminal conformation of
D3st chains appear to compensate for this.

The main-chain conformation of the two Cys265 residues (¢=-102°, y=+17" and
e=+81",y=+1", respectively) deviates significantly from a-helical geometry. The few N-
terminal residues preceding Cys265 are also non-a-helical (Fig. 21 C, D). As a consequence,
the Cg atoms of Cys265 are located slightly ‘downstream’ N-C direction of the a-helix in
comparison with the corresponding C, atoms (Fig. 21 D). This is opposite to the normal a-
helical geometry such as observed for the Cys33 residue in the structure with PDB ID 1KD9
[188] (Fig. 21 F). Furthermore, in D3st structure the disulfide link is located ‘upstream’ of the
C. positions and the C, C,, Cg and S, atoms are located roughly in one plane (Fig. 21 D). In
the 1KD9 structure the link is ‘downstream’ of the C, positions, with the N, C,, Cg and S,
atoms of Cys33 being in one plane (Fig. 21 F). Interestingly, Zhou et al reported ‘upstream’
orientation for disulfides modelled in both a and d positions of GCN4 leucine zipper (Fig. 6 in
[183]). Finally, detailed analysis of the disulfide link geometry (Table 8) suggests against a
strained conformation of either Cys33 link in the structure with PDB ID 1KD9 or Cys265 link
in D3st.
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Fig. 21. Geometry of the core side chains and disulfide links in dimeric CC. Left panels show the
view along the N->C direction of the amino acid chains. Right panels show a perpendicular view

with the N->C direction from the left to the right. A, B. The first two core residues Leu265

(magenta) and Leu269 (red) within the two parallel chains of D3 tetramer. The two other chains
are not shown. C, D. Disulfide link between residues Cys265 in the D3st structure. E, F. Disulfide
link between residues Cys33 (d position) in the 1KD9 structure [188].

Table 8. Disulfide link geometry
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Structure 1KD9 D3st
Residue Cys33 Cys265
Crick angle (°) / core position -36.4/d 16.8 / ‘a-like’
Distance between C, atoms 6.2 5.6

Distance between Cg atoms* 4.0 3.7

Angle Cg-S-S ** 104.9 104.0
Dihedral angle at the disulfide *** -95.7 -85.3

* |deal distance between Cg of two Cys to form a disulphide bond is 4.08 A [189].
** Average value for both symmetric residues is given; ideal value is 103° [183].

*** |deal value +/-90°[183].

In summary, while earlier analyses suggested a strictly parallel bundle structure for
the first 35 residues of the coil2, the D3st structure reveals a right-handed geometry near its
N-terminus. We argue that such structure is justified by a slightly different hydrophobic core
structure than predicted before, and that the observed ‘a-layer-like’ geometry of Cys265
residues appears to be mainly the consequence of that. As a caveat, we note that disulfide
formation could in turn also affect the chain conformation and thus the CC twists in its
immediate vicinity. Finally, local crystal contacts could also play some role in modulating the
CC twist, as the N-terminal parts (residues 261 to 290) of both chains A and B of the dimer
come into a relatively close but yet predominantly hydrophilic contact with their symmetry

equivalents due to a crystallographic two-fold axis.

4.2.5 Disulfide as a stabilising tool: advantages and drawbacks

This work demonstrates the use of a rationally designed disulfide introduction to a
relatively short CC fragment that fails to dimerise on its own. Previously, a fusion with the 31-
residue GCN4 leucine zipper to promote the correct assembly of a 28-residue fragment
corresponding to the C-terminal part of the vimentin coil2 was used [190]. The GCN4 zipper
is known to form a very stable, parallel CC dimer [9]. The idea behind the fusion was that the
CC structure would continue smoothly from the GCN4 part into the target fragment.
Therefore, a design of such a fusion (just like the introduction of the disulfide link described
here) requires a reasonable starting prediction of the CC structure of the target fragment
(core position assignment) at the fusion point. In the simplest case of a heptad-containing
fragment, the heptad pattern should retain the phase across the fusion with the GCN4 zipper.
A further limitation of this fusion approach is that the GCN4 part adds additional length of
about 45A to the already elongated CC fragment, which may have a negative effect on
crystallizability. In addition, while a point mutation to Cys can be rapidly introduced into an
existing expression construct using standard methods, preparation of a GCN4 fusion
requires a considerably more elaborate molecular cloning.

Crystal structure of the D3st fragment reveals, unexpectedly, that the linked Cys265

residues are arranged roughly in the same way as the residues in an a-layer of a classical
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left-handed CC. In correlation with theoretical predictions [183], such arrangement demands
a structural distortion, as the Cys residues deviate from an a-helical conformation. Near the
N-terminus of the fragment, such distortion can however be easily tolerated. In comparison, a
disulfide in a d position of a regular left-handed CC seen in the crystal structure with PDB ID
1KD9, does not distort it. In line with this, introduction of a disulfide in the cytokeratin K8/K18
heterodimer by mutating a d position (equivalent to vimenin residue 372) within the coil2 to
Cys in both chains was shown to have no effect on the keratin filament assembly [33].
Furthermore, cross-linking by disulfides in core positions was used to stabilize hydrogels
formed from synthetic CC proteins [191]. Interestingly, the long CC dimer of aa-tropomyosin
containing a Cys in an a position appeared to assemble in the same fashion in both, oxidised
and reduced state of the disulfide [192].

In conclusion, introduction of disulfide links via engineered cysteines is a powerful tool
to stabilize dimeric CCs and hence promote the correct assembly. Critical to this method is
the ability to correctly place Cys into a core position, on hand of a sequence-based prediction
or other information. The best strategy is to create disulfides possibly close to either termini
of the CC. In such cases cysteines may be introduced in either ‘a-like’ or ‘d-like’ core
positions, i.e. comparable to those observed in a or d positions of heptad-based CCs,
respectively. Indeed, our crystallographic analysis indicates that a disulfide in ‘a-like’ position
requires a local distortion of a-helical geometry. However, near the chain terminus, such a

distortion can easily be accommodated without affecting the rest of the structure.
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4.3 The linker L12 structure

The only remaining structurally unsolved part of the vimentin rod domain is the linker
L12. Our goal was to get the crystallographic structure of this linker. For this, we designed a
number of fragments, corresponding to a part of the coil 1B, linker L1 and a part of the coil 2
(Table 5, fragments 27-36, Fig. 22). We were able to obtain diffracting crystals of a short
fragment (residues 219-280) carrying a stabilizing mutation A280C in addition to mutations
F233M, Y276M (used for SeMet derivatisation). The best crystal diffracted to 2 A resolution.
To overcome the phase problem we needed HAs incorporation in the crystal. For this, we
tried SeMet derivatization. A single obtained crystal (50*50*50 um?® size, Fig. 22) of SeMet
derivative protein diffracted to 2.3 A resolution. However, poor strength of the anomalous
signal did not allow us to solve the structure. Attempts to reproduce this crystal or to grow
bigger crystals were not successful until now. In addition, MIR technique could not be used
as the space groups of the native and derivative crystals differ. Structure solution of the L12

linker is still in progress.
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Fig. 22. Schematic representation of the designed fragments for the vimentin linker L12 structure
determination. Primary structure analysis of the IF rod domain corresponding to the end of the
coil 1, L12 and the beginning of the coil2 is shown on the top. The same way as in the Fig. 11,
residues that are predicted by the NetSurfP algorithm [154] to be buried inside the structure are
highlighted in yellow. Heptad assignment is indicated. The secondary structure prediction for
vimentin sequence by the Jpred3 algorithm [153] is shown on the top (‘H’ indicates a-helix, ‘E’
indicates [(-sheet). Stutter inserts resulting in 11-residue repeats are highlighted with cyan.
Proline residues are highlighted with gray. Fragments corresponding to the linker L12 region, tried
for crystallization are shown in the middle. The fragment (residues 219-280) shown in red circle
gave crystals in the native and SeMet derivative form, shown at the bottom of the figure with a
corresponding crystallographic statistics.

As SeMet derivatization did not give useful phase information, a synthetic peptide
(residues 219-280) was produced in the laboratory of Dr. Rackwitz (Heidelberg, Germany).
This fragment carried one Cys point mutation (highlighted in violet) and the single

phenylalanine (highlighted in red) was replaced by p-Br-L-Phe during the synthesis:
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DLERKVESLQEEIABLKKLHEEEIQELQAQIQEQHVQIDVDVSKPDLTAALRDVRQQYESVE
Br could be used later for heavy-atom phasing and Cys should stabilize CC dimer at the C-
end. So far, no diffracting crystals of the synthetic peptide could be obtained.

4.4 Kinks

In three of the recently obtained vimentin fragment structures [126-128] we noted a-
helical kinks, i.e. sharp bends of the a-helix with a loss of several main-chain hydrogen
bonds pertinent to a-helical geometry. Such a kink apparently helps to accommodate local
distortions, needed to either form a proper CC or due to crystallographic contacts. It is known
that an a-helix is rather rigid structure, stabilised by hydrogen bonds between the O atom of
a residue with the number i and the hydrogen attached to the N atom of the i+4 residue.
However, CC structure requires bending of the a-helices. This already creates a certain
tension in a-helices. If local forces are applied to CCs, the tension increases. Therefore,
occurring kinks may be useful in IF proteins to compensate for local small deviations upon
higher oligomer and filament assembly.

4.4.1 Kinkin 1B fragment

In the 1B structure [128], a proper CC formation is preserved by the following
mechanism: one a-helix is kinked and twists around the other one which remains almost
straight (Fig. 23 A, B). In the region of the kink the normal i to i+4 hydrogen bonding pattern
typical for the a-helical backbone is interrupted. Four H-bonds are missing: Phe206(0) —
Val210(N), Arg207 (O) - Asp211(N), GIn208 (0)-Asn212 (N) and Asp209 (O)-Ala213 (N).

Fig. 23. ‘Kink’ within one of the a-helical chains of the fragment 1B. A. Ribbon diagram of 1B
fragment in rainbow colouring (from N terminus in blue to C terminus in red). B. Close-up of the
kink region from the A plane, marked in rectangle.
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4.4.2 Kinkin 1Btet fragment

Interestingly, in 1Btet fragment corresponding to coillB of vimentin rod domain [126],
the kink occurs very close to the site of the kink in 1B fragment described before (Fig. 24 A,
B). It represents a bend of one a-helix in each dimer missing two H-bonds: Leu203(0) —
Arg207(N), GIn204(0O) — GIn208(N).

Fig. 24. ‘Kink’ within the two a-helical chains of the tetramer 1Btet (PDB ID: 3UF1) [126]. A.
Ribbon diagram of 1Btet structure: two CC in an antiparallel arrangement in rainbow colouring
(from the N-terminus in blue to the C-terminus in red). Kink regions are shown in rectangles. B. A
zoom-in to the kink region of one of the dimers.

4.4.3 Kink in D3st fragment

Interestingly, the kink region separates a classical left-handed CC from a parallel
untwisted CC region in the middle of D3st structure [127]. The kink links the middle (parallel)
and the C-terminal (left-handed twist) regions of the structure (Fig. 25, A-C). It represents a
short loop knocked out from the a-helical pattern of the B chain of D3st fragment. Within the
kink there are four broken hydrogen bonds: Ala301(O) — Asn305(HN), Ala302(0) -
Asn306(HN), Asn303(0)-Asp307(HN), Arg304(0) — Ala308(HN) (Fig. 25 C). In addition, one
hydrogen bond not compatible with a-helical geometry occurs, namely Asn303(0) -
Asn306(HN). These residues are more ‘stretched’ than they should be within a normal a-
helix. As a result, four characteristic i to i+4 main-chain hydrogen bonds are missing. The
main-chain angles for both Asn303, 305 and 306 residues are within few degrees of ¢=-105",
y=+17". For Arg304 and all surrounding residues they are close to ¢=-60°, y=-45" which are
typical values for an a-helix. This kink appears to be caused by crystal contacts (Fig. 25 A). A
C-terminus of one dimer points to another symmetry-related dimer, causing formation of the
kink (Fig. 25 B).
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Fig. 25. ‘Kink’ within one of the a-helical chains of D3st. A. Crystal lattice arrangement likely
causing formation of the kink. Ribbon diagram of D3st and its symmetry related neighbour in
rainbow colouring (from N terminus in blue to C terminus in red). C-termini of a symmetry-related
dimer (A'B’) clash with chain B of the dimer AB. A further consequence of this clash is that the Ca
atoms of residues Ala302 (“a” position) come unusually close to each other, as evident from the
CC radius plot (Fig. 20 B). B. Close-up on the crystal contact. C. Detailed view on the kink region
including residues Asn303, Arg304 and Asn305 of the chain B. These residues are more
‘stretched’ than they would be within o-helix.

Notably, all three examples of the kinks within vimentin CC rod occur when the
hydrophobic residues pattern changes. Consecutively, CC changes its pitch upon a transition
from the classical left-handed CC to the parallel untwisted CC. The sequences of the two
regions, showing three kinks are: LQASFRQDAVDNA (residues 203-213, A stands for the
kinks in 1Btet and 1B fragments, respectively) and AANRNNDA (residues 301-308, kink-
forming residues are underlined).

Both regions are rich in the residues with high (Ala, Leu and Arg, shown in red) and
very low (Val, Asn, Asp, shown in blue) a-helical propensity defined by Pace and Scholtz
[185]. Apparently, such a pattern of amino acid residues allows accommodation of both an a-

helical as well as a kink conformations.
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4.5 Vimentin tetramer and higher assembly stages

4.5.1 Modelling of vimentin tetramer based on crystallographic data

With the new crystallographic data, an atomic structure of the vimentin rod becomes
essentially complete. This allowed us to construct an atomic model of the vimentin tetramer
(Fig. 26 C) and also to obtain important insights into the mechanism of subsequent IF
assembly.

As it was recently confirmed by spin-labelling and EPMR studies [138, 177], a
formation of the A;;-type solution tetramers brings the residues Lys188 or Glu191 of the two
dimers in register (Fig. 26 A, B). Interestingly, the crystal structure of the vimentin fragment
corresponding to the complete coillB (PDB entry 3UF1) contains two antiparallel dimers per
asymmetric unit centred at the position 191. Therefore we used this crystal structure as a
template to build the full tetramer - save the non-a-helical ‘head’ and ‘tail’ domains (Fig. 26
C). The overlapping crystal structures were merged together with subsequent energy
minimization in Refmac [165] that removed bad van der Waals contacts.

Within our tetramer model, the a-helical linkers L1 of one dimer are roughly aligned
with the C-terminal part of coillB of the antiparallel dimer. Our analysis showed that the
leading force for the tetramer formation is a distinct complementarity in the charge
distribution on adjacent surfaces. As the most striking feature, the last coillA residue Lys139
and the linker L1 (140-GQGKSRLG-147, positively charged) of one dimer are found aligned
with the C-terminus of coillB of the antiparallel dimer (238-HEEEIQELQAQI-249, negatively
charged) [128].

5lul9
_r_r.rf_&'lul‘ 1 o .

Glul91

Fig. 26. Modelling of the vimentin tetramer. A. Scheme of an A;; alignment mode according to
Steinert et al. [138] and Hess et al. [139]. Black and red sticks indicate intermolecular cross-links
of Lys residues with sulpho-DST: 143-235, 139-235, 188-188, 120-262, 139-236, 104-282, where
the tetramer is centred at the residue 188 [138]. The same alignment mode A;; was confirmed by
SDSL EPR. The interactions were postulated on the basis of EPR spectra broadening of the
frozen vimentin mutants labelled at corresponding positions: 188-197, 188-193 and 191-191 in
the centre of the tetramer [139]. B. Ribbon diagram of the 1Btet structure showing an antiparallel
tetramer present in the crystallographic asymmetric unit. The tetramer is in A;; alignment mode,
centred at the position 191, in a good agreement with the results of the experiments described in
panel A. C. Ribbon representation of the rod domain tetrameric structure of vimentin. The
modelling is based on the structure of the dimer shown in Fig. 13 H and the structure 1Btet [126]
as a core for the tetramer contacts.
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Furthermore, it was suggested earlier that coillLA may serve as a dynamic ‘switch’
with the functionally significant property to alternate between a monomeric helix and a CC
dimer depending on the particular IF assembly stage [124, 193]. Our modelling shows that
once Aj;-type tetramers stack laterally, a CC formation by the 1A helices coming from two
different dimers becomes feasible (Fig. 27 C). We hypothesize that this situation, which we
here denote as the ‘cross-coil’, indeed could take place at the ULF stage and/or in mature
filaments. The ‘cross-coil’ formation, just like an intradimeric CC, would correspond to the
proximity of spin-labelled residues in a and d positions within coil1A of full-length vimentin, as
suggested from the broadening of the corresponding EPMR spectra [144] and shown in the
crystal structure 1AL [124] (for the superposition of the ‘cross-coil’ and 1AL structure see Fig.
27 B). This possibility may explain the lack of longitudinal assembly of the Y117L mutant,

since the formation of ‘cross-coils’ should work as a topological hurdle.
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Fig. 27. Putative mechanism of the vimentin lateral assembly. A. Ribbon diagram of the 1ABL
structure showing chains A and B as well as a crystal symmetry-related copy (B’) of the latter.
Chains B and B’ make contacts with chain A within coillB and coillA parts, respectively. The
residues that are involved in the interaction of the coillA parts of the chains A and B’ are shown
in cyan (the same colouring is used in Fig.13 B); these correspond to heptad positions a and e in
the chain A and g and d in the chain B’. Correspondingly, there is a register shift of one residue
between parallel chains A and B’. Within coil1B, the residues in both heptad positions a and d are
shown in magenta. B. The structure of the 1ABL fragment allowing two dimers to form inter-
dimeric CC 1A, a ‘cross-coil’, well fitting with 1AL dimeric structure [124], shown in cyan. The
colouring of the 1ABL structure is the same as used in Fig. 13 B. Possible involvement of parallel
coil1A segments in higher lateral assembly (octamers and beyond). If two tetramers (panel C) are
laterally aligned, the dimers that run parallel to each other (AB and A'B’) may interact via a ‘cross-
coil’ formation of the coillA segments.
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4.5.2 Solution SAXS of the heavy atom labelled vimentin

While being a diffraction-based technique like crystallography, SAXS is capable of
providing 3D structural information at the nanometre level. Unlike crystallography SAXS can
provide structural information on flexible and polydisperse systems. As opposed to NMR
technique, SAXS is not limited by the size of a macromolecule. In general, SAXS provides
accurate information about the shape of a macromolecule under various solution conditions,
which could be readily derived from buffer subtracted scattering pattern (radially averaged
diffraction intensity versus the scattering angle).

To understand the alignment of the dimers within the tetramers and ULFs as well as
to estimate the distances within the rod domain (the length of L12) we are planning to do a
recently revamped variant of SAXS experiments with HA labelling (HA-SAXS). HA-SAXS
provides the pairwise distance information between HA labels, as it was demonstrated in few
studies [194]. The HA signal is extracted from the difference scattering pattern of the labelled
and unlabeled proteins. In 1980 it was estimated that this is possible if the overall amount of
electrons of HAs is >0.004 of that of the protein [195, 196]. In our case, the full-length
vimentin contains ~29000 electrons. Consequently, we need at least two Hg atoms (each
contains 80 electrons) to be attached to the protein to give a HA signal on the SAXS curve.
This can be achieved using such components as tetrakis-(acetoxy)-mercury-methane or
mercarbide marker (each containing four Hg atoms).

In addition, it was shown that a 65% aqueous sucrose solution can be used to match
the average electron density of the protein (contrast matching). If HA labels are used, only
the SAXS signal from the HAs is collected, while the protein itself becomes ‘invisible’ [194].
With contrast matching, even single HA labels may be used regardless to the size of the
protein. However, the presence of sucrose could potentially influence the assembly of
vimentin.

The success of the SAXS experiments relies on the outcome of the following steps:

e construction of the desired mutations to introduce Cys

e purification of the corresponding proteins

e invitro assembly and assessment of the filaments with electron microscopy
¢ identification of the appropriate compound for HA labelling

e analysis of the effect of sucrose on vimentin assembly

o SAXS measurements at the synchrotron
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Design of vimentin mutants for HA-SAXS experiments
Three mutants each bearing Cys residues in a d core position of a CC were designed (Fig.
28). Two clusters at the positions 171 within the tetramer should confirm the existing
alignment of the dimers within the tetramer. The same is true for the position 227. In low
molarity buffer, vimentin is present as tetramers [121]. If we can measure HA-SAXS for such
labelled tetramers, we can extract the pair-wise distances between positions 171-171, 227-
227, 283-283 as well as 328-328. These distances should allow us to establish the exact
structure of the tetramer, as well as to calculate the length of the linker L12. The three sites
for mutagenesis (171, 227, 283) are chosen at the d positions according to the NetSurfP
algorithm prediction [154]. In addition, residues 171 and 283 have been shown to be core
positions using EPR experiments [139, 148]. The distance between two HAs attached to the
core residues will be about several A, which is much smaller than the target measured
distance. Therefore with a good approximation the few A distance can be neglected, and two

close HAs will behave as a cluster, providing stronger HA signal.

Fig. 28. Schematic representation of the designed mutations for the HA-SAXS experiments. Each
vimentin mutant (Cys171, Cys227, Cys283) contains one Cys per monomer in the d position. The
WT vimentin has one Cys328 in the f position. The arrangement of the mutated sites should lead
to the formation of the HA clusters within the dimer (shown as orange circlets), two clusters per
each tetramer. The distances between the HA clusters, measured in PyMol [184] using the
tetramer model [128], are indicated.
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Assessment of vimentin assembly in vitro using EM

The four proteins: WT full-length vimentin together with the three mutants (Cys171,
Cys227, Cys283) were expressed in E. coli and purified under denaturing conditions.
Renatured proteins were assembled in a standard assembly buffer for 1h at 37°C.
Thereafter, EM images of the assembled proteins were obtained. While the assembly of the
WT protein along with the two mutants (Cys171, Cys227) showed normal filaments, the third
mutation (Cys283) affected the assembly process and only ULFs could be detected (Fig. 29).

This finding along with the previously detected mutations causing similar effect [140,
197] may not only help to investigate the vimentin assembly in future but possibly points at
new specific interactions necessary for the proper assembly of IFs, discussed in the next

chapter.

171Cys (6.3k)

227Cys (6.3k) 283Cys (6.3k)

Fig. 29. EM observation of the filaments of the human vimentin mutants at the magnification 6300
and 20000. Samples are assembled at 37°C for 1h. Corresponding mutations are indicated above
each picture. Scale bar corresponds to 500 nm.
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Chapter 5. General conclusions and perspectives

5.1 Structure of the IF rod dimer

IFs are an important component of animal cytoskeleton and their studies are of a big
industrial and medical interest. Not only products of our daily use including pharmacological
and pharmaceutical goods derive from the animal tissues where main building components
are the IF proteins in particular but also a number of different diseases are related to altered
IF functioning. A vast amount of mutations found in different domains of IF proteins cause IF-
pathies [61]. In addition, vimentin is overexpressed in tumour cells of different origin and
enhances their motility and invasive activity [67-69]. To understand underlying mechanisms
and to be able to manipulate development or progress of diseases, a knowledge of IF
structure is necessary.

The main goal of this PhD work was to get an insight into the IF structure in atomic
detail. This is the first step towards understanding of how different mutations cause IF-related
diseases in humans. However a gap between the knowledge of the structure and ability to
treat related diseases is huge. Even if the structure becomes available, there will be a long
way before a certain drug can be produced. At first the design of active compounds
compensating for the lost functions or preventing aberrant interactions may be needed.
Thereafter, an efficiency of the interaction (between the drug and the target protein) has to
be proved by other experiments including crystallography. When the complex is resolved, an
interaction with a drug may be improved or assessed further with other in vitro and in vivo
experiments, using cell biological, biochemical and biophysical approaches.

From the sequence analysis and other studies (i.e., immunological, biophysical, etc.)
we can estimate how structurally close two IF proteins are. All IF proteins have similar rod
domains and overall tripartite organization. Therefore, the structure of any IF protein can be
used to a certain extent to understand the structure of another IF protein. To get broader
understanding of the structural properties of IFs in this work we studied one cytoplasmic
(vimentin) and one nuclear (lamin A) IF protein.

The main challenge in obtaining the structure of the IF proteins is their flexibility and
natural tendency to self-assemble, which disturb crystallization. In addition, IF proteins are
too big for NMR studies. Therefore, a ‘divide-and-conquer’ fragment-based approach was
used [122].

As a result, three new structures of human vimentin fragments that span the first half
of the rod domain, including coillA, linker L1 and coillB (PDB IDs: 3SSU, 3S4R and 3SWK
as well as one structure corresponding to the coil2 (PDB ID: 3TRT) were deposited to the
PDB [127, 128].
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It should be noted that all attempts to solve the target crystal CC structures using
molecular replacement (MR) failed. MR search is based on an already known structure. The
main condition to be able to use a known structure for MR is its structural similarity with the
final model. As a rule of thumb for majority of the proteins, a sequence similarity higher than
40% indicates a good candidate for a successful MR. However, in the case of CC this rule
does not work. It was demonstrated that the MR solution cannot be found for an IF protein
fragment, if the root-mean square deviation of the superimposed target structure and the
model is more than 2 A (personal communications with Dmytro Guzenko, unpublished). The
main difficulty to find a correct position of the model protein is the symmetry of an a-helix as
well as of the CC. A-helicity leads to the periodically repeating peaks of the Patterson map in
the direction coinciding with the axis of the a-helix. During the search of the model position
many similar solutions correspond to the Patterson map and the correct solution could not be
distinguished. Therefore, all four structures obtained during this thesis work were solved
using SeMet-containing proteins. Se was incorporated during protein expression using media
containing SeMet. Even though the substitution rate of S by Se was only about 66%, it was
enough to solve the phase problem.

Another problem tackled in this work is a formation of CCs with wrong multiplicity.
This is due to the fact that instead of a whole protein short fragments were used for
crystallization. For example, trimeric structures corresponding to vimentin coillB (see chapter
4.1.3) or tetrameric D3 structure corresponding to a first half of vimentin coil2 [125] were
observed. To overcome this problem we developed an approach to stabilize dimeric state of
the corresponding fragments. An intelligently incorporated mutation at preferably d [183] or h
[127] positions of the CC core to Cys allowed us to bring two a-helices in a proximity
characteristic for CC using an S-S bridge. This technique led to a successfully resolved
dimeric D3st structure of the first half of vimentin coil2 (PDB ID: 3TRT) [127]. Combining the
determined structures with other available in the PDB IF protein fragments structures (see
Table 4) allowed us to model dimeric and tetrameric stages of the vimentin assembly (Fig.13

and 26). These models help to understand the mechanism of the filament assembly.

5.2 Driving force of the tetramer formation

The tetramer formation is made possible by a specific interaction of the two dimers. It
was shown that both the ‘headless’ vimentin and isolated vimentin rod stayed dimeric in the
standard low molarity buffer (5mM Tris-HCI, pH 8.4) [121]. The head’s involvement into
tetramer formation appears to be essential and based on the attraction between eleven
arginines of the head domain and the acidic region around the first half of the coil2 domain
[42]. Notably, these Arg are the only charged residues within the first 80 residues of vimentin

sequence (i.e., the head domain).
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The tetrameric model revealed specific salt bridges. These bridges occur between the
end of the coillA of one dimer and the end of the coil 1B of the other dimer. They align two
dimers in an antiparallel fashion, the A;; mode (Fig. 6 and 26, for details see chapter
“Vimentin tetramer and higher oligomer states”) as well as stabilise a compact tetramer. We
hypothesize that the complimentary charge patterns of the rod domains, while being
insufficient to drive the stable tetramer formation alone, may be important for defining the

correct register of the A;; tetramer.

5.3 Driving force of the filament elongation

Our tetramer models can be assembled into putative ULFs. We show that the N283C
mutation yields vimentin assembling to ULFs only, while further annealing of ULFs does not
occur. Apparently an interaction important for assembly is affected by this mutation. This
implies that the position 283 is directly involved in this interaction. On one hand, the
beginning of the coil 2, where the residue Asn283 is located (heptad d position, Fig. 11), is
believed to interact with the neighbouring parallel a-helix exposing Asn283 for such an
interaction to form a parallel CC dimer. On the other hand, our data may suggest yet another
possibility — an interaction with coil 1A and the head. There are several facts in support of
this hypothesis.

1. Within the tetramer coil 1A is aligned with the first half of coil2 (including the position 283)
(Fig. 26).

2. The mutation Y117L within the coillA leads to a similar effect as mutation N283C: the
assembly stops at the ULF level [197]. CoillA, bearing a native Tyrll7, is a very weak
dimer in solution [122], stabilized by the Y117L mutation [124]. From this we can
conclude that coil 1A has to be monomeric in order to allow longitudinal annealing of the
ULFs into the filaments. The split of coillA into two monomers within the rod dimer was
confirmed by the structure of the fragment 1ABL [128]. However, coil 1A has a typical
hydrophobic core, which points at a possibility of a contact with another close nearby a-
helix, for example, the beginning of the coil2.

3. The coil2 has a tendency to unpair its intrinsic CC at its N-end (up to residue 303), as it
was demonstrated in D3 structure [125].

4. It was shown that an addition of the coill fragments to the full-length vimentin tetramers
results in complexes not capable of ULF formation [140]. The same could be expected
when coil2 fragment is added. However, an addition of coil2 does not jeopardize normal
assembly process [140]. The latter can be explained by that fact that an interaction
coil1A-coillA is much stronger than coil2-coil2 and the effect is more pronounced
(nevertheless, an influence of the addition of the short fragment corresponding to the

parallel CC of the beginning of coil 2 on the filament assembly has to be checked).
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5. As demonstrated by cross-linking experiments [42] the heads are liberated from the
interaction with coill at the longitudinal stage of the filament assembly. This may lead to
the new interaction between the head domains and the coils 2 of the neighbouring ULF.
Moreover, it was demonstrated with SDSL-EPR experiments [143, 144] that at the early
stages of assembly the head domain is attached to the coil 1. Phosphorylation results in
disassembly of the filaments in cells [53], while in vitro causes disassembly of the
tetramers (weakening of the A;; mode and complete extinction of the A, mode) till the
dimers [145]. Under phosphorylation, a repulsion of the two heads from each other was
demonstrated in the dimers (see Fig. 5 in [143]), at the same time an interaction of the
head domain with the rod was not lost [143]. These experiments confirm that at the
dimeric level the head interacts with the coill of the same molecule.

6. For several IF proteins the presence of the head domain was shown indispensable for
the formation of bona fide filaments [142]. In particular, the headless vimentin forms only
dimers in a low-salt “tetrameric” buffer and the tetramers of the A,, mode in a high-salt
“assembly” buffer [121, 140]. This points at the fact that the head domain prevents coils 2
from interdimeric interactions (i.e. A,, mode) during the lateral assembly, saving this
contacts to be formed at the later assembly stage — during the longitudinal annealing of
the ULFs.

All these experiments taken together may indicate that the interdimeric CC between
coils1A occurs during assembly of the ULFs. Afterwards, this contact weakens due to
rearrangement of the ionic interactions. As a result, structural changes occur, leading to the
interdimeric interaction of the coillA and the beginning of the coil2. Probably, such an
interaction liberates the head domains to interact with the neighbouring ULF, in order to bring
the ends of the coil2 in register to form antiparallel tetramers of the mode A,,. These contacts
are necessary for the filament elongation. However, the hypothesis about the switch of
interdimeric interactions coillA-coillA to coillA-beginning of the coil2 still remains to be

investigated.

5.4 Unsolved structures — vimentin linker L12 and lamin A fragments

So far no fragments containing significant parts of the head and tail domains of any IF
protein could be crystallized, with the exception of an Ig-fold present within the tail domain of
nuclear lamins (Table 4) [131]. None of the long fragments including coill-L12-coil2 parts of
vimentin (believed to self-assemble into tetramers) could be crystallized to date.

Well-diffracting crystals of the vimentin fragments including the linker L12 were
obtained, in native, SeMet and synthetic forms (fragments 29, 30, Table 5). However, the
phase problem has not been overcome yet. This is due to the low quality of anomalous
signal, possibly linked to poorly ordered Se atoms. With the current data, a correct HA

substructure could not be determined. In addition, no crystals containing the synthetic
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fragment alone or in a complex with the other fragments could be observed so far.
Consequently, the structure determination of the linker L12 is still in progress.

Based on the results with vimentin rod fragments, we designed multiple fragments of
lamin A, covering coill, linker L12 and a part of coil2. Some of these fragments gave well-
diffracting crystals. Two constructs were crystallized in both native and SeMet forms

(fragments 45, 46, 48, 49, Table 6), the phase problem still remains to be solved.

5.5 Future perspectives

The results of this PhD work contribute to the structural knowledge of the IF proteins.
Many fragments, corresponding to various regions of vimentin and lamin A proteins have
been expressed, purified and studied with respect to solubility as well as crystallizability. The
crystallographically resolved structures were carefully analysed and compared with results of
the other experiments, such as SAXS, cross-linking studies, SDSL-EPR studies, EM,
ultracentrifugation and others.

As the next major step, we propose SAXS experiments with the HA labelled vimentin
and its mutants. These experiments will provide a set of pairwise distances within vimentin
teramer (in A;; mode). The information will lead to the accurate positioning of coill and coil2
relatively to each other in the dimer as well as the positioning of the two dimers in the
tetramer. In turn this will allow ULF modelling with a high degree of accuracy and will shed
light on the filament structure.

Overall, the vimentin structure still has to be completed. This knowledge will be used
for modelling of other IF proteins. In addition, crystallographic studies of other various IF
proteins can give new information. The crystallographic studies of the lamin A structure are
at a rather advanced stage. A number of its fragments has been crystallized and the
diffraction patterns have been collected. With the results of this work at hand, we hope that
one day the full IF protein structure will be available and will be used in medicine to help to

improve the quality of our life.
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Cytoskeleton of eukaryotic cells contains three main filament systems including
microfilaments, intermediate filaments (IFs) and microtubules. Among these three systems,
IFs are the least understood due to their heterogeneity and complexity. IF family consists of
more than 70 members (Szeverenyi et al. 2008), some of which are strictly tissue- or cell-
specific, while others are present in almost all mammalian cells. Besides the mechanical role
(shaping of the cell organelles, positioning and providing structural integrity of cells and
tissues (Goldman et al. 1996; Toivola et al. 2005)), IFs are involved in up- and down-
regulation of the cell processes including adhesion, migration and signalling pathways
(Toivola et al. 2005; Ivaska et al. 2007). In addition IFs may act as stress proteins (Toivola et
al. 2010).

IFs are an important component of animal cytoskeleton and their studies are of a big
industrial and medical interest. Firstly, products of our daily use derive from the animal
tissues where main building components are the IF proteins. Secondly, a number of different
diseases are related to mutations in IF proteins (Szeverenyi et al. 2008). In addition, vimentin
is overexpressed in tumour cells of different origin and enhances their motility and invasive
activity (Whipple et al. 2008; Schoumacher et al. 2010; Satelli and Li 2011). To understand
the underlying mechanisms and to be able to manipulate development or progress of these
diseases, the three-dimensional structural knowledge of IFs is indispensable.

All IFs share a similar tripartite primary structure and common principles of assembly.
A filament assembly process starts with the dimer formation, which is the elementary building
block of all IF proteins. It is the three-dimensional structure of the dimer which defines the
further assembly pathway and the properties of the assembled filaments. The elementary
dimer consists of a central a-helical rod domain flanked by the N- and C-terminal domains
without any clear secondary structure. One of the first sequence analysis gave an IF protein
model where the rod domain contained three main CC segments, coill and coil2, separated
by the linker L12, where coill in turn is subdivided into coillA and coillB by the linker L1.

In this work we focused on X-ray crystallographic studies of human vimentin and
lamin A as the ‘model’ IF proteins. Due to the sequence similarity, the models of one
cytoplasmic and one nuclear IF proteins can be used for structure prediction of other IF
proteins. In order to obtain the structure of the dimer we are using a ‘divide-and-conquer’
approach (Strelkov et al. 2001). It is based on the preparation and crystallization of multiple
shorter fragments of the IF dimer with subsequent merging of the overlapping structures.
This strategy helps to overcome flexibility and self-assembly of the full-length IF proteins,
both making crystallization impossible. While the attempts to crystallize a full-length IF

protein have failed, X-ray structures could be determined for a number of IF protein
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fragments (see Table 4). For vimentin, previously resolved structures covered the beginning
of the coill and the whole coil2 (Strelkov et al. 2002; Meier et al. 2009; Nicolet et al. 2010).

In this thesis four new crystal structures were obtained. They cover the coill of the
vimentin rod domain (Chernyatina et al. 2012) as well as to the beginning of the coil2
(Chernyatina and Strelkov 2012). At the same time, one more structure corresponding to the
second half of the coill was obtained independently by Aziz et al. (Aziz et al. 2012). The
knowledge of all available structures allowed us to produce a nearly complete atomic model
of vimentin rod domain which includes the three a-helical segments (coillA, coillB and coil2)
interconnected by the linkers (L1 and L12). In particular we show that contrary to earlier
predictions the complete coill is capable of forming an uninterrupted a-helical structure.

We confirmed a fully a-helical structure of the coil2 by crystallizing a dimeric fragment
corresponding to its first half. In addition, with this structure we demonstrated a strategy to
promote correct dimerization of short CC fragments via introducing disulfide links
(Chernyatina and Strelkov 2012).

An analysis of the available X-ray structures of vimentin revealed regularly appearing
hydrogen bonds breaks in the a-helices. These breaks, called kinks, may be characteristic
for all IF proteins and contribute to the flexibility of IFs. This hypothesis, however, has to be
investigated further.

We were able to expand the structural knowledge of the vimentin fragments for
modelling dimeric and tetrameric stages of the vimentin assembly (Fig.13 and 26). Proposed
models shed light on the mechanism of the consequtive assembly stages. We hypothesise
that two alternative and consecutive interdimeric interactions involving coil 1A may occur. We
propose a two-step conformational change from the interdimeric interaction coillA-coillA
within one ULF to the intratetrameric interaction coillA-beginning of coil2, when the
assembly switches from the lateral to the longitudinal annealing of the subunits. This scheme
is in an agreement with the results of other experiments, in particular, the cross-linking
(Herrmann and Aebi 2004) and SDSL-EPR studies (Pittenger 2008; Aziz et al. 2009; Aziz et
al. 2010). However, this conjecture remains to be investigated further.

In addition we propose a new approach for studying IF dimers and tetramers using
HA-SAXS. This technique is based on a possibility to extract pair-wise distances between
HAs attached to Cys residues in a contrast-matched protein/sucrose solution (Grishaev et al.
2012). To evaluate an effect of the implemented mutations electron microscopy observation
of the assembled filaments of the WT and three mutants vimentin was performed. To our
surprise the mutant N283C abolished its assembly at the ULF level. This mutation therefore
may be used as a tool for a further IFs research. Indirectly, the effect of this mutation
suggests a possibility of the CC contact between coillA and the beginning of the coil2,

discussed above.
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Finally, a number of lamin A fragments was purified and screened for crystallization.
Despite the fact that no new lamin A structures have been obtained in the frame of this work,
the crystallographic studies are at a rather advanced stage, as some fragments have been

crystallized and their diffraction data collected. The phase determination is in progress.
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Het cytoskelet van eukaryote cellen bestaat uit drie groepen van filament systemen,
de microfilamenten, intermediare filamenten (IFs) en microtubuli. Van deze drie groepen, zijn
de IF het minst gekarakteriseerd omwille van hun complexiteit en heterogeniteit. De familie
van IF eiwitten bevat meer dan 70 leden (Szeverenyi et al. 2008), waarvan sommigen strikt
weefsel- of celspecifiek zijn, terwijl andere leden te vinden zijn in nagenoeg alle cellen bij
zoogdieren. IFs hebben niet alleen een mechanische functie — die bestaat uit vormgeving
aan cel-organellen, positionering en voorzien van structurele integriteit aan cellen en
weefsels — maar zijn ook betrokken in de regulatie van cellulaire processen zoals adhesie,
migratie en signaaltransductie (Toivola et al. 2005; Ivaska et al. 2007). Bovendien kunnen IF
optreden als stress eiwitten (Toivola et al. 2010).

IFs zijn een belangrijke component van het cytoskelet, en de studie ervan is van groot
belang voor zowel de industriéle als medische wereld. Veel producten uit het dagelijkse
leven (zoals kledij, voeding en geneesmiddelen onder andere) zijn afhankelijk van gezond
vee in het algemeen en dan voornamelijk hun vacht, nagels en horens (weefsels die
voornamelijk opgebouwd zijn uit IFs). Verder vinden verschillende ziekten hun oorsprong bij
mutaties in intermediare filamenten (Szeverenyi et al. 2008). Daarenboven is vimentin zelfs
overmatig aanwezig in verscheidene tumorcellen waar het de beweging en metastase-
activiteit verhoogt (Whipple et al. 2008; Schoumacher et al. 2010; Satelli and Li 2011). Om
de onderliggende mechanisme te begrijpen en om het ontstaan en de ontwikkeling van
ziekten te manipuleren, is kennis over hun drie-dimensionale structuur van cruciaal belang.

