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ABSTRACT

Structural biology is a scientific field where the aim is to observe macromolecules on a
atomic level to understand their functions. Often these macromolecules are proteins that
make, almost, everything happen within the cells; from hormones and enzymes to building
blocks and controlling gene expression. With structural biology tools, scientists can visualize
structures, interactions and mobility within the proteins to get an insight in the chain of

events in a cell.

In this thesis, the function of signalling has been in focus. Both signalling within the
immune system through a membrane bound receptor that finds an invading pathogen and
signals into the cells “alert, we have an invader” where the immune system reacts. How the
signalling passes from the outside of the cell to the inside is still not revealed. One part of
this thesis investigates the outside of an immune cell and the other, the inside, past the

membrane.

Proteins are chains of amino acids that are predestined to either fold into a stable structure
or stay loose and flexible. Superantigens are very stable proteins; they are toxins, made to
last and conquer. The opposite are the intracellular flexible domains of the immune
receptors which belong to a class of proteins, so-called intrinsically disordered proteins,
IDPs, which are less investigated but omnipresent. In this thesis some flexible domains of
the immune receptors have efficiently been produced in a cell free protein synthesis and
examined by NMR, using a new setup of acquisition and analysis. All domains are lacking
secondary structure and a well-defined three-dimensional structure. The proteins
investigated more in depth within the work of this thesis, show tendency for a-helical

regions, most likely of functional significance.

Viruses are evolved to use its host and get a free ride. Here we explore the interaction of one
SIV (orthologous to HIV) protein with one of the intracellular flexible domains of the T-
cell receptor, which leads to down regulation of the receptor resulting in immune deficiency.
This interaction is unique in that no changes in the very sensitive NMR spectra are seen;
yet other techniques indicate specific interaction.

As the SIV protein is abusing the immune system, superantigens hijack the immune system
by crosslinking the T-cell receptor to an antigen-presenting cell displaying pieces of an
invading pathogen on it’s surface, and by this start an extreme immune response, sometimes
lethal. This superantigen can circumvent the intricate, specific and effective immune system
and they are up to date thought to interact with the B-chain of the T-cell receptor. We
show in this thesis by structural biology techniques such as x-ray and NMR that a
superantigen interacts with the a-chain of the TCR. This is the first structure structurally
determined ternary complex of an antigen-MHC-superantigen-TCR, a paradigm shift in

superantigen biology.
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BACKGROUND

Immune system

General

The immune system protects us from all kind of invading pathogens; bacteria, viruses,
microorganisms and it is very effective and complex. In principle, it can be divided into
innate and adaptive immunity where the first is nonspecific such as anatomic barriers; the
skin and mucus, physiological; low pH in the stomach, endocytocis/phagocytosis; digestion
of microorganisms and inflammation; increase of the permeability of the capillaries at the
site of infection and recruitment of phagocytes. The second, adaptive part of the immune
system is very specific and responsive to full or digested pieces of microorganisms, so called
antigens, with specificity and diversity [2], see figure 1. The adaptive immune system is
capable of generating enormous diversity through gene rearrangement of the multi chain
immune recognition receptors (MIRR) in the maturation process of the cells and to
recognize billions of different antigens [3]. Once an immune cell recognizes and responds to
an antigen, a massive amount of that particular immune cell is produced by so-called clonal
expansion and it also starts an immune response, which includes production of cytokines,
release of antibodies, cell killing (cytotoxicity) and the creation of immunologic memory [4,
5]. The two major groups of cells active in the adaptive immune system are the lymphocytes
that mature in the bone marrow (B-lymphocytes) or in the thymus (T-lymphocytes) where
they are selected for specific affinity for only non-self antigens, i.e. foreign molecules. If the
maturation process fails we will have reaction against self-antigens, molecules within our
bodies and this may lead to autoimmune diseases [6]. The opposite might happen; the
immune system is not strong enough and fails to observe and fight a virus, bacterium or
microorganism, so called immunodeficiency, such as HIV/AIDS [7]. Another case, when it
goes wrong is the case of engagement by superantigens [8] where the immune system
overreacts and we get sick (Papers 11, I1I).
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Figure 1. The adaptive immune system can yet be divided into humoral and cell mediated branches, where
the first is the interaction of antigens leading to activated B-cells that produce soluble antibodies
(immunoglobulines, Ig) which bind to antigens, neutralizes them and act as effectors in the humoral system.
The cell mediated branch of the adaptive immune system targets both self-cells that have been infected with
viruses and express a molecule called Major Histocompatibility Complex, MHC, class I and a group of
immune cells called Antigen-Presenting Cells, APC, which are e.g. macrophages or B-lymphocytes that
present antigens on their surface. APCs that recognize invaders, usually bacteria, take them into the cell
through endocytosis and process them to smaller pieces, antigens and presents them using MHC class II [2].
Both B-cells and T-cells recognize the antigen presented by altered self-cells and APC. Co-receptors are
utilized for better and correct binding to the lymphocytes and at the binding to the proper B-cell receptor
(BCR) or T-cell receptor (TCR) the lymphocyte starts to proliferate and act on the invader.

B-lymphocyte

B-cells are both APC and antigen binding cells at the same time. The surface bound
antigen binding receptor develops from pro-BCR to pre-BCR and eventually the mature B-
cell receptor, which is ready to recognize antigens; antigens soluble in the solution, haptens
with carrier proteins or antigens presented by APC [9]. BCR recognizes antigens of

different sizes and variety; they can be lipids or carbohydrates as well as proteins. Upon
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antigen binding the BCR can either internalize, processes the antigen bound and presents it
for TCR to find and respond to or turn into a so-called plasma cell. The plasma cell
produce soluble immunoglobulins (Ig), also called antibodies, identical to the extracellular
part of the receptor initially recognizing the antigen, and these Ig have a strong affinity for
that special pattern of the invader and are important molecules in the elimination process as

well as in immunological memory: immunity [2].

T-lymphocyte

There are two major groups of T-cells, cytotoxic and helper cells. They both require the
antigen presented by a MHC molecule for activation, and the ternary complex antigen-
MHC-TCR is created. In the case of altered self-cells displaying MHC class I, who binds
to cytotoxic T-lymphocytes (with the co-receptor CD8), the altered self-cell is eliminated
by cell-killing or cytotoxic activity. For bacterial infections, the MHC class II are recognised
by T-helper cells (with the co-receptor CD4*) that start to secrete cytokines and
interleukins, molecules that enhances the rest of the immune system, e.g. by activating B-

cells for antibody production [2, 10].

B-cell receptor (BCR)

4

m
Light chain
T-cell receptor (TCR)

o B Heavy chain

extracