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Abstract

Together with other molecular chaperones, small heat shock proteins are key
components of the protein quality control system, which is comprised of several
hundred proteins and acts to maintain proteome homeostasis in the cell. Small heat
shock proteins bind unfolding proteins at an early stage, to prevent these from
further unfolding and aggregating. Partially unfolded proteins are being held in a
refolding competent state, to be refolded by other chaperones or degraded by the
degradation machinery. In the stress response, small heat shock proteins are
among the most highly upregulated, preparing the cell to absorb large quantities of
partially unfolded proteins. In this way, they form the first line of defence against
the threat of protein aggregation under stress conditions. The polydispersity and
dynamics of the large small heat shock protein oligomers have complicated their
structural and functional characterization. In particular, the molecular mechanism
of substrate protein protection remains poorly understood.

The work described in this thesis aims to characterize the molecular interactions
between the plant small heat shock protein Hsp21 and model substrate proteins by
crosslinking mass spectrometry. The model substrate proteins citrate synthase and
malate dehydrogenase, both especially wvulnerable to temperature-induced
aggregation, were protected from aggregation by Hsp21 and therefore used to
investigate the Hsp21-substrate interactions that confer protection. To be able to
study the transient Hsp21-substrate interaction by crosslinking mass spectrometry,
a workflow was developed based on isotope-labelled lysine-specific crosslinking,
nano-LC MALDI-TOF/TOF mass spectrometry, and data analysis with the
specialized software FINDX. During the development of this workflow,
interactions within Hsp21 itself were characterized as a way to evaluate the
method and to learn more about the conformation of Hsp2l in absence of
substrate. The interpretation of the identified Hsp21-Hsp21 crosslinks required
structural information on the Hsp2l oligomer, which was obtained by single
particle negative stain electron microscopy. The combination of these data with
native mass spectrometry and homology modelling, led to a structure model of the
Hsp21 dodecamer. The in-depth analysis of Hsp21-Hsp21 crosslinks provided a
framework for further application of the crosslinking mass spectrometry workflow
to the Hsp2l-substrate interactions. Finally, Hsp21-substrate crosslinks were
identified that support the view that unfolding substrate proteins interact with the
intrinsically disordered N-terminal region of the small heat shock protein Hsp21.
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1 Introduction

In the crowded environment of the cell, protein aggregation is a major threat to
cell survival. Proteins have evolved to be only marginally stable, so partially
unfolded proteins being prone to aggregation form a continuous risk (Chiti and
Dobson, 2009). The nascent chains of proteins being translated by the ribosome
have yet to fold into their native state (Selmer and Liljas, 2008), and even proteins
that are already folded are continuously in equilibrium with their partially
unfolded forms. Stress conditions shift this equilibrium in favour of the unfolded
proteins. To prevent damage to the cell by toxic unfolded protein aggregates,
evolution has provided cells with an extensive protein quality control system, in
which main players are the molecular chaperones (Hartl et al., 2011).

Molecular chaperones are proteins that assist other proteins in arriving at and
maintaining their native (folded) states, thereby preventing unfolded proteins from
aggregating. Some chaperones assist newly synthesized proteins in folding,
whereas others are specialized in refolding partially unfolded or misfolded
proteins, for which energy in the form of ATP (adenosine triphosphate) is
normally required (Mayer, 2010). Still other chaperones play an important role in
the clearage of unfolded proteins, by directing them to the degradation machinery,
or allowing controlled aggregation (Dougan et al., 2002; Tyedmers et al., 2010),
both of which are also important components of the protein quality control system.
Many chaperone proteins are called heat shock proteins, because their expression
was found to be transcriptionally inducible by heat stress. However, other stresses
can also induce heat shock protein expression, while at the same time many heat
shock proteins are housekeeping proteins that are constitutively expressed.

The small heat shock proteins (sHsps) are a class of molecular chaperones that
bind unfolding proteins, but cannot actively refold them and do not require ATP.
Instead, sHsps hold their client proteins in a refolding competent state, preventing
them from aggregating (Basha et al., 2011; Nakamoto and Vigh, 2007). ‘Small’
refers to their monomeric size of between 12 and 42 kDa, but many sHsps can
form large oligomers with up to 40-50 subunits (McHaourab et al., 2009).
Compared to some intensively studied chaperones like those belonging to the
Hsp60 and Hsp70 families (Mayer, 2010), the mechanism of sHsps is still poorly
understood. This is mainly attributed to their enormous diversity and
heterogeneity, in terms of both oligomeric structure and substrate binding, making
them technically challenging to study (Eyles and Gierasch, 2010).
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In the work described in this thesis, crosslinking mass spectrometry has been used
to study small heat shock proteins. This technique combines the chemical
crosslinking of proteins and protein complexes with the mass spectrometric
detection of crosslinked peptides that result from enzymatic digestion. By
analyzing which amino acid residues of the peptides have crosslinked, interactions
within and between proteins can be characterized (Leitner et al., 2010; Singh et al.,
2010; Sinz, 2006). Even though crosslinking mass spectrometry is becoming an
established technique in the field of structural biology, especially in combination
with other techniques (Rappsilber, 2011; Stengel et al., 2012), there are still
challenges that need to be overcome until the method can really live up to its
promises.

The main objective of the work described in this thesis is to use crosslinking mass
spectrometry to characterize interactions within small heat shock proteins and with
their substrate proteins. The focus is on the chloroplastic sHsp Hsp21 from
Arabidopsis thaliana, and in some cases, the human sHsp aB-crystallin has been
investigated in parallel. Throughout the thesis, a crosslinking mass spectrometry
workflow is developed to use on an offline nano-LC-MALDI-TOF/TOF mass
spectrometry platform. In paper I, the sHsp Hsp21 and the model substrate citrate
synthase (CS) are crosslinked with the crosslinker DTSSP, and analyzed by
MALDI-TOF. In paper I, information from crosslinks detected within Hsp21 is
combined with negative stain electron microscopy (EM) and homology modelling
to gain insight into the subunit organization of Hsp2l. The disulfide bridge
containing crosslinker DTSSP is problematic to use in the presence of too many
free cysteine residues, which is addressed in paper III. Here, and in paper IV, the
workflow with offline nano-LC, MALDI-TOF/TOF mass spectrometry, and data
analysis with the in-house developed program FINDX, is developed and
optimized. Important improvements include the use of isotope labelled
crosslinkers DTSSP and BS®, the addition of nano-LC separation of peptides
before mass spectrometry, and fine-tuning of the data analysis. The crosslinker
BS® does not have a disulfide bridge, which explains its preferred use over DTSSP
for proteins containing free cysteine residues. Finally, in paper V, the optimized
crosslinking mass spectrometry workflow is used to investigate the transient
interaction between Hsp21 and the model substrate protein malate dehydrogenase
(MDH).
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2 Small heat shock proteins

Small heat shock proteins form an evolutionary ancient superfamily (de Jong et
al., 1998), as reflected by their presence in almost all organisms (Haslbeck et al.,
2005). They can be strongly induced by heat stress, hence their name, but it has
become clear that many sHsps are being constitutively expressed in all kinds of
cell types (Narberhaus, 2002). The most well-known sHsps are the a-crystallins
aA- and aB-crystallin, which are major structural proteins in the vertebrate eye
lens. aA- and aB-crystallin are also called HspB4 and HspBS5, according to the
more systematic nomenclature guidelines for human heat shock proteins
(Kampinga et al., 2009). Originally, the a-crystallins were exclusively related to
lens function, until they were also found to be expressed in other tissues. Since a.-
crystallins and other sHsps were first shown to be able to act as molecular
chaperones (Horwitz, 1992; Jakob et al., 1993), overwhelming evidence has
accumulated that sHsps are ubiquitous key players in the protein quality control
system of cells (Eyles and Gierasch, 2010). Today, it is speculated that the
function of sHsps may not even be confined to chaperone activity alone (Basha et
al., 2011).

Several mutations in small heat shock proteins have been linked to inherited
diseases, including cataract, cardiac and skeletal myopathies, and neuropathies
(Sun and MacRae, 2005). In Alzheimer’s disease, Parkinson’s disease and
multiple sclerosis, sHsps have been found to be associated with protein aggregates
in neurons (Basha et al.,, 2011). Some cancer cells display an altered sHsp
expression pattern, which is typical for stressed cells. In heat shocked cells of L.
interrogans (a human pathogen), sHsps were among the most upregulated proteins
(>10x) (Beck et al., 2009). Undoubtedly, small heat shock proteins are crucial for
cell survival, especially under stress conditions, but exactly how they fulfil their
protective role remains elusive. The heterogeneity and polydispersity of many
sHsps have been problematic for traditional structural biology approaches, but in
recent years, hybrid techniques have proven very helpful to elucidate small heat
shock protein (sHsp) structures. Below, the structure of sHsps will be described in
more detail.
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2.1 Dimeric building blocks

The a-crystallin domain, which is named after the human, best known sHsps aA-
and aB-crystallin, characterizes all members of the sHsp superfamily (Poulain et
al., 2010). This central region is around 90 amino acid residues and forms an
immunoglobulin domain that consists of 7 B-strands forming a f-sandwich. The
N-terminal region is very diverse among sHsps, both in sequence and in length. C-
terminal to the central a-crystallin domain is the C-terminal extension, which is
also very diverse, except for a conserved I/V/L-X-I/V/L motif that is essential for
oligomer formation. A sequence alignment including sHsps for which the structure
has been determined, illustrates the sequence diversity but at the same time the
conservation of the main structural elements in the sHsp superfamily (figure 1).

High-resolution structures of sHsps almost all reveal dimeric building blocks
consisting of two a-crystallin domains, coming from two different monomers (the
sHsp Tsp36 from tapeworm being an exception, which contains two divergent
sHsp repeats within one monomer (Stamler et al., 2005)). The dimeric building
blocks form larger oligomeric species in most cases. While the a-crystallin
domain always forms the same 7-stranded (3-sandwich, two different architectures
of the dimeric building block can be distinguished among sHsp structures, as
determined by crystallography, solid-state nucleic magnetic resonance (NMR),
small-angle X-ray scattering (SAXS), or a combination.

In the crystal structures of Hsp16.5 from M. jannaschii (Kim et al., 1998), Hsp16.9
from 7. aestivum (Van Montfort et al., 2001b), HspA from X. citri pv. citri
(Hilario et al., 2011), and Hsp14.0 from S. tokodaii (Takeda et al., 2011), two a-
crystallin domains bind by pB-strand exchange (figure 2A,C). The (-strands of a-
crystallin domain are conventionally named (2-89, after the first sHsp crystal
structure solved (Kim et al., 1998). The strand named (36 is located on a loop
extending away from the 3-sandwich of one monomer, and participates in f3-sheet
formation by binding strand B7 of the other monomer. Strand 6 of the other
monomer interacts again with $7 of the first monomer.
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Figure 1. Primary structure of sHsps. A: Schematic representation of the
N-terminal region (white), the o-crystallin domain (gray), and the C-
terminal extension (white) containing the I/V/L-X-1/V/L motif of Hsp21
from A. thaliana, Hsp16.9 from T. aestivum, and human oB-crystallin. B.
Sequence alignment of AtHsp21 (Hsp2l from A. thaliana, UniProtKB ID
P31170), TaHsp21 (Hsp2l from 7. aestivum, UniProtKB ID Q00445),
AtHsp18.1 (Hsp18.1 from A. thaliana, UniProtKB ID P19037), TaHsp16.9
(Hsp16.9 from T. aestivum, UniProtKB ID Q41560), BtHspB4 (bovine
aA-crystallin, UniProtKB ID P02470), HsHspB5 (human aB-crystallin
(HspBS5), UniProtKB ID P02511), RnHspB6 (HspB6 from R. norvegicus,
UniProtKB ID P97541), and MjHspl16.5 (Hspl16.5 from M. jannaschii,
UniProtKB ID Q57733). The sequences were aligned using ClustalW2
(Larkin et al., 2007). Identical residues are denoted by ‘*’, conserved
substitutions by ‘:’, and semi-conserved substitutions by ‘.’ under the
alignment. The a-crystallin domain is gray-shaded and the f-strands are
indicated above the alignment. For TaHspl6.9, BtHspB4, HsHspBS5,
RnHspB6, and MjHsp16.5 the -strand-forming residues according to the
crystal structures (PDB ID’s 1GME, 3L1E, 2WJ7, 2WIJ5, and 1SHS, resp.)
are underlined (adapted from (Basha et al., 2011)). The highly conserved
I/V/L-X-I/V/L motif is pinpointed in bold.

Structures of vertebrate sHsps show a different mode of dimer formation. There is
no long loop bearing strand p6, but instead $6 forms an extended p-strand together
with B7, called B6+7 (figure 2B,D). Strand $6+7 of one monomer binds to strand
p6+7 of the other monomer in anti-parallel fashion, forming an extended B-sheet
made up of two monomers. This monomer-monomer interface was first
characterized in human oaA-crystallin (HspB4) and Hsp27 (HspBl) by spin
labelling and electron paramagnetic resonance (EPR) studies (Berengian et al.,
1997; Berengian et al., 1999; McHaourab et al., 1997), and later also by
crystallography for aA-crystallin (HspB4), aB-crystallin (HspB5), and Hsp20
(HspB6) (Bagneris et al., 2009; Clark et al., 2011; Laganowsky et al., 2010;
Laganowsky and Eisenberg, 2010). In the crystal structure of human Hsp27, a
different interface, between strands 4 and B7, holds together the a-crystallin
domain of monomers, but this appears to be a crystal form only — the same protein
construct in solution was shown to form a dimer held together by the interface
between two P6+7 strands, as determined by SAXS (Baranova et al., 2011). A
study on human aB-crystallin, combining solid-state NMR and SAXS, revealed
the same dimer architecture (Jehle et al., 2010).
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Figure 2. Architecture of the dimeric building block. A: Schematic
representation of how the B-strand-exchange of $6 between two monomers
stabilizes the dimeric building block. This topology of the B-strands can be
found in for example Hspl6.9 from 7. aestivum. B: Schematic
representation of how two extended B-strands (f6+7 from each monomer)
interact with each other to stabilize the dimeric building block. This
topology of the 3-strands can be found in vertebrate sHsps such as human
aB-crystallin. C: The a-crystallin domain of Hsp16.9 from 7. aestivum
(PDB ID 1GME, residues 46-137 of chains A and B). D: The a-crystallin
domain of human aB-crystallin (PDB ID 2WJ7, residues 69-153 of chain
A and residues 78-149 of chain B). Figures 2C and D were prepared with
PyMOL (www.pymol.org) (DeLano, 2002).

2.2 Oligomeric structure

Most of the small heat shock proteins characterized so far, form large oligomers.
Several interactions hold the dimeric building blocks of these oligomers together,
of which the interaction involving the conserved I/V/L-X-1/V/L motif on the C-
terminal extension is best defined. Interactions involving the N-terminal region are
also believed to be important for oligomer formation, but in most of the crystal
structures mentioned in the previous section, the N-terminal region is unstructured,
or missing from the start because a truncated protein was used for crystallization.
This implies, together with other experiments such as hydrogen/deuterium
exchange (Cheng et al., 2008) and solution-state NMR (Jehle et al., 2011), that the
N-terminal region is intrinsically disordered.
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The conserved I/V/L-X-I/V/L motif binds a hydrophobic groove created by
strands 34 and 8 on a neighbouring dimer, strands 34 and 8 being the ‘edge’ of
the B-sandwich formed by the a-crystallin domain (figure 3). This interaction was
first observed in the first sHsp crystal structure of Hspl16.5 from M. jannaschii
(Kim et al., 1998), and has since been found in all other sHsps that were
structurally characterized, albeit with two opposite orientations, which is possible
because of the motif’s palindromic nature (Laganowsky et al., 2010).

C-terminal extension
neighbouring dimer

Co”

Figure 3. The I/V/L-X-1/V/L motif on the C-terminal extension interacts
with a hydrophobic groove formed by B-strands 4 and 8. A dimer (gray)
from Hspl16.9 from T. aestivum is shown together with the C-terminal
extension (residues 138-151) of a neighbouring dimer (black) (PDB ID
IGME). The figure was prepared with PyMOL (www.pymol.org)
(DeLano, 2002).

The flexibility of the part of the C-terminal extension between the o-crystallin
domain and the I/V/L-X-I/V/L motif, allows endless variation on how the dimeric
building blocks can be oriented with respect to each other. This is reflected in the
large variation of oligomeric states of sHsps. Not only do different sHsps differ in
their oligomeric states, but for some sHsps, a single protein exists as an ensemble
of differently sized oligomers. As protein crystallography intrinsically selects for a
single or a few protein orientations, alternative techniques such as electron
microscopy (EM), SAXS, and more recently native mass spectrometry (MS), have
been very valuable to study especially the highly polydisperse sHsps. Several
examples of both homogeneous and polydisperse sHsps will be discussed below.

Examples of homogeneous sHsp oligomers are Hsp16.5 from M. jannaschii and
Hspl16.9 from T. aestivum, which are the only two oligomers that have been
successfully crystallized in their native oligomeric state (Kim et al., 1998; Van
Montfort et al., 2001b) (figure 4). Hsp16.5 is a 24-mer with the dimeric building
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blocks forming the edges of an octahedron. The C-terminal extensions are
wrapping around the octahedron on the outside, whereas the N-terminal regions
appear to be located on the inside, but they are unstructured. Hspl6.9 is a
dodecamer (12-mer), formed by two stacked hexamers each of which is made up
of three dimers. In this structure, the C-terminal extensions are also located on the
outside the two hexameric rings. Six of the N-terminal regions are unstructured,
but the other six are structured on the inside of the dodecamer and connect dimers
from the two different rings. So in this case, the N-terminal region forms important
oligomeric contacts, in addition to the established contacts of the C-terminal
extension binding the hydrophobic groove on the next dimer. Another
dodecameric sHsp, Acrl from M. tuberculosis, was characterized by cryo- and
negative stain EM and shown to form a tetrahedron, with the dimers on its six
edges (Kennaway et al., 2005).

Figure 4. sHsp oligomeric structure. Despite their different sizes, sHsp
oligomers are built up of similar dimeric building blocks (gray) that are
connected by C-terminal extensions (black) containing the I/V/L-X-I/V/L
motif that can bind a neighbouring dimer. Shown are two sHsp crystal
structures, both of which were crystallized in their native oligomeric state.
A: Hspl6.9 from T. aestivum (12-mer) (PDB ID 1GME). B: Hsp16.5 from
M. jannaschii (24-mer) (PDB ID 1SHS). Figures 4A and B were prepared
with PyMOL (www.pymol.org) (DeLano, 2002).

Many sHsps do not form homogeneous oligomers, but instead form a wide range
of differently sized oligomers. Even Hsp16.5 from M. jannaschii can be induced to
form novel structural ensembles by genetically engineering short flexible peptide
insertions into the wild-type protein, as shown by cryo-EM and EPR (Shi et al.,
2006). Human aB-crystallin was recently recorded to span a range of anywhere
between 12 and 48 monomers (Baldwin et al., 2011c). Given this enormous
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polydispersity, it is not surprising that aB-crystallin and other sHsps have always
frustrated crystallization attempts of their full-lengths forms. Almost all of the
available sHsp crystal structures are structures of truncated protein constructs, and
do not represent the native oligomeric state (Basha et al., 2011).

EM, SAXS, and native MS have been more successful than crystallography in
characterizing sHsp oligomeric structure(s). A novel strategy was developed to
separate mixed populations of structurally different single particles from cryo-EM
micrographs (White et al., 2004), by which different assembly forms of Hsp26
from S. cerevisiae could be distinguished (White et al., 2006). Interestingly, only
24-mers of Hsp26 were characterized in this study, whereas the same protein was
later shown to occupy a range of oligomeric states by native MS (Benesch et al.,
2010), even though the 24-meric form is most abundant at room temperature. The
oligomeric structure of human aB-crystallin has also been studied by several
different techniques. Based on single particle negative stain EM, a 24-mer was
reconstructed (Peschek et al., 2009). Two studies combining solid-state NMR,
SAXS, single particle negative stain EM, and computational methods also report
on a 24-meric model for aB-crystallin, including atomic coordinates, and propose
a mechanism for multimerization into higher-order oligomers (Jehle et al., 2010;
Jehle et al., 2011). However, real insight into the polydispersity and the
distribution of the different oligomeric structures of a.B-crystallin has come from a
combination of NMR, native MS, ion-mobility (IM), and EM experiments, which
together were able to provide structural models for the most abundant oligomers
(24-, 26-, and 28-mers) and to suggest routes of conversion between the different
oligomeric states (Baldwin et al.,, 2011b). The development of the MS
methodology that allows nano-electrospray ionization (ESI) and subsequent mass
analysis of intact protein complexes has been crucial to these results (Benesch et
al., 2007), and this technique has also proven to be useful to study the dynamics of
sHsp oligomers (Sharon and Robinson, 2007), as described in the next section.

2.3 Dynamic subunit exchange

A characteristic feature of sHsps is their dynamic subunit exchange, which means
that subunits are continuously dissociating from and associating with the larger
oligomers. This process is important to maintain polydispersity by allowing
conversion into different oligomeric states, but homogeneous sHsp oligomers are
also highly dynamic. A method based on fluorescence resonance energy transfer
(FRET) was developed to monitor the subunit exchange of aA-crystallin (Bova et
al., 1997), and used to show that aA-crystallin, aB-crystallin, and Hsp27 can
reversibly form heterooligomers (Bova et al., 2000). Several other sHsps have also
been shown to be capable of forming heterooligomers when mixed with each
other, even though it is unknown to what extent heterooligomer formation is
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relevant in vivo. Two sHsps from different species, Hsp18.1 from P. sativum (pea)
and Hspl6.9 T. aestivum (wheat) can form heterooligomers, and their subunit
exchange was measured by nano-ESI MS (or ‘native MS’) (Sobott et al., 2002).

Important developments in nano-ESI MS technology allowed real-time monitoring
of subunit exchange between two related sHps from 4. thaliana, Hspl17.6 and
Hsp18.1 (Painter et al., 2008). Notably, dimers were concluded to be the
exchanging subunits in this case, whereas the heterooligomers composed of odd
numbers of sHsps, implying monomeric subunit exchange, were observed when
mixing Hsp18.1 from P. sativum and Hspl16.9 T. aestivum (Sobott et al., 2002).
The dynamic subunit exchange of sHsps is considerably faster (0.04 to 0.40/min)
than that of other proteins (4.5 x 10*/min) for which similar measurements have
been carried out, and the exchange rate is increased with increasing temperature,
suggesting these dynamics to be essential for sHsp function (Basha et al., 2011).
Upon temperature increase, Hspl18.1 from P. sativum shifts from being almost
exclusively dodecameric to forming monomers, dimers, and larger oligomers. In
presence of a substrate protein, a wide range of differently sized sHsp-substrate
complexes with different stoichiometries form, showing that the dynamics and
polydispersity of sHsps are integral to chaperone function (Stengel et al., 2010). A
combination of NMR and nano-ESI MS experiments on aB-crystallin, showed
that dissociation events of the C-terminal-extension-to-hydrophobic-groove
interaction of aB-crystallin govern the dynamics of the polydisperse ensemble of
aB-crystallin oligomers (Baldwin et al., 2011a).

2.4 Chaperone activity and substrate interactions

Classically, the chaperone activity of sHsps is assayed in vifro using model
substrate proteins that are known to unfold upon temperature increase. In presence
of sHsps, the model substrate proteins remain soluble upon temperature increase,
whereas in absence of sHsps, they unfold and start to aggregate. Protein
aggregation can be measured by light scattering or analyzed by centrifugation and
subsequent gel electrophoresis (Basha et al., 2011). Or, protein deactivation as a
consequence of unfolding can be monitored with a protein activity assay.
Typically used thermo-sensitive model substrate proteins are citrate synthase (CS),
luciferase, and malate dehydrogenase (MDH). To study the sHsp interaction with a
predominantly folded protein (in contrast to the heat-stressed unfolded proteins
mentioned above), fluorescently labelled T4 lysozyme variants with slightly
destabilizing mutations have been especially designed (McHaourab et al., 2009).

An in vivo assay for chaperone activity was developed using a ACIpB1 strain of
Synechocystis, where thermotolerance strongly depends on the presence of
functional Hsp16.6 — the only sHsp gene in this organism. By replacing wild-type
Hspl16.6 with mutations affecting oligomerization in vitro, the effect of these
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mutations could also be studied in vivo, linking changes in oligomerization ability
to chaperone activity (Giese and Vierling, 2002, 2004). In another study, Hsp16.6
mutations were screened for, that reduced the ability of the protein to provide
thermotolerance in vivo, and a selection of these was overexpressed and purified,
to study their oligomeric structure and in vitro chaperone activity (Giese et al.,
2005). Mutations in the a-crystallin domain compromised both oligomerization
and chaperone activity in vitro, whereas mutations in the N-terminal region did not
have an effect in vitro, emphasizing the importance of in vivo studies.

Attempts to identify endogenous substrate proteins indicate that proteins of a wide
variety of cellular functions can be protected by sHsps in bacteria and yeast (Basha
et al., 2004; Haslbeck et al., 2004). It remains to be determined whether this
general protection is common for all sHsps, or whether some sHsps may have
more specific substrates than others. More specific interactions have been reported
for mammalian sHsps (Van Montfort et al., 2001a; Vos et al., 2008), such as the
interactions of aB-crystallin and Hsp27 with cytoskeletal components (During et
al., 2007; Ghosh et al., 2007; Goldfarb et al., 2008).

The molecular details of the interaction between sHsps and substrate proteins are
still largely unknown (Basha et al., 2011; Haslbeck et al., 2005; McHaourab et al.,
2009). Unfolding proteins generally have increasingly exposed hydrophobic
regions, which leads to the logical hypothesis that sHsps bind these regions to
maintain solubility. It is generally assumed that sHsp hydrophobic surfaces buried
in the oligomers, can become available for substrate binding (Haslbeck et al.,
2005; McHaourab et al., 2009; Van Montfort et al., 2001a). This is supported by
studies showing the relationship between oligomerization and chaperone activity
(Benesch et al., 2008; Giese and Vierling, 2002, 2004). However, it is debated
whether monomeric, dimeric, or oligomeric species are responsible for substrate
recognition. Because both the N-terminal region and the C-terminal extension are
known to be flexible (described in section 2.2), oligomer dissociation may not be
required for substrate binding. In addition, the dynamic subunit exchange of the
oligomers (as described in section 2.3) supports continuous exposure potential
substrate binding regions without dissociation into stable suboligomeric species
(Basha et al., 2011). The emerging picture is that sHsp chaperone activity is based
on a set of delicate equilibria between sHsp oligomers, sHsp suboligomeric
species, native substrate, and unfolding substrate (figure 5).

Apart from whether substrate binding occurs via monomers, dimers or oligomers,
or a mixture of these, sHsps recognize substrates at an early stage of unfolding
(McHaourab et al., 2009), initially interacting with them reversibly (Ahrman et al.,
2007b) (paper I, this thesis). Upon prolonged denaturing conditions, large
heterogeneous sHsp-substrate complexes form, keeping the partially unfolded
substrate protein soluble. Once in these large complexes, the substrate proteins
cannot refold without the help of ATP-dependent chaperones, but ATP-dependent
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refolding is much more efficient in presence of sHsps (Mogk et al., 2003a; Mogk
et al., 2003b), even after aggregation (Ratajczak et al., 2009). The substrate
proteins appear to be firmly bound within the complexes, whereas (a
subpopulation of) sHsp subunits remain dynamic (Friedrich et al., 2004), probably
enhancing the solubility of the complex. The polydisperse sHsp-substrate
complexes can be observed by size-exclusion chromatography (SEC), and have
been studied by EM, but their heterogeneity has prevented any conclusions to be
drawn on their structure. Recently, it was shown by nano-ESI MS that Hsp18.1
from P. sativum and luciferase build up to 300 different complexes during
incubation at increased temperature, varying in both size and stoichiometry
(Stengel et al., 2010). This finding clearly links the dynamics and polydispersity of
sHsps with their chaperone activity. Considering the polydispersity of one species
of sHsp by itself (Baldwin et al., 2011c), and then the polydispersity of just one
sHsp and one substrate protein, it can be imagined how an armoury of several
sHsps in the cell is capable of protecting such a wide variety of proteins (Stengel
etal., 2010).

Given the heterogeneity of the complexes described above, it is no surprise that no
one particular sHsp binding site for substrate proteins has been identified. In
analogy to the polydisperse oligomeric ensemble of an sHsp alone, the sHsp-
substrate complexes are also presumed to be dynamic, at least when it concerns
sHsp subunits, allowing quick adaptation to a changing ‘environment’ of
(partially) unfolded proteins (Stengel et al., 2010). This is supported by the same
hydrogen/deuterium exchange levels of sHsps in absence or presence of substrate
protein MDH, which indicates that the flexibility of especially the N-terminal and
C-terminal regions is retained even within sHsp-substrate complexes (Cheng et al.,
2008). However, in a study where a photo-activatable crosslinker was introduced
on different positions of the sHsp Hsp18.1, crosslinking between the N-terminal
region and the substrate was much more frequently observed than crosslinking
with the a-crystallin or C-terminal extension (Jaya et al., 2009), suggesting the N-
terminal region to be responsible for substrate binding. By constructing chimera’s
of the previously well-characterized sHsps Hsp18.1 from P. sativum and Hsp16.9
T. aestivum, it was shown that the N-terminal region is important for chaperone
activity towards the substrate proteins CS and luciferase, but that for MDH, both
the N-terminal region and the a-crystallin domain are important (Basha et al.,
2000).

The chaperone activity and substrate binding modes may also vary for different
sHsps, as confirmed by a study comparing two classes of plant sHsps (Basha et al.,
2010). Additionally, different mechanisms of activation have been found for
different sHsps. Vertebrate sHsps can be phosphorylated, thereby effecting
oligomerization, which is probably regulating activity (Ecroyd et al., 2007;
Shashidharamurthy et al., 2005). The yeast sHsp Hsp26 has a ‘middle domain’
before the a-crystallin domain that acts as a thermosensor, and induces a switch to
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a high-affinity oligomeric conformation upon temperature increase (Franzmann et
al., 2008), as well as changed dynamics (Benesch et al., 2010). However, this
domain is not general in all sHsps. Obviously, since their success very early on in
evolution, sHsps have evolved into a divergent superfamily, with different
members employing a variety of strategies for activation, substrate binding and
substrate protection. Yet, general to all sHsps seems to be their ability to act as
sensors capable of adapting to very subtle changes in the protein stability
environment in the cell (McHaourab et al., 2009), thereby forming a first line of
defence against stress.
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Figure 5. Possible model for sHsp chaperone function. The background
shading refers to the degree of stress (inducing unfolding of proteins in the
cell), with red for much stress and light-blue for little stress. The asterisk
(“*”) highlights the increased subunit exchange of the large sHsp
oligomers, resulting in the increased exposure of substrate binding sites.
The figure was in part adapted from (Lindner et al., 2001) and (Basha et
al., 2011).
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2.5 Hsp21 in Arabidopsis thaliana chloroplasts

The sHsps as part of the protein homeostasis network in cells have a particularly
pronounced role in plants. During heat stress in plants, sHsps have higher
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expression levels than for example Hsp70, which often is the most abundant heat
shock protein in other heat stressed eukaryotes (Waters et al., 1996). Plants also
have among the highest number of genes encoding sHsps. Whereas the genomes
of for example E. coli and S. cerevisiae only encode two sHsps (IbpA and B, and
Hsp26 and Hsp42, respectively), A. thaliana has 19 genes encoding sHsps (Scharf
et al., 2001; Siddique et al., 2008). Currently, 11 subfamilies of plant sHsps have
been recognized, of which 6 are cytosolic, and 5 are organelle-localized: one in
peroxisomes, one in the endoplasmic reticulum, one in chloroplasts, and two in
mitochondria (Waters et al., 2008). Organelle-localized sHsps are almost unique to
plants, with just one known exception of a mitochondrial sHsp in D. melanogaster
(Basha et al., 2011). The chloroplast sHsps most likely evolved via gene
duplication from a nuclear-encoded cytosolic sHsp, and not via gene transfer from
the chloroplast endosymbiont (Waters and Vierling, 1999).

The focus of this thesis is Hsp21 (AtHsp25.3), which is the (only) chloroplast-
localized sHsp in 4. thaliana, and has orthologs in all higher plants. Transgenic A.
thaliana plants that constitutively overexpress Hsp21 were shown to be more
resistant to heat stress (Harndahl et al., 1999). Characteristic of Hsp21 is its
relatively long N-terminal region, which contains a highly conserved methionine-
rich domain, structure-predicted to form an amphipathic a-helix. When these
methionines are oxidized, the chaperone activity of Hsp21 is lost (Harndahl et al.,
2001), but can be restored by the protein peptide methionine sulfoxide reductase
(Gustavsson et al., 2002). This may be a mechanism to regulate Hsp21 activity, as
well as a way to scavenge reactive oxygen species (Sundby et al., 2005).

The chaperone activity and substrate interaction of Hsp21 have previously been
investigated using the model substrates citrate synthase (CS) and malate
dehydrogenase. Hsp21 can protect substrate protein up to its own weight, and
possibly even more (unpublished results), affirming its status as a powerful
chaperone. A peptide array screen covering the sequence of porcine CS revealed
strongest binding to the most N-terminal peptide of CS, which is part of a domain
that is missing in CS from thermophilic archaea (Ahrman et al., 2007a).
Interactions between Hsp21 and CS have also been characterized by crosslinking
mass spectrometry (Ahrman et al., 2007b) (paper I, this thesis). Crosslinking mass
spectrometry will be further exploited in the work described in this thesis to
investigate interactions within and between Hsp21 and substrate proteins.
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3 Crosslinking mass spectrometry

The use of crosslinking reagents in protein research is well established and was
already reported in the 1970’s, to study the topology of E. coli ribosomes (Clegg
and Hayes, 1974). The 1990°s were marked by the beginning of the era of mass
spectrometry-based proteomics, powered by technical advances in protein mass
spectrometry (Aebersold and Mann, 2003). During the last decade, an approach
combining the strengths of both crosslinking and mass spectrometry has emerged,
called crosslinking mass spectrometry (also called CXMS or MS3D), the first
studies based on this technology being reported in the beginning of this century
(Young et al., 2000). Important developments of specialized crosslinking reagents,
mass spectrometry instrumentation, and software for crosslinking data analysis
have allowed this method to mature into a useful tool in structural biology (Stengel
etal., 2011).

Within the field of crosslinking mass spectrometry, two general workflows can be
distinguished (Singh et al., 2010; Sinz, 2006). The ‘top-down’ approach involves
the mass spectrometric analysis of intact crosslinked proteins or protein
complexes, which are further interrogated by fragmentation within the mass
spectrometer. In the work described in this thesis, the alternative ‘bottom-up’
approach has been used, which involves the enzymatic digestion into peptides, and
will be discussed in detail here. The principles of bottom-up crosslinking mass
spectrometry are: to crosslink amino acid residues within or between proteins, to
enzymatically digest the proteins into peptides, and to look for crosslinked
peptides by mass spectrometry. Deducing which amino acid residues have
crosslinked on the identified peptides, yields structural information about the
protein or protein complexes, because the known length of the crosslinker places a
constraint on the distance between the residues (Lee, 2008; Leitner et al., 2010;
Sinz, 2006).

Despite the apparent straightforwardness of this approach, many technical
challenges have not yet been overcome, and the number of studies where
crosslinking mass spectrometry has resolved major biological issues is still very
limited (Leitner et al., 2010; Singh et al., 2010; Sinz, 2010). The main reason for
this is the low abundance of ‘structurally informative’ crosslinks, making them
difficult to detect. Strategies to tackle this and related problems can be directed at
different stages of the crosslinking mass spectrometry workflow.
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3.1 Complexity of the crosslinked peptide mixture

Under typical conditions in a crosslinking experiment, the bulk of the targeted
amino acid residues may not be modified at all by the crosslinking reagent. Those
residues that do react with the reagent, form differently modified peptides after
enzymatic digestion. The most informative type of compound is formed when the
crosslinking reagent reacts with two amino acid residues that are in close spatial
proximity in the protein structure, but are far away from each other in the protein
sequence, or are located on two different protein subunits/proteins (an interpeptide
crosslink). However, completely unmodified peptides, peptides where the
crosslinking reagent has reacted with the same peptide on both ends (an
intrapeptide crosslink), or has reacted with a peptide on one end and a water
molecule on the other end (a dead-end crosslink), are much more abundant in the
mixture to be analyzed with mass spectrometry. In addition, peptides with multiple
crosslinker modifications can be present in the mixture, such as three peptides
covalently linked by two crosslinkers.

According to the commonly accepted nomenclature, dead-end crosslinks,
intrapeptide crosslinks, and interpeptide crosslinks, are called type 0, type 1, and
type 2 crosslinks, respectively (Schilling et al., 2003). Peptides with multiple
crosslinker modifications can also be classified according to this system, but they
are generally less abundant and often not considered during data analysis, also
because their mass spectrometric identification is even more difficult than that of
type 2 crosslinks. Figure 6 illustrates which main compounds are expected after
crosslinking and subsequently digesting a single protein.

Especially when the starting material consists of several proteins, the resulting
peptide sample after crosslinking and digestion is very complex. To reduce the
sample complexity and increase the chances of detecting structurally informative
type 2 crosslinks, these crosslinks can be enriched using different strategies. One
strategy is to separate the peptide mixture by strong cation exchange
chromatography (SCX) (Fritzsche et al., 2012; Leitner et al., 2012). Compared to
unmodified peptides, and type 0 and type 1 crosslinks, type 2 crosslinks elute at
longer retention times because they are more highly charged in solution due to a
higher number of protonation sites, especially after digestion with an enzyme
cleaving at basic residues, such as trypsin. Another enrichment strategy is the use
of crosslinking reagents with an incorporated affinity tag, by which crosslinks (of
all types) can be enriched with affinity chromatography.

Before mass spectrometric analysis, the peptide sample can also be separated by
reversed phase liquid chromatography (LC). This separation is not necessarily a
means of crosslink enrichment, but the separation of the complex mixture reduces
the complexity per analyzed fraction, which drastically improves the quality of the
mass spectrometry data. Moreover, crosslink enrichment is in fact achieved to
some extent, as type 2 crosslinks are typically larger and thus more hydrophobic
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than the other peptides, so they tend to elute later from the reversed phase column.
During the work described in this thesis, nano-LC (nano referring to the low flow
rates) with direct elution onto MALDI-targets was used to separate peptide

samples.
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Figure 6. Crosslinking mass spectrometry sample preparation. A protein
sample is crosslinked and subsequently digested into peptides. The main
resulting peptide species are unmodified peptides, type O crosslinks (only
one end of the crosslinking reagent has reacted with an amino acid
residue), type 1 crosslinks (both ends of the crosslinking reagent are
connected to the same peptide), and type 2 crosslinks (the crosslinking
reagent is connecting two different peptides).

3.2 Chemical crosslinking reagents

Today, a broad range of crosslinking reagents is available, some of which have
been especially designed for crosslinking mass spectrometry experiments. The
reagents vary in their linker length and type of reactive groups, but also in the
presence of all sorts of other chemical groups, including cleavable groups, affinity
groups, and functional groups for mass spectrometry, which for example produce
reporter ions upon MSMS fragmentation (Petrotchenko and Borchers, 2010; Sinz,
2006). Crosslinking reagents can also often be isotope-labelled, because this is
helpful for the mass spectrometric identification of peptide crosslinks (Muller et
al., 2001). Not all reagents have been widely used yet, as only a subset is
commercially available, and some are quite laborious to synthesise.

The reactive groups determine which amino acid residues are targeted for
crosslinking. Commonly used crosslinking reagents react with amine- (lysine
residues and the protein N-terminus) or sulfhydryl (cysteine residues) groups.
Homobifunctional crosslinking reagents have two of the same reactive groups on
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either end, whereas heterobifunctional crosslinking reagents have two different
reactive groups. There are also trifunctional reagents that can crosslink three
amino acid residues or where the third group is for example an affinity group.

The length of the linker region is important to consider. A longer crosslinker will
yield more crosslinks, but these crosslinks will be less informative, because the
resulting distance constraints for the protein structure are less stringent. Zero-
length crosslinkers are compounds that mediate covalent linking between amino
acid residues without leaving behind a linker region. Such crosslinks are highly
informative, but the yield will be lower. Zero-length crosslinkers are often photo-
reactive, meaning that UV-light exposure triggers the reaction. Such reagents are
non-selective, which positively affects the crosslink yield. However, this is a great
disadvantage for mass spectrometric analysis, because possible crosslinker
modifications must be considered on all the amino acid residues, making it very
difficult to identify crosslinks.

The most popular reagents in crosslinking mass spectrometry are the amine-
reactive N-hydroxysuccinimidyl and sulfosuccinimidyl esters, the latter being
more water-soluble. Advantages of these reagents are their high reactivity and the
relatively high prevalence of lysine residues in proteins (Leitner et al., 2010).
Disadvantages may be the competing hydrolysis reaction in aqueous solutions, as
well as unwanted reactions with serine and threonine hydroxyl groups, and with
contaminant ammonium ions in the buffer solution (Sinz, 2006; Swaim et al.,
2004). The two crosslinking reagents used in the work described in this thesis are
bis(sulfosuccinimidylsuberate) and 3,3’-dithiobis(sulfosuccinimidylpropionate)
(BS® and DTSSP, respectively) (figure 7). Both of these are commercially
available, including their isotope-labelled forms, where the hydrogen atoms on the
alkyl chain have been substituted by deuterium atoms.
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Figure 7. Commonly used lysine-specific crosslinking reagents and their
desired reaction products. A: Isotope-labelled BS®. B: Isotope-labelled
DTSSP. Both compounds are commercially available as 1:1 mixtures of
unlabelled and isotope-labelled reagent (Creative Molecules Inc., Victoria,
Canada). C: Two peptides crosslinked by BS’. D: Two peptides
crosslinked by DTSSP.
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The difference between DTSSP and BS’ is the disulfide bridge in DTSSP. The
disulfide bridge makes the crosslinker cleavable, which is helpful during
identification by mass spectrometry. Upon reduction of the disulfide bond, the
peak representing the crosslink should disappear from the MS spectrum, and the
two peptides that were crosslinked in a type 2 crosslink should appear in the MS
spectrum as two individual peaks representing each peptide modified with a
reduced (half of a) crosslinker (Bennett et al., 2000). Collision induced
dissociation (CID) fragmentation of type 2 DTSSP crosslinks gives typical 66 Da
doublets in the MSMS spectrum, because of the asymmetric fragmentation around
the disulfide bond (King et al., 2008). The crosslinking efficiency of DTSSP can
be easily assessed with gel filtration or SDS-PAGE (sodium dodecyl sulfate
polyacrylamide gel electrophoresis), by comparing samples that have or have not
been treated with a reducing agent such as dithiothreitol (DTT) (Bennett et al.,
2000). Unfortunately, the disulfide bridge in DTSSP is not only advantageous,
because thiol-exchange can lead to disulfide bond scrambling, which can result in
false positive type 2 crosslinks. This problem is addressed in paper III in this
thesis.

3.3 Mass spectrometry instrumentation

A mass spectrometer measures the mass-to-charge ratio (m/z) of ions in the gas
phase. To be able to do this, the instrument consists of the following three basic
modules: an ion source, a mass analyzer, and a detector. The ionization of large
biomolecules such as peptides and proteins can be achieved by electrospray
ionization (ESI) (Fenn et al., 1989) or matrix-assisted laser desorption ionization
(MALDI) (Karas and Hillenkamp, 1988). The inventors of both technologies have
been awarded the Nobel Prize, as these soft ionization techniques dramatically
expanded the possibilities to study biomolecules by mass spectrometry.

There are four types of mass analyzers typically used for protein research and
proteomics: the quadrupole (Q), ion trap (quadrupole ion trap, QIT; linear ion trap,
LIT or LTQ) time-of-flight (TOF), and Fourier-transform ion cyclotron resonance
(FTICR) mass analyzers (Han et al., 2008). The mass analyzer type determines
important analytical properties such as the mass accuracy, mass resolution,
sensitivity, and speed of the instrument. Most mass spectrometers are hybrid
instruments combining the capabilities of the different analyzers. In this way,
proteins or peptides can first be ionized and analyzed intact (MS), and then
dissociated into fragments that can also be analyzed (tandem MS or MSMS). Ion
trapping instruments can even perform multiple steps of analysis (MS"). The type
of detector is dependent on the type of mass analyzer.

Examples of classic ESI mass spectrometry instruments commonly used in protein
research and proteomics are the Q-Q-Q, Q-Q-LIT, Q-TOF, Q-Q-TOF, and FTICR
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instruments, whereas MALDI ionization is typically combined with a TOF-TOF
mass analyzer (Domon and Aebersold, 2006). The introduction of a new type of
mass analyzer, the orbitrap, has led to the recent development of the LTQ-Orbitrap
instruments, which have an unprecedented analytical performance (Han et al.,
2008).

For most of the mass spectrometry experiments described in this thesis, a MALDI-
TOF/TOF instrument was used (figure 8C). For peptide ionization with MALDI, a
peptide sample is usually co-crystallized with the matrix compound a-cyano-4-
hydroxycinnamic acid on a MALDI-target. In the vacuum of the instrument, laser
light pulses produce clouds of mainly matrix ions and analyte molecules. Within a
cloud, the charge of the matrix ions gets transferred to the analyte, producing
analyte ions which are mostly +1 charged. The ions are extracted into the flight
tube for TOF or TOF/TOF analysis. Because the ions in the cloud compete for
charge from the matrix ions, a sample containing more different analytes will yield
lower intensities in the mass spectrum, a phenomenon called ion suppression. To
reduce the ion suppression effect, peptide samples can be separated by reversed
phase LC (figure 8A) into very small volume fractions, which are directly spotted
onto a 192 well MALDI-target (figure 8B).

During MS analysis with a MALDI-TOF/TOF instrument, ionized peptides with a
broad range of masses (as defined by the user) enter the flight tube and reach the
detector, resulting in an MS spectrum. For an MSMS spectrum, ionized peptides
are again produced from the same sample on the MALDI-target, but this time just
one (peptide) precursor ion from the original MS spectrum is selected by the timed
ion selector (TIS) for fragmentation in the first part of the flight tube and MSMS
analysis in the second part of the flight tube. Because the sample is preserved in
dry form on the MALDI-target, MSMS analyses do not need to follow MS
analysis directly. MSMS (or MS) analyses can also be repeated on the same
sample on the MALDI-target (provided there is enough material left on the target).
The nano-LC system and the mass spectrometer do not need to be directly coupled
either, so the complete instrument setup is also being referred to as offline-LC-
MALDI-TOF/TOF.

MS fragmentation in a MALDI-TOF/TOF instrument is mediated by collision
induced dissociation (CID), which causes peptides to preferentially fragment at
their peptide bonds. Most of the times, there is just one fragmentation event per
peptide molecule, so the resulting fragments are pieces of the peptide from either
end, and the difference in mass between them corresponds to one or several amino
acid residues, thus providing sequence information about the peptide. However,
fragmentation is not limited to the peptide bond, and it is normally not possible to
‘read off” the peptide sequence or parts of it manually from the MSMS spectrum.
Automated identification of peptides by programs such as Mascot (Perkins et al.,
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1999) and SEQUEST (Yates et al., 1995) is based on an empirically determined
set of fragmentation rules (Paizs and Suhai, 2005).
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Figure 8. Offline-LC-MALDI-TOF/TOF. A: Reversed phase nano-LC to
separate a peptide sample. After initial binding of peptides to the trap
column, they are subsequently separated on the reversed phase separation
column by gradient elution at low flow rates delivered by the nanopump.
B: The fractions resulting from LC separation are directly collected on a
MALDI target. C: Schematic representation of a MALDI-TOF/TOF
instrument, the 4700 Proteomics Analyzer from former Applied
Biosystems (currently AB Sciex).

Concerning the mass spectrometry of crosslinked peptide samples, the
interpretation of MSMS spectra of type 2 crosslinks is even more difficult.
Fragment series from four ‘ends’ of this type of molecule can exist in the same
spectrum, and there are additional fragments and in some cases rearrangements in
the gas phase that are caused by the crosslinker (King et al., 2008; Santos et al.,
2011). Moreover, high quality MSMS spectra are often difficult to obtain, because
the intensity of the precursor crosslink peak in the MS spectrum is usually very
low compared to unmodified peptide peaks. The low intensity of crosslink peaks
can be largely attributed to their low abundance in the sample, but the ionization of
crosslinked peptides may also be less efficient than that of unmodified peptides.
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3.4 Data analysis — identifying crosslinks

Most of the recent progress in the field of crosslinking mass spectrometry has been
driven by the development of software that can handle mass spectrometric data
from crosslinking experiments. Whereas intelligent software for the mass
spectrometric identification of non-crosslinked peptide samples was developed
more than a decade ago (Perkins et al., 1999; Yates et al., 1995), widely applicable
software for the analysis of crosslinking mass spectrometry data is only just
emerging (Fabris and Yu, 2010; Gotze et al., 2012; Mayne and Patterton, 2011;
Rasmussen et al., 2011). The challenge of the identification of in particular type 2
crosslinks lies in the vast theoretical search space that needs to be considered
(Rinner et al., 2008). Whereas the number of theoretical unmodified peptides only
linearly increases with the length of the sequences of the proteins digested, the
combinatorial increase of the number of theoretically crosslinked peptides from a
crosslinked protein sample is much faster; ie. so fast, that the number of
theoretically possible crosslink combinations from 30 crosslinked proteins, has the
same order of magnitude as a theoretical tryptic digest of 100,000 proteins (the
proteome of an organism for example) (Panchaud et al., 2010).

Most of the available programs were designed for specific experimental methods,
and some of them require non-crosslinked control samples, isotope-labelled
proteins or isotope-labelled crosslinking reagents (Mayne and Patterton, 2011).
Other important differences between programs include whether the crosslink
identification is based on MS and/or MSMS data, whether the crosslinked residues
within the crosslink can be identified, and whether identified crosslinks receive
some kind of score, allowing evaluation of the identification. Especially for very
complex samples, for which a vast search space needs to be considered,
sophisticated scoring functions are a prerequisite for the confident identification of
crosslinks, and MSMS data need to be the basis for identification. Even for simple
systems with only a few proteins, unambiguous assignment of a candidate
crosslink peak in an MS spectrum to one particular combination of two peptides
that got crosslinked is often not possible, because the mass matches to several
combinations of peptides. The frequency of ambiguity in matching candidate
masses is of course decreased when the data can be analyzed with lower tolerance
settings, indicating the benefit of mass spectrometry data with high accuracy.

In the work described in this thesis, crosslinking experiments were conducted with
at most 3 different proteins. The software FINDX was developed to support
crosslink identification in these low-complexity systems, in a workflow with
offline-LC-MALDI-TOF/TOF (papers 111, IV). Crosslink identification by FINDX
is based on initially matching experimental masses from MS data to theoretically
possible crosslinks for the user-defined proteins, followed by validation of the
crosslinks by the analysis of MSMS data, as described in more detail in the next
chapter.

32



3.5 Interpretation of detected crosslinks

After the identification of crosslinks from crosslinked protein samples, the
crosslinks should be placed in the context of the protein structure or protein-
protein interactions. In case of homooligomeric complexes, it is not possible to
know for a given type 2 crosslink whether it is linking two peptides from the same
subunit (intra-monomeric), or from two different subunits (inter-monomeric). This
information can be obtained from a MIX experiment with mixed heterooligomers
containing 50% unlabeled and 50% '°N-isotope-labelled protein (Taverner et al.,
2002). An intra-monomeric crosslink will yield two mass peaks (corresponding to
the '“N-""N and the ""N-""N isotopic forms), whereas an inter-monomeric crosslink
will yield four mass peaks (corresponding to the '“N-"*N, "N-""N, "N-"N, and
PN-PN isotopic forms). *N-isotope-labelling is also useful in determining which
crosslink match is correct in case of several candidate alternatives with the same or
similar mass, because the different candidate alternatives may not have the same
PN-isotope-labelled mass.

Another potential issue when interpreting identified crosslinks is that the detected
crosslinks do not necessarily reflect the majority of the population of protein
molecules in the sample. Unless specifically designed to be so, mass spectrometry
experiments are not quantitative, and the detection of an analyte means that it was
present in the sample, but the absence of a signal does not necessarily mean that
the analyte was absent in the sample. There are many factors that determine
whether a crosslink is successfully identified, given its presence in the protein
sample. First of all, enzymatic digestion of the crosslinked protein has to go to
completion, which may be more difficult for crosslinked proteins than for native
proteins. Secondly, the crosslink to be detected has to be MS-compatible— not too
small and not too large, and ionisable (in this thesis by MALDI). Thirdly, it should
give high quality MS and MSMS-data, and finally, it should be identified by the
software. From crosslinking mass spectrometry studies on proteins with known
structures, it is known that the number of detected crosslinks lies far below the
number of expected crosslinks based on the proximity of crosslinkable residues in
the protein structure (Leitner et al., 2010).

Despite this ‘under-sampling’ of crosslinks that currently still is inherent to the
method, some impressive studies have already shown that it is possible to obtain
new insights by crosslinking mass spectrometry. Examples are studies on the
Ndc80 complex (Ciferri et al., 2008; Maiolica et al., 2007), the GroEL-GroES
system (Trnka and Burlingame, 2010), and RNA polymerase I (Chen et al., 2010).
Another complex, AKAP79, was investigated by a combination of native mass
spectrometry and crosslinking mass spectrometry (Gold et al., 2011), convincingly
demonstrating the strength of crosslinking mass spectrometry in hybrid structural
biology approaches.
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3.6 Complementary structural biology techniques

The major advantages of crosslinking mass spectrometry include its speed,
sensitivity, and compatibility with large complexes. In addition, the proteins
investigated are in solution, and under native conditions. However, the structural
information from crosslinks is of rather low resolution (depending on the length of
the crosslinker), and the yields are typically quite low so far. Therefore, the
method is well suited to combine with other structural biology techniques to study
proteins, some of which will be briefly mentioned here.

Protein X-ray crystallography is superior to most other structural biology methods
in terms of resolution — atomic coordinates are the final result of this method
(Drenth, 2007). However, diffracting crystals needed for structure determination
can be difficult to obtain and generally require large amounts of highly purified
protein. Once at the stage of diffracting crystals, structure determination can still
not be guaranteed to be successful. Inherent to the method, is the perfect
homogeneity of the determined protein structure, because crystals are made up of
‘endlessly’ repeating units. Therefore, heterogeneous samples (as more often the
case for larger proteins/protein complexes) are less suitable for crystallography,
even though a homogeneous subpopulation of the samples could be crystallized
and structurally determined.

In the field of protein NMR, NMR spectroscopy can be used to deduce structural
information based on the magnetic properties of atomic nuclei, but also protein
dynamics can be studied by this method (Berg, 2012). NMR studies can provide
atomic resolution, but is even more than X-ray crystallography limited to smaller
proteins. To study protein-protein interactions, isotope-labelling with “D, "C
and/or "N is usually required. EPR spectroscopy is similar to NMR in its basic
physical concepts, but is based on the spin properties of unpaired electrons.
Unpaired electrons are not normally present in stable biomolecules such as
proteins, but can be introduced by non-reactive radical reagents that have been
specifically designed for the purpose of spin-labelling biological samples.

Electron microscopy is the only microscopy technique that can approach the
resolution needed to see details of proteins and protein complexes (Zhou, 2008).
To obtain a high resolution, single particle analysis is applied to transmisson
electron microscopy (TEM) images of tens of thousands of protein particles. For
the selection of particles, they need to have sufficient contrast, which is more
easily obtained for larger protein complexes. In cryo-electron microscopy, the
particles are suspended in vitreous ice at very low temperatures, which keeps the
proteins in their native state in solution, and limits radiation damage. Even better
contrast is obtained by negative staining, but the stain may effect the native protein
conformation. After taking images of tens of thousands of protein molecules
deposited on carbon-coated grids, particles are manually or automatically selected
for further image processing. The particles are categorized into different groups,
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representing different views (orientations) of the molecule. The higher the
symmetry of the particle (as for instance in the case of homooligomeric protein
complexes), the fewer groups of different views are needed to characterize the
particle. The different views together are used to reconstruct a 3D model of the
particle. In paper II in this thesis, single particle negative stain EM has been used
to reconstruct a 3D model of Hsp21. Whereas single particle EM is traditionally
used to study a homogeneous population of particles, advancements in image
processing have allowed the separation of different particles (such as the same
protein in different conformations) in a heterogeneous population (White et al.,
2004).

Multiangle light scattering (MALS) experiments can provide the molar mass and
the average size of particles in solution, whereas measuring how particles scatter
X-rays (SAXS) or neutrons (SANS) at small angles provides structural
information of a resolution in the nanometer range (Putnam et al., 2007). The
shape or even the overall fold can be determined by SAXS for particles of between
5 and 25 nm, but this requires a very homogeneous sample.

In absence of structural information of atomic resolution, models of protein
structures can be constructed based on sequence homology to proteins with a
known structure, as sequence homology usually means that the protein fold has
been conserved throughout evolution. Homology modelling based protein
structures can subsequently be fit into lower-resolution models from for instance
EM or SAXS studies. Especially large protein complexes consisting of many
subunits, are very difficult to study by X-ray crystallography, but much better
suited to study by EM or SAXS. High-resolution structures of the subunits,
obtained by crystallography or homology modelling, can subsequently be docked
into the model of the complex (as for instance in paper II). Distance constraints on
how the subunits connect within the complex form important complementary
information, and they can be provided by for example crosslinking mass
spectrometry experiments.

MS-based structural biology techniques include crosslinking mass spectrometry,
but other strategies have also recently developed into high potential methods for
structural studies of proteins (Stengel et al., 2012). As already briefly touched
upon in the sections about the oligomeric structure and dynamics of small heat
shock proteins, the mass spectrometry of intact protein assemblies, ‘nano-ESI
MS’, or ‘native MS’, allows studying protein complexes intact in the mass
spectrometer (Heck, 2008; Hernandez and Robinson, 2007). Adapted and
optimized parameters and conditions in typically ESI-Q-TOF instruments can
prevent the dissociation of non-covalently bound subunits and help to retain the
native protein complex structure in the instrument. After initial mass
measurements of the intact complex, controlled dissociation can be induced by
collisional activation of the complex, to interrogate subunit connectivity, in
analogy to the MSMS fragmentation of peptides. Different pathways of complex-
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into-subunits dissociation reveal the topology of the complex. The possibilities to
study intact protein complexes with native MS, are further extended by coupling
ion mobility separation (IM) to MS. A particular strength of native MS is its use to
heterogeneous systems; unlike NMR, EM, and SAXS, which measure average
properties of all molecules, native MS can be exploited to characterize
polydisperse ensembles such as aB-crystallin (Baldwin et al., 2011b), as
mentioned the previous chapter about small heat shock proteins.

In addition to crosslinking mass spectrometry and native MS, affinity purification
(AP) and subsequent ‘classic’ mass spectrometric analysis of the purified
components form a powerful tool to study protein complexes and protein-protein
interactions (Stengel et al., 2012), even though topological information is very
difficult to deduce. Another application of mass spectrometry to structural biology,
is by measuring hydrogen/deuterium exchange patterns of peptides. Deuterated
peptides indicate solvent exposed regions in the protein, because backbone
hydrogen atoms involved in hydrogen bonding within the protein do not get
deuterated. Figure 9 compares some of the structural biology techniques
mentioned here with respect to resolution and sample requirements.
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Figure 9. A rough comparison of different structural biology techniques in
terms of obtained resolution and protein sample requirements. The y-axis
represents the need for a heterogeneous sample. The grayscale of the bars
with the different techniques gives an indication of how much protein is
needed, with darkest gray for most protein needed. The figure was adapted
from http://en.wikipedia.org/wiki/Biological small-angle scattering.
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4 Crosslinking studies on Hsp21
(this work)

The biggest secret of the small heat shock protein chaperones is how they
molecularly they protect their substrate proteins from aggregation. Despite our
increased understanding of the general structural features, the polydispersity, and
dynamic nature of sHsps, the exact mechanism of substrate recognition remains
poorly understood. This is why the crosslinking mass spectrometry studies on the
small heat shock protein Hsp21 described in this thesis were initiated, with the
final aim of characterizing the interaction of Hsp21 with model substrate proteins.
Crosslinking mass spectrometry as an emerging technique in structural biology
still suffers from some technical issues, but the low amounts of sample required,
high tolerance to heterogeneous samples, and the (potential) speed of analysis
were all reasons to select this approach to investigate the Hsp2l-substrate
interaction.

In an initial trial, the crosslinking reagent DTSSP was used to crosslink Hsp21 and
the model substrate protein CS. Crosslinks could be identified with a straight-
forward approach using MALDI-TOF MS without prior peptide sample separation
by nano-LC (paper I). With detected crosslinks within Hsp21 and between Hsp21
and the model substrate protein, the need for a structural model of Hsp21 for the
interpretation of crosslinks led to homology modelling and single particle negative
stain EM studies on Hsp2l (papers I and II). The Hsp21-Hsp21 crosslinks
identified in the first study (paper 1) all fitted the proposed structure model of
Hsp21 (paper II). To improve the yields and speed up the data analysis of the
crosslinking mass spectrometry approach, dedicated software was developed to
handle mass spectrometry data from nano-LC separated samples, and was further
optimized for crosslinking with isotope-labelled BS® (paper IV). The reason for
the preferred use of BS® over the disulfide-bond containing reagent DTSSP is that
DTSSP crosslinks can potentially scramble after digestion, leading to false
positives, depending on the presence of free cysteine residues in the protein
sample. This problem was addressed in paper III, where both Hsp21 and the
mammalian sHsp aB-crystallin were crosslinked, in presence or absence of model
substrate proteins. Especially MDH has many cysteine residues inducing
scrambling, so the optimized crosslinking mass spectrometry workflow with the
reagent BS® was applied to the interaction between Hsp21 and MDH (paper V).
The results of papers I-V will be discussed in more detail in the following sections.
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4.1 Oligomeric structure of Hsp21

To characterize the structure of Hsp21, a combination of homology modelling,
native MS, single particle negative stain EM, and crosslinking mass spectrometry
resulted in a structure model of the Hsp21 dodecamer (papers I and II). Sequence
homology analyses predict that all plant sHsps, including Hsp21 from A. thaliana,
are built up of dimeric building blocks with architectures as in wheat Hsp16.9. Of
the available sHsp crystal structures, wheat Hsp16.9 also has the highest sequence
similarity to Hsp21. Therefore, an homology model of the Hsp21 dimer was
constructed based on the wheat Hsp16.9 dimer (paper 11, p. 293, figure 2).

The oligomeric state of Hsp21 was determined to be dodecameric by native MS
(paper I, p. 1466, figure 1). Crosslinking Hsp21 by DTSSP also captures a
dodecamer, as revealed by SDS-PAGE (paper I, p. 1467, figures 3 and 4). By
negative stain EM, single particles of both native and crosslinked Hsp21 could be
visualized, which matched a dodecameric state in size (paper 1, p. 294, figure 3).
Because the samples for both native MS and negative stain EM were prepared at
room temperature, it cannot be excluded that higher oligomeric species form at
increased temperatures. Wheat Hspl6.9, which was crystallized in its native
oligomeric state (Van Montfort et al., 2001b), is dodecameric, and so is another
plant sHsp, Hsp18.1 from pea. However, Hsp18.1 was shown by native MS to
change from a homogeneous dodecamer to heterogeneous higher oligomers upon
raising the temperature (Stengel et al., 2010). Hsp21 samples crosslinked at 25°C
and 47°C were analyzed by SDS-PAGE, in absence and in presence of substrate
(paper I, p. 1467, figures 3 and 4). In some lanes, extra material appears to not
have entered the gel for the 47°C samples, which can be interpreted as higher
oligomers. Interestingly, the presence of substrate at 47°C seems to have the
largest effect on the oligomeric state of Hsp21. The band corresponding to a
dodecamer disappears under these conditions (paper I, p. 1467, figure 4).

The structure of oligomeric Hsp21 was further characterized by single particle
averaging of negative stain EM images of Hsp21 particles, resulting in an image
reconstruction of the dodecamer (paper 11, p. 295, figure 4). The dimeric subunits
are organized in rings of three dimers, two of which are stacked to form the
dodecamer. Despite the low resolution, an atomic model based on homology
modelling to Hsp16.9 was docked into the density map, which required rotating
the two rings with respect to each other (paper II, p. 296, figure 6). Even though
the particles selected for the image reconstruction were of homogeneous size, the
rotated conformation could also indicate some degree of heterogeneity,
considering the current understanding of sHsp dynamics. However, the resolution
limits further conclusions on the atomic structure of the dodecamer. Yet, the
current structure model of Hsp21 has been very helpful for the interpretation of
crosslinking mass spectrometry data (see below).
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4.2 The crosslinked Hsp21 dodecamer

Three-dimensional images based on single particle negative stain EM were
constructed for both the native and the crosslinked dodecamer, revealing a much
more compact structure of the crosslinked dodecamer than the native conformation
(paper 11, figure 5, p. 296). The image reconstruction of crosslinked Hsp21 has
extra density on the inside of the two rings, which probably represents crosslinked
N-terminal regions. The image reconstruction of the expanded native Hsp21 even
lacks connectivity for one end of each of the six dimers, as if every other monomer
is ‘protruding out’, so the atomic model of the Hsp21 dodecamer was docked into
the crosslinked dodecamer. The protrusions of the native conformation may also
reflect some degree of heterogeneity of the particles, considering the reported
dynamic subunit exchange of sHsps (section 2.3). Although the crosslinked
dodecamer cannot dissociate (as shown by SDS-PAGE in paper I, figure 3, p.
1467), it can still suppress thermo-induced aggregation of MDH, when assayed by
light-scattering measurements of MDH aggregation (figure 10). Because very few
crosslinks are required for keeping together the dodecamer, at least some of the 12
flexible N-terminal regions and the 12 flexible C-terminal extensions, as well as
other sites suggested to potentially be substrate-binding (Van Montfort et al.,
2001b), could still be available for partially unfolded substrate.
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Figure 10. Crosslinked Hsp21 protects MDH from aggregation. Light-
scattering assay analogous to figure 1 in paper V (p. 3). The numbers in
the legend refer to uM concentrations of crosslinked Hsp21 (Hx) and
MDH (M). At 45°C, MDH alone (0/10 — light gray) starts aggregating
after 1 hour. At molar ratios of Hx/M of 1 and higher (10/10 — dark gray
and 30/10 — black), MDH aggregation is almost fully suppressed.
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4.3 Crosslinks within Hsp21

Crosslinking experiments on Hsp21, where crosslinks were identified on the
peptide level by MALDI-TOF/TOF mass spectrometry, are central to this thesis.
Therefore, it seems appropriate to give an overview of all crosslinks identified
within Hsp21 in papers I, III, IV, and V (table 1). This table actually reflects the
problem of reproducibility with crosslinking mass spectrometry as a technique.
Out of the 35 listed Hsp21-Hsp21 crosslinks only six were identified in all five
cases. Replicates crosslinked and processed with the same protocol for nano-LC
and MALDI-TOF/TOF, do not result in the same lists of identified crosslinks, as
illustrated by the variation in the number of observations shown in table 2 of paper
V (p. 6). The values shown in this particular column refer to the number of
observations out of 17 similar datasets in total, of which eight datasets are
reproductions of basically the same original sample.

The crosslinks reported in papers III and IV were all confirmed by MSMS
fragmentation spectra. The crosslinks identified in papers I and V based on MS
data only, were subjected to more selective criteria. In paper I, where crosslinking
mass spectrometry was first implemented, the lack of high-quality MSMS data can
be attributed to the fact that the samples were not separated by nano-LC prior to
mass spectrometric analysis. This results in a very high sample complexity per
acquired MS spectrum, which causes low peak intensities due to ion suppression,
and which makes it difficult to exclusively select one precursor ion for MSMS
fragmentation. In paper V, high-quality MSMS spectra could only be obtained for
some of the Hsp21-Hsp21 crosslinks (data not shown). Because all samples in
paper V were separated by nano-LC, ion suppression was much less of a problem
here, compared to in paper I. However, still no good MSMS data could be
obtained for all Hsp21-Hsp21 crosslinks in the samples containing both Hsp21 and
MDH, because the peak intensity in the MS spectra of many of the crosslinks was
very low, despite the efforts of optimizing both nano-LC separation and the data
analysis software, as described in paper IV.

Both the low reproducibility and the difficulties of obtaining high-quality MSMS
data for Hsp21-Hsp21 crosslinks in presence of another protein indicate that the
abundance of many of the crosslinks is low compared to the limit of detection of
the crosslinking mass spectrometry workflow used. So, the absence of peaks
matching crosslinks in the MS spectra does not necessarily mean that this
crosslink is absent in the sample, but that it could simply not be detected. Actually,
when a certain crosslink was detected in for example 4 samples out of 17 by
automatic data analysis, it was often the case that the corresponding peak was also
observed in other samples by manual inspection of the MS-spectra, but of too low
intensity to pass the filters set for peak picking.
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Table 1. Hsp21-Hsp21 crosslinks identified in papers I, I1I, IV, and V.

Mass crosslink (Da) Matched sequence Residue Paper
BS’ DTSSP 1 2 I I IV "V- V+

®

1491.668 1527.581 MI1-R5 MI1-R5 1
2385.169 2421.082  MI-R5 G19-R32 1
2438.166 2474.079  MI-R5 A84-K96 1
2014.933 2050.845 M1-R5 E90-R98 0
2180.037 2215950  MI-R5 F99-K110 0
2485.297 2521.210  MI1-RS I111-K125 1
2095.899 2131.812  MI-R5 K126-R136 0
1758.942 1794.855 M1-R5 D154-K161 0
1515.821 1551.733 MI1-R5 I156-K161 1
2357.290 2393.203 M1-R5 A158-K171 0
1446.738 1482.650  MI-R5 T172-R176 1
1574.832 1610.745 M1-R5 T172-K177 0
1756.927 1792.840  MI-R5 K177-Q184 1
2141.140 2177.053 MI1-R5 V174-Q184 0
3128.582 3164.495  E6-K27 T172-R176 0
2297.196 2333.109 GI19-R32  GI122-K126 27 125 O
2211.185 2247.098 GI19-R32 DI154-K157 27 155 O
2340.238 2376.151 GI19-R32  TI172-R176 27 173 0
3042397 3078310 A84-K96 KI126-R136 89 126 O
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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173
173
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3591.819 3627.732 A84-R98 L145-K157 89 153
2393.235 2429.148 A84-K96 TI172-R176 89 173
2619.160 2655.073 E90-R98 KI126-R136 96 126
2880.554 2916.467 E90-R98 A158-K171 96 161
1970.002 2005915 E90-R98  TI172-R176 96 173
2098.097 2134.010 E90-R98  TI172-K177 96 173
2092.060 2127.973 F99-K110 G122-K126 106 125
2833.543 2869.455 F99-K110 NI162-K173 106 171
2440366 2476.279 I111-K125 T172-R176 121 173
2379.205 2415.118 G122-K126 M97-K110 125 106
2269.320 2305233 G122-K126 A158-K171 125 16l
1668.954 1704.867 G122-K126 K177-Q184 125 177
2050.968 2086.881 KI126-R136 TI172-R176 126 173
1272.753 1308.666 DI154-K157 TI172-R176 155 173
1400.848 1436.761 DI154-K157 T172-K177 155 173
1470.890 1506.802 1156-K161 TI172-R176 157 173 1 1 1 1 1

O == O OO = OO0 OO O O O e e O e e e e e e
O = O O === O = OO0 O =000 OO O e e e e e e
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— et O = O e = O = = OO = OO e e e O e e O e e e O = O e e

* Crosslinks identified in paper I were only included here if also identified
elsewhere, because of the quite different workflow in paper 1. ® Crosslinks
identified in paper V were categorized into crosslinks found in absence (-) and in
presence (+) of the model substrate protein MDH.
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Even though an undetected crosslink may not always mean the absence of this
crosslink in the sample, all crosslinks that were detected and convincingly
identified certainly indicate the presence of those crosslinks in the sample.
Accordingly, all Hsp21-Hsp21 crosslinks identified match the proposed
dodecameric structure model, at least the part that was modelled, i.e. the a-
crystallin domain and the C-terminal extension. Based on the crosslinker length,
the allowed distance between two Co atoms of lysine residues involved in a
crosslink is around 20 A, and this was found to be the case for the lysine pairs of
the identified crosslinks. This is illustrated in paper II with the Hsp21-Hsp21
crosslinks in table I (p. 297), which were mapped into the structure in figure 7 (p.
298). In paper 111, the crosslinks in table II (p.1687) were also shown to fit the
structure (figure 4, p. 1688), as well as in paper IV, where the crosslinks in table 1
(p. 4) were mapped into the structure in figure 4 (p. 6). Some Hsp21-Hsp21
crosslinks in paper V had not previously been detected, but for those that involve
lysine residues in the a-crystallin domain and the C-terminal extension, the
distance of the lysine residues in the structure was also within the length of the
crosslinker used (not shown).

Many of the identified Hsp21-Hsp21 crosslinks involve residues 1, 18, or 27,
which are in the N-terminal region of Hsp21. Because of the predicted disorder
and the low sequence homology to the wheat Hsp16.9 template of the N-terminal
region, this region was not included in the structure model. Therefore, the
crosslinks involving the N-terminal region could not be mapped into the structure.
Since the N-terminal region is very flexible and most probably intrinsically
disordered (Uversky et al., 2009), it can be imagined to reach just about any lysine
residue of Hsp2l, on the same monomer, or on another monomer in the
dodecamer. Whether an identified Hsp21-Hsp21 crosslink is a crosslink within the
same monomer or between monomers, cannot be concluded from the data, unless,
different monomers carry different isotope labels. To facilitate the interpretation of
Hsp21-Hsp21 crosslinks, some experiments were conducted with "“N-isotope-
labelled Hsp21, as described in the next section.

4.4 Intra- and inter-monomeric Hsp21 crosslinks

Even if a mass in the MS spectrum unambiguously matches a crosslink involving
two particular peptides, it is not always possible to know exactly which lysine
residues in the structure of Hsp21 are the ones crosslinked. The reason for this is
that Hsp21 is a homooligomer of 12 monomers, so a crosslink can either involve
two lysine residues in the same monomer, or in two different monomers. Most of
the Hsp21-Hsp21 crosslinks involving the a-crystallin domain and the C-terminal
extension, that were directly mapped into the structure, could be mapped within
the Hsp21 dimeric building block, and most of the times it was obvious whether
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this was within one monomer or between the two monomers of the dimer.
However, for crosslinks involving residues 1, 18, or 27 of the N-terminal region, it
was not at all obvious whether these would be crosslinks within or between
monomers, so a crosslinking experiment with a mixture of unlabelled and "N-
isotope-labelled Hsp21 was conducted to distinguish the two.

Because of the dynamic subunit exchange of sHsp oligomers, heterooligomers
containing both unlabelled and '*N-isotope-labelled Hsp21 monomers form after
some time upon mixing unlabelled and "N-isotope-labelled Hsp21 preparations.
After one hour at room temperature, unlabelled and "“N-isotope-labelled Hsp21
monomers had not completely mixed yet (based on the '“N/"°N isotope pattern
described below; data not shown), but one hour at 37°C was enough to complete
heterooligomer formation. When adding the crosslinking reagent to completely
mixed heterooligomers, crosslinks will form within and between unlabelled and
PN-isotope-labelled Hsp21 monomers. Now, a hypothetical crosslink between
peptide 1 (pepl) and peptide 2 (pep2), can be determined to be intra- or inter-
monomeric, because it will give rise to either 2 or 4 mass peaks, respectively
(figure 11).

Intra-monomeric crosslink Inter-monomeric crosslink
dlgestlon dlgestlon

MS MS
“Npep1- '“Npep1- "®Npep1- 'Npep1-
"“Npep1-"Npep2  "*Npep1-'®Npep2 1“IE)lprZ 15l3p2p2 1“li)lpzpz 15l?1p2p2

Figure 11. Heterooligomers of '*N- and "’N-labelled Hsp21 to distinguish
intra- and inter-monomeric crosslinks. For clarity, Hsp21 oligomers are
represented by 6 subunits. Only a selection of possible heterooligomers is
shown. A: An intra-monomeric crosslink between peptide 1 (pepl,
squares) and peptide 2 (pep2, triangles) will yield 2 mass peaks: '*N-pep1-
14N-pep2 and 15N-pepl-lSN-pepZ. B: An inter-monomeric crosslink
between these peptides will yield 4 mass peaks: '*N-pep1-"*N-pep2, "“N-
pepl-"N-pep2, "N-pep1-"*N-pep2, and the *N-pep1-""N-pep2 crosslink.
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Examples of the MS spectra of an intra- and inter-monomeric Hsp21-Hsp21
crosslink are given in paper IV (figure 3, p. 5). In this way, it was possible to
determine for most of the identified Hsp21-Hsp21 crosslinks in paper IV whether
they are intra- or inter-monomeric (paper 1V, table 1, p. 4, last column). Most of
the Hsp21-Hsp21 crosslinks involving the a-crystallin domain and the C-terminal
extension were intra-monomeric. A crosslink that connects two monomers of the
dimeric building block was inter-monomeric, according to its “N/PN isotope
pattern. A frequently observed crosslink between lysine residues 157 and 173
(mass 1470.890 Da with BS® and 1506.802 Da with DTSSP), was in paper 1V
shown to be intra-monomeric by its '*N/'°N isotope pattern, even though it was
previously interpreted as an inter-monomeric crosslink (paper I, figure 7, p. 1473).

Most of the Hsp21-Hsp21 crosslinks involving the N-terminal region were inter-
monomeric, based on their *N/"°N isotope patterns. It seems plausible that the
highly flexible N-terminal arm is just as likely to crosslink to a residue on the
same monomer as on a different monomer, also because all lysine residues other
than 1, 18, and 27 are far away in primary sequence. There are also inter-
monomeric crosslinks between two N-terminal regions, which fits well to the
observed extra density in the EM image reconstruction of the crosslinked Hsp21
dodecamer.

4.5 Crosslinks within aB-crystallin

In paper III, crosslinks within another sHsp, aB-crystallin, were identified and
mapped into the structure (table II, figure 4). The available crystal structures of
aB-crystallin do not include atomic coordinates for the N-terminal region and the
C-terminal extension, so only crosslinks involving residues in the a-crystallin
domain could be mapped. The distance between the lysine pairs of the identified
crosslinks that were mapped was within 20 A.

When using the crosslinking reagent DTSSP, aB-crystallin has the advantage that
it does not contain any cysteine residues. DTSSP contains a disulfide bond, and
the presence of free cysteine residues can induce scrambling of crosslinks after
digestion, as described in paper III. For aB-crystallin no scrambling of identified
crosslinks was seen in the isotope patterns, whereas for Hsp21 with one cysteine
residue, some of the identified crosslinks could in part or completely be ascribed
to disulfide bond scrambling. The proportion of false positive crosslinks caused by
disulfide bond scrambling was highest for samples including MDH, which has 8
cysteine residues. Because MDH was selected as model substrate to investigate the
Hsp21-substrate interaction in paper V, the crosslinking reagent BS® (without a
disulfide bond) was used in papers IV and V.
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4.6 Hsp21 chaperone function

The chaperone activity of Hsp21 towards the model substrate proteins CS and
MDH was investigated in papers I and V. In absence of Hsp21, both CS and MDH
aggregated when incubated at 47°C for 20 minutes, and after centrifugation the
aggregated protein was recovered in the pellet (paper I, figure 2, p. 1466). In
presence of 12 times molar excess Hsp21, no protein was found in the pellets, so
Hsp21 had protected CS and MDH from aggregation. The Hsp21 chaperone
activity towards MDH was also determined by light-scattering in paper V (figure
1, p. 3), and similar data were recorded for Hsp21 chaperone activity towards CS
(not shown).

For relatively short incubation times at aggregation-inducing temperatures, the
interaction between Hsp21 and CS is reversible (paper V, figure 2, p. 3). This
supports a model of sHsp chaperone based on transient interactions that take place
as a result of subtle and initial changes in the conformation of CS. Even under
conditions where CS would not aggregate (at 25°C), there appears to be an
interaction between Hsp21 and CS, because the presence of equimolar amounts of
CS changed the appearance Hsp21 on SDS-PAGE (paper I, figure 4, p. 1467). In
presence of equimolar amounts of CS at 47°C, the Hsp21 oligomers disappeared
completely, and instead, the crosslinker captured larger complexes (presumably
consisting of Hsp21 and CS), which do not enter the gel.

The crosslinking mass spectrometry workflow based on crosslinking with BS®,
nano-LC MALDI-TOF/TOF mass spectrometry, and data analysis with the
program FINDX, as described in papers III and IV, was developed to study the
transient interactions between Hsp21 and model substrate proteins. In paper V,
Hsp21 was crosslinked to MDH under conditions where Hsp21 protects MDH
from aggregation. Paper I describes how Hsp21 was crosslinked to CS in the
initial trials to explore the possibilities of crosslinking mass spectrometry to probe
the Hsp21-substrate interaction. The identified crosslinks between Hsp21 and the
model substrate proteins in papers [ and V will be discussed in more detail below.

4.7 Crosslinks between Hsp21 and model
substrate proteins

In paper V, Hsp21 was crosslinked to a model substrate protein, and analyzed with
a workflow that was in several aspects improved compared to the initial trials
described in paper I. The Hsp21-substrate crosslinks suggested in paper 1 will
therefore not be discussed as much as those identified in paper V. Crosslinking
Hsp21 and CS with DTSSP (paper 1), as well as crosslinking Hsp21 and MDH
with BS® (paper V), resulted in higher molecular weight bands on SDS-PAGE
(paper 1, figure 4, p. 1467 and paper V, figure 4, p. 5). The conditions under which
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Hsp21 was crosslinked to the model substrate are the same: Hsp21 and the model
substrate were incubated at a temperature that induces aggregation of the model
substrate in absence of Hsp2l, and for only a short time during which the
interaction between them is still reversible.

In paper I, the first attempts were made to apply crosslinking mass spectrometry to
explore Hsp21-substrate interactions. Here, non-isotope-labelled DTSSP was used,
excluding to possibility to monitor potential disulfide scrambling (as described in
paper III). In addition, the complex tryptic digests of crosslinked samples were
analyzed without prior fractionation and only MS data were acquired. The data
were analyzed with GPMAW (Peri et al., 2001). Even though all peaks present in
mass spectra of samples without DTSSP and with DTT were subtracted from the
peak lists (paper I, figure 5, p. 1468), not all possible matches to experimental
masses were taken into consideration when the assigning crosslinks to
experimental masses.

The factors mentioned above explain why some of the suggested crosslinks in
paper I (named ‘dipeptides’ in paper I) are most likely false positives. However,
many of the Hsp21-Hsp21 crosslinks in paper I (table 2) are valid and were also
confirmed in the other papers, as shown in table 1 in section 4.3. Concerning
Hsp21-CS crosslinks, it is difficult to say which and how many of these represent
true crosslinks that were formed during the interaction between Hsp21 and CS.
Regardless of this, a general interpretation of these data is that both the interacting
residues of Hsp21 and CS are quite much spread out over the both molecules
(paper I, table 3, p. 1471 and figure 8, p. 1474). Taking into account previously
reported data on the Hsp21-CS interaction by peptide array screening, which
indicated preferential binding of Hsp2l to the thermo-sensitive stalk of CS
(Ahrman et al., 2007a), it is interesting to note that this part of CS is exclusively
involved in crosslinks to the N-terminal residue M1 of Hsp21 (paper 1, figure 8, p.
1474).

In paper V, 10 crosslinks between Hsp21 and the model substrate MDH were
identified (table 1, p. 6). These crosslinks involve only 3 residues of Hsp21: M1,
K27, and K173. Two of these, M1 and K173 are also overrepresented in Hsp21-
Hsp21 crosslinks, and as discussed in more detail in paper V, crosslinks involving
these residues may rather reflect favourable properties of these residues (amine
reactivity) and the peptides containing them (compatibility with MS detection by
MALDI), than preferential crosslinking of MDH to these residues. On the
contrary, K27 is not particularly abundant in Hsp21-Hp21 crosslinks, so its
presence in the relatively few Hsp21-MDH crosslinks identified may well indicate
preferential interaction of MDH to the N-terminal region of Hsp21.

The abundance of the Hsp21 residues involved in crosslinks is extensively
analyzed in paper V, and this analysis also considers the Hsp21-Hsp21 crosslinks
identified in papers III and IV (paper V, figure 6, p. 8). From this analysis, it is
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clear that the different residues involved in crosslinks display a general pattern of
how often they are observed. This pattern is presumably caused by two technical
factors, namely: the reactivity of the residue in the crosslinking reaction, and the
compatibility of the peptide containing the residue with MALDI-TOF mass
spectrometric detection. These factors were also considered in the interpretation of
the crosslinking mass spectrometry data for the Hsp21-substrate interaction.

As discussed in paper V, crosslinks involving Hsp21 residue K27 probably reflect
an interaction of the N-terminal region of Hsp21 to partially unfolding MDH. This
finding is in agreement with other studies reporting on the importance of the N-
terminal region of sHsps for chaperone activity (Giese et al., 2005) and also
substrate binding (Jaya et al., 2009; Sharma et al., 2000). The crosslinks of the
thermosensitive part of CS to the Hsp21 N-terminus (paper I, table 3, p. 1471 and
figure 8, p. 1474) also support that the N-terminal region is substrate binding, even
though residue M1 is a particularly reactive residue in general (paper V, figure 6,
p. 8). The N-terminal region of Hsp21 appears to be an intrinsically disordered
region (IDR) (Uversky et al., 2009), since it is extremely quickly degraded by
limited proteolysis (unpublished data). The disorder, and the large number of
conserved methionine residues that could confer promiscuous binding sites as in
SRP54 and calmodulin (Snijder et al., 2011), would make the N-terminal region of
Hsp21 suitable to accommodate all sorts of different unfolding substrate proteins
in vivo.

4.8 Crosslinking mass spectrometry to probe
protein-protein interactions

In this work, crosslinking mass spectrometry was used to study Hsp21 and the
transient interaction between Hsp21 and substrate proteins. Throughout the papers
in this thesis, the crosslinking mass spectrometry workflow was developed to
finally apply it to the Hsp21-substrate system in its optimized form (paper V).
Still, the yields of identified crosslinks are very low, especially concerning
crosslinks between Hsp21 and the substrate protein (paper V, table 1, p. 6). As
mentioned before in section 4.3, this is most likely not due to the lack of crosslinks
in the sample, but rather to the low sensitivity of the method developed thus far, as
also recognized by others working in this field (Leitner et al., 2010; Singh et al.,
2010).

The mass spectrometric analyses of the tryptic digests of crosslinked samples
discussed in this thesis, as well as those not discussed, clearly show a pattern in the
abundance of the different types of analytes in the digests. Unmodified peptides
are the most abundant, closely followed by peptides with a dead-end crosslink
modification (type 0). After this, intra-peptide crosslinks (type 1) follow in their
abundance in the sample. Thereafter, inter-peptide crosslinks (type 2) within the
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same monomer are still fairly easy to detect. Following these, inter-peptide
crosslinks (type 2) between subunits of a stable complex can be detected (such as
in the example shown in paper V, figure 3, p. 4). Finally, inter-peptide crosslinks
(type 2) between two proteins transiently interacting are by far the least abundant.
The difficulty detecting these can partly be attributed to their low number of
copies in the sample. However, because they can be observed with low intensity
and low reproducibility, it can be concluded that the main reasons for the
difficulties in detecting them in all samples, should be sought in the detection
method.

The most promising development in the field of crosslinking mass spectrometry,
are methods to enrich type 2 crosslinks. Recently, cation ion exchange
chromatography of the tryptic digests of crosslinked samples has been shown to
improve the yields of type 2 crosslinks (Fritzsche et al., 2012; Leitner et al., 2012).
Other separation techniques, such as size exclusion chromatography, may also be
helpful to enrich the relatively large type 2 crosslinks. In addition, the
development of specialized crosslinking reagents with incorporated affinity tags
for enrichment is an intensive area of research (Petrotchenko and Borchers, 2010).
Efficient enrichment of type 2 crosslinks may also improve the yields of crosslinks
for the Hsp21-substrate interaction investigated here.

Regardless of that general enrichment of type 2 crosslinks can improve the overall
yields, it is still a problem for the interpretation of identified crosslinks that the
different residues involved in the crosslinks, cannot be compared in an unbiased
way. As mentioned before, the two main reasons for this are the differences in the
reactivity of crosslinking residues, and the differences in the compatibility with
MS detection of the tryptic peptides containing the crosslinked residues. Basically,
this problem is inherent to mass spectrometry, and has led to more quantitative
methods in the field of mass spectrometry based proteomics (Domon and
Aebersold, 2006). In crosslinking mass spectrometry, the availability of isotope-
labelled crosslinking reagents already sets the stage for the more general
implementation of quantitative methods. Additionally, for simple systems
involving a limited number of proteins, the proteins themselves could be isotope-
labelled.

Concerning the Hsp21-substrate interaction under investigation, crosslinking mass
spectrometry strategies are promising to extend our current understanding of this
system. When the yields of type 2 crosslinks of interest can be improved,
reproducibility should also be improved and quantitative methods can be used to
design experiments comparing the Hsp2l-substrate interaction under different
conditions, such as temperature.
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5 Concluding remarks

The motivation for initiating the work described in this thesis, is the limited
understanding of how an important class of chaperones, the small heat shock
proteins, can prevent other proteins from aggregation. Their presence in all
organisms, and their predominance among proteins upregulated in the stress
response, clearly mark their importance in protecting the cell from potentially
harmful aggregates under stress conditions. Despite their presumably essential role
in maintaining proteostasis, very little is known about the molecular details of the
interaction between sHsps and substrate, or ‘client’, proteins.

The system in focus in this thesis is the interaction between the sHsp Hsp21 and
two model substrate proteins. Hsp21 from A. thaliana is important for plant stress
resistance, and its distinguishing features compared to other sHsps include an
unusually large N-terminal region containing several highly conserved methionine
residues. The interactions between Hsp21 and the thermo-sensitive model
substrate proteins CS and MDH were explored by crosslinking mass spectrometry.
The quest for the ultimate crosslinking mass spectrometry workflow to study these
interactions, and the actual investigations concerning these interactions, led to a
number of conclusions, which are briefly summarized here.

It was found that Hsp21 is dodecameric, and that it can protect CS from
aggregation. To characterize the Hsp21-CS interaction, the advantages of the
crosslinking reagent DTSSP were exploited to identify Hsp21-Hsp21 and Hsp21-
CS crosslinks with a straight-forward approach using MALDI-TOF MS without
prior sample fractionation (paper I).

A structure model of Hsp21 was generated by combining homology modelling and
single particle negative stain EM. Image reconstructions of native and crosslinked
Hsp21 based on single particle averaging revealed a stack of two hexameric rings,
which are slightly rotated with respect to each other. The structure model of Hsp21
was used to verify that the identified Hsp21-Hsp21 crosslinks are mappable into
the structure (paper II).

By using isotope-labelled DTSSP and inspecting the isotope-pattern for a
diagnostic ‘scrambling’ peak, it was possible to assess whether an identified
crosslink is a true crosslink reflecting a true interaction from before the sample
was digested, or whether it is purely the result of disulfide bond scrambling. The
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data analysis program FINDX for crosslinking mass spectrometry data was
developed to process data from DTSSP crosslinked samples (paper I1I).

The crosslinking mass spectrometry workflow and the data analysis program
FINDX were further optimized to handle data from more than one crosslinked
protein, and with the crosslinking reagent BS®, which is similar to DTSSP, but
without the thiol-cleavable disulfide bond. The LC MALDI-TOF/TOF platform, in
which LC, MALDI-TOF MS, and MALDI-TOF/TOF MSMS are decoupled,
allows quick detection of candidate crosslinks, which limits the amount of MSMS-
spectra that needs to be acquired for the validation of the crosslinks (paper IV).

The transient Hsp21-substrate interactions that protect model substrate proteins
from temperature-induced aggregation were monitored by light-scattering and
investigated by an optimized workflow with BS®, MALDI-TOF/TOF mass
spectrometry and the data analysis program FINDX. The identified crosslinks
point at an interaction between the N-terminal region of Hsp21 and the C-terminal
part of the substrate protein MDH (paper V).

In conclusion, using the optimized crosslinking mass spectrometry workflow,
crosslinks within the sHsp Hsp21 were extensively characterized, and despite the
low yields of crosslinks between transiently interacting proteins, some crosslinks
between Hsp21 and MDH were also identified. The identified Hsp21-substrate
crosslinks indicate that the flexible N-terminal region of Hsp21 is responsible for
substrate interaction.

The crosslinking mass spectrometry workflow developed throughout this thesis
has provided new insights into the sHsp-substrate interaction, and into the Hsp21-
model substrate specifically. The final conclusion, that the N-terminal region of
Hsp21 is substrate-binding, can be reconciled with previous reports on the sHsp-
substrate interaction, even though these are few and obtained with different
techniques. The currently intensive developments within the field of crosslinking
mass spectrometry will allow refinement of the results reported here. Specifically,
it remains to be confirmed for Hsp21 whether the N-terminal region is exclusively
responsible for the interaction with substrates. In addition, crosslinking mass
spectrometry will be useful to examine the interactions of other types of sHsps
with several different substrate proteins, because the mechanism of chaperone
activity may not be general for all sHsps.
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6 Future perspectives

This thesis reports on the extensive development of lysine-specific crosslinking
and LC-MALDI-TOF/TOF mass spectrometry, to investigate interactions within
small heat shock proteins, and ultimately the interactions between a small heat
shock protein and model substrate proteins. Clearly, the Hsp21-substrate
crosslinks described in paper V form just a glimpse of the interactions that can
potentially be detected by crosslinking mass spectrometry, especially considering
the promising developments in this field. Currently, the main limitation of
crosslinking mass spectrometry as such is the low yield of informative type 2
crosslinks. Especially crosslinks between transiently interacting proteins are
difficult to detect and would greatly benefit from the enrichment of type 2
crosslinks. With higher yields of type 2 crosslinks, the reproducibility between
different experiments should also be improved. High yields and reproducibility
would enable a variety of in-depth functional studies on Hsp21 and other small
heat shock proteins.

The crosslinking mass spectrometry data so far support the view that the N-
terminal region of Hsp2l interacts with an unfolding substrate protein, as has
previously been suggested, without excluding the possibility of other interactions
than those detected. Because the N-terminal region of Hsp21 only contains two
lysine residues, three arginine-to-lysine mutations have been introduced to allow
the detection of more different crosslinks involving the N-terminal domain. It is
also important to extend crosslinking mass spectrometry studies of Hsp21 to
interactions with substrate proteins other than MDH and CS, to explore and
possibly understand the mechanism of action in more general terms.

To further investigate the sHsp-substrate interaction by crosslinking mass
spectrometry, quantitative methods would allow comparative studies between
different conditions, such as temperature and incubation time differences. Isotope-
labelled crosslinking reagents are already available and could be used in a
quantitative experiment, or recombinantly expressed protein can be isotope-
labelled. With sufficient yields and reproducibility, the effect of two different
temperatures for example could be compared within the same dataset. Importantly,
this requires further development of software for the quantitative analysis of
crosslinking mass spectrometry data.

So far, few studies have assessed the in vivo chaperone activity of sHsps. Very
little is known about endogenous sHsp substrate proteins and the interaction of
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sHsps with other components of the protein quality control systems. Large sHsp-
substrate complexes presumably act as a storage place for partially unfolded
proteins, which thereafter need to be refolded or degraded. This requires
interactions with both the refolding and degradation machineries of the cell, and
particularly the latter of these is an area that has received little attention. The in
vivo sHsp-interactions with other proteins, including endogenous substrates, other
chaperones, and protease components, could be studied using crosslinking mass
spectrometry, as this method is becoming more robust. However, the experiences
from the work described in this thesis emphasize the advantage of samples of
limited complexity, so the analysis of cell lysates by crosslinking mass
spectrometry to pinpoint interactions on the level of amino acid residues is most
likely very challenging. A more classic approach to identify endogenous protein
interaction partners is to use crosslinking in combination with affinity purification
of the sHsp, and subsequent mass spectrometric identification of crosslinked
proteins, but because the transient sHsp-substrate interaction may be very difficult
to capture in vivo in this way.

As mentioned before, crosslinking mass spectrometry is especially suited as a
technique complementary to other methods. Concerning the sHsp-substrate
interaction, other mass spectrometry based methods such as native MS and H/D
exchange seem attractive to study this dynamic and transiently interacting system.
Another possibility to probe the sHsp-substrate interaction is to use NMR. This
requires isotope-labelling of the protein, which for Hsp21 has already been
accomplished. A combination of several techniques is most likely required to
scrutinize how the small heat shock protein chaperones interact with and protect a
wide range of different unfolding proteins under stress conditions in the cell.
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About this thesis

6.1 Popular scientific summary in English

The building blocks of all life on our planet are cells. Our own body, for instance,
approximately consists of 10 trillion (10') cells. Most bacteria consist of only one
cell. What is inside the cells are biomolecules that govern life, such as proteins,
sugars, lipids, and DNA. Cells are extremely packed, especially concerning the
protein content, with protein concentrations approaching 300 mg/ml.

Proteins are linear molecules made up of different amino acids. For proteins to
remain functional, this long amino acid chain needs to stay folded in its native
three-dimensional fold. Different stress factors, such as heat, can cause proteins to
partially unfold. Because it is so crowded in the cell, the risk of partially unfolded
proteins is that they stick together and start to aggregate. This is also what happens
when applying heat stress to an egg (with a protein concentration of about 100
mg/ml in the egg white): the proteins aggregate and the egg solidifies when frying
or cooking it. In the cell, protein aggregation can disturb vital processes, and many
different diseases are the result of too much protein aggregation (Alzheimer’s and
Parkinson’s, and cataract for example).

Fortunately, cells are equipped with a special set of proteins called chaperones,
whose task is to prevent other proteins from aggregating. However, it is still not
well understood, on a molecular level, how these chaperones perform this task.
Especially the small heat shock proteins, a subgroup of chaperones, have not been
studied as much as some other chaperones.

The main topic of this thesis is how the small heat shock protein chaperone Hsp21
protects substrate proteins from aggregation. This question was addressed by
combining crosslinking with mass spectrometry. A crosslinking reagent is a
chemical that connects two amino acids. After cutting a crosslinked Hsp21-
substrate mixture into small pieces, mass spectrometry can be used to detect the
pieces that are connected by the crosslinker. The identification of these pieces
reveals which amino acids of Hsp21 and the substrate protein were interacting
with each other, when Hsp2l was protecting the substrate protein from
aggregation. Experiments like these increase our understanding of how potentially
harmful protein aggregation in the crowded environment of the cell is kept under
control by chaperones.
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6.2 Popularvetenskaplig sammanfattning pa
svenska

Byggstenarna av allt liv pd denna planet &r celler. Var egen kropp till exempel
bestér av ungefir 10 biljon (10") celler. De flesta bakterier bestir av bara en cell.
Inne i cellerna finns alla de biomolekyler som styr livet, sdsom proteiner,
sockerarter, lipider, och DNA. Celler &r otroligt fullpackade, sérskilt vad géller
proteiner, med protein koncentrationer av up till 300 mg/ml.

Proteiner &r linjadra molekyler som bestar av olika aminosyror. For att proteiner ska
fungera, méste aminosyrakedjan vara veckad i en speciell tredimensionell form.
Stressfaktorer, som till exempel virme, kan gdra att proteinerna delvis forlorar
denna veckning. Eftersom cellen dr sd fullpackad, sd finns det en stor risk att
sddana delvis oveckade proteiner klistrar fast i varandra och boérjar klumpa ihop
sig. En liknande process sker nér ett d4gg utsitts for stress i form av virme (dggvita
har en proteinkoncentration av ungefir 100 mg/ml): proteinerna veckas ut och
klumpar ihop sig, och man ser att dgget stelnar nidr man steker eller kokar det. I
cellen kan ihop-klumpade proteiner orsaka allvarliga problem, och ménga olika
sjukdomar &r konsekvensen av att proteiner klumpat ihop sig (Alzheimers och
Parkinsons sjukdom, och grd starr, till exempel).

Lyckligtvis finns det en speciell klass av proteiner i cellen som heter chaperoner,
vars funktion dr att hindra andra proteiner frdn att klumpa ihop sig. Det ar
emellertid inte helt utrett, pd en molekylédr nivd, hur det gér till nér chaperonerna
gor detta. Sarskilt vad géller en mycket viktig undergrupp av chaperoner, som
paradoxalt nog kallas ‘small heat shock proteins’, finns det f4 undersdkningar
gjorda i jimforelse med andra chaperoner.

Fokus i denna avhandling dr hur ett s&dant ‘small heat shock protein’, kallat
Hsp21, skyddar andra proteiner fran att klumpa ihop sig. For att studera detta har
en kombination av kemisk koppling och masspektrometri anvénts. Kemisk
koppling innebér att ett speciellt kemiskt reagens anvénds for att parvis koppla
ihop aminosyror i de olika proteinerna. Efter det klyvs proteinerna i sma bitar. Tva
bitar som kopplats ihop kan sedan detekteras med hjidlp av masspektrometri.
Genom att identifiera vilka bitar och vilka aminosyror av proteinerna som
kopplats, kan man studera vilka delar av proteinerna som var ndra varandra och
interagerade med varandra precis ndr man tillsatte det kemiska reagenset. P& det
séttet, kan information utvinnas géllande interaktionen mellan Hsp21 och det
proteinet som skyddas av Hsp21. Experiment som dessa bidrar till var forstaelse
av hur chaperonerna hela tiden skyddar de viktiga proteinerna i alla véra celler.
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6.3 Populairwetenschappelijke samenvatting in het
Nederlands

De bouwstenen van al het leven op onze planeet zijn cellen. Ons eigen lichaam
bestaat bijvoorbeeld uit ongeveer 10 biljoen (10") cellen. De meeste bacterién
bestaan maar uit één cel. In cellen zitten biomoleculen die verantwoordelijk zijn
voor het leven, zoals eiwitten, suikers, vetten en DNA. Cellen zitten enorm
volgepakt, vooral wat betreft eiwitten, met eiwitconcentraties van rond de 300
mg/ml.

Eiwitten zijn lineaire moleculen die zijn opgebouwd uit aminozuren. Om hun
functie te kunnen uitoefenen, moeten de lange aminozuurketens gevouwen blijven
in hun originele driedimensionale vorm. Stressfactoren, zoals hitte, kunnen ervoor
zorgen dat eiwitten gedeeltelijk ontvouwen raken. Omdat de eiwitconcentratie in
de cel zo hoog is, bestaat er voortdurend een risico dat deels ontvouwen eiwitten
aan elkaar gaan plakken en gaan klonteren. Dit is ook wat er gebeurt als een ei
wordt gebakken of gekookt (de eiwitconcentratie van ei is ongeveer 120 mg/ml):
de eiwitten ontvouwen en klonteren, waardoor het ei stolt als het wordt verwarmd.
In de cel kan eiwitklontering allerlei belangrijke processen verstoren.
Eiwitklontering is dan ook de oorzaak van veel verschillende ziekten, zoals
Alzheimer en Parkinson, en de oogaandoening grijze staar.

Gelukkig is er een speciale groep eiwitten in de cel die voorkomt dat andere
eiwitten gaan klonteren. Deze groep beschermende eiwitten wordt chaperonne-
eiwitten genoemd. Het is echter nog deels onduidelijk, op moleculair niveau, hoe
dit precies in zijn werk gaat. De ‘small heat shock proteins’ vormen een subgroep
van de chaperonne-eiwitten, en een voorbeeld hiervan is het eiwit Hsp21.

Dit proefschrift gaat over hoe het chaperonne-eiwit Hsp21 kan voorkomen dat
andere eiwitten gaan klonteren. Om deze vraag te beantwoorden, werd gebruik
gemaakt van een combinatie van crosslinking en massaspectrometrie. Op het
moment dat het chaperonne-eiwit Hsp21 ervoor zorgde dat een deels ontvouwen
eiwit niet ging klonteren, werden Hsp21 en het ontvouwen eiwit aan elkaar
gekoppeld met een crosslinker, een stofje dat verbindingen maakt tussen
aminozuren van eiwitten. Vervolgens werd dit eiwitcomplex in kleine stukjes
geknipt. De stukjes verbonden door de crosslinker werden opgespoord met behulp
van massaspectrometrie, om te achterhalen welke aminozuren in contact met
elkaar waren tijdens de chaperonne-activiteit van Hsp21. Door experimenten zoals
deze begrijpen we beter hoe chaperonne-eiwitten werken, en hoe ze er dus voor
zorgen dat onze cellen niet verstopt raken door eiwitklontering.
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