Alle IF hebben een (gelijkaardige drieledige primaire structuur en
opbouwmechanisme. Het assembleren van intermediaire filamenten start met de vorming
van een dimeer, dat de basis eenheid vormt voor alle IF eiwitten. De drie-dimensionale
structuur van het dimeer bepaalt de verdere opbouw en zo ook de uiteindelijke
eigenschappen van het filament. Het dimeer bestaat uit een centraal a-helicaal “staaf”
domein dat geflankeerd wordt door N- en C-terminale domeinen zonder duidelijke
secundaire structuur. E€én van de eerste sequentie-analyses resulteerde in een model aan
waarin het centrale staaf-domein bestaat uit drie coiled-coil segmenten: coill en coil2, die
van elkaar gescheiden worden door een linker-domein genaamd linker L12. Coill is op zijn
beurt opgedeeld in coillA en coillB die op zich dan weer gescheiden worden door linker L1.

Deze studie omvat kristallografische studies van humaan vimentin en lamin A als
model-eiwitten voor intermediaire filamenten. Vanwege gelijkenissen in eiwitsequentie, kan
vimentin gebruikt worden als model voor cytoplasmatische IF en lamin A voor nucleaire IF.
Om tot de 3D structuur te komen, werd een techniek genaamd ‘verdeel-en-heers’ gebruikt

Strelkov et al. 2001). Dit is gebaseerd op de aanmaak en kristallisatie van verscheidene
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kortere fragmenten van het IF-dimeer waarvan de uiteinden overlappen. Door samenvoegen
van de 3D structuren van deze kleinere fragmenten, kan zo een model bekomen worden
voor het gehele eiwit. Deze strategie werd toegepast om de flexibiliteit en polymerisatie tot
filamenten van het wild type eiwit te omzeilen, dewelke kristallisatie onmogelijk maken.
Integenstelling tot de onsuccesvolle pogingen om de volledige IF eiwitten te kristalliseren,
werden de structuren bepaald voor een aantal IF eiwit fragmenten (zie Tabel 4). Voor
vimentin was de structuur van een deel van coill en de volledige coil2 reeds bepaald in
vorige studies (Strelkov et al. 2002; Meier et al. 2009; Nicolet et al. 2010).

Tijdens dit proefschrift werden vier nieuwe kristalstructuren verkregen. Deze
omvatten coill van het centrale staaf-domein van vimentin (Chernyatina et al. 2012) alsook
het N-terminale deel van coil2 (Chernyatina and Strelkov 2012). Terzelfdertijd, werd
onafhankelijk van deze studie ook de structuur van het C-terminale deel van coill bepaald
door Aziz et al. (Aziz et al. 2012). Met deze beschikbare structuren werd een nagenoeg
volledig moleculair model gebouwd van het vimentin staaf-domein dat de drie helicale
segmenten omvat (coillA, coillB en coil2) erbonden door hun linkers (L1 en L12,
respectievelijk). In het bijzonder konden we aantonen dat de volledige coill bestaat uit een
aangesloten a-helicale structuur, in tegenstelling tot eerdere voorspellingen.

We bevestigden ook een volledige a-helicale structuur voor coil2, door het
kristalliseren van een dimeer fragment dat de eerste helft van coil2 omvat. Daarnaast konden
we met behulp van deze structuur een strategie voorstellen om de juiste dimerisatie van
korte coiled-coil fragmenten te promoten via het introduceren van disulfide-bruggen
(Chernyatina and Strelkov 2012).

Analyze van de beschikbare X-stralen kristalstructuren van vimentin, onthulde
regelmatig voorkomende breuken in de waterstofbruggen in de a-helices. Deze breuken, die
kinks worden genoemd, kunnen karakteristiek zijn voor IF eiwitten en bijdragen tot hun
flexibiliteit. Maar deze hypothese vereist nog verder onderzoek.

We zijn erin geslaagd om de structurele kennis uit fragmenten van vimenten aan te
wenden voor het opbouwen van een modelstructuur voor de dimerisatie en tetramerisatie
van vimentin (Fig.13 en 26). Deze modellen onthullen het mogelijke mechanisme van
achtereenvolgende stappen in opbouw. We stellen een uit twee stappen bestaande
verandering voor van de interdimerische interactie tussen coil 1A en coil 1A naar coil 1A met
het begin van coil 2 wanneer de montage verandert van een laterale naar een longitudinale
aaneenschakeling van de subunits. Dit schema is een goede overeenkomst met resultaten
uit andere experimenten, en in het bijzonder met cross-linking (Herrmann and Aebi 2004) en
SDSL-EPR studies (Pittenger 2008; Aziz et al. 2009; Aziz et al. 2010). Desalniettemin, moet
dit model nog verder onderzocht worden.

Daarnaast stellen we een nieuwe strategie voor voor de studie van IF dimeren en

tetrameren gebruikmakende van HA-SAXS. Deze techniek is gebaseerd op de mogelijkheid
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om afstanden tussen gekoppelde zware metalen verbonden aan Cys residu's te meten in
een contrast-gepaarde sucrose/eiwit oplossing (Grishaev et al. 2012). Om het effect van
aangebrachte mutaties te evalueren, werden elektronen microscopie van de
geassembleerde filamenten van de wild type en drie mutanten uitgevoerd. Tot onze
verbazing, werd in de N283C mutant de opbouw van filamenten aan het niveau van ULF
verhinderd. Deze mutatie kan dus worden gebruikt als hulpmiddel in verdere studies. Het
effect van deze mutatie impliceert op indirecte wijze de mogelijkheid van CC contact tussen
coil1A en het begin van coil2 zoals hierboven beschreven.

Tot slot werden ook verscheidene fragmenten van lamin A opgezuiverd en
gekristalliseerd. Desondanks het feit dat er geen nieuwe lamin A structuren bekomen werden
in dit proefschrift, zijn de kristallografische studies verder geavanceerd, daar dat sommige
fragmenten gekristalliseerd zijn en X-stralen diffractie patronen gecollecteerd zijn. Het

oplossen van het fase-probleem is lopende.
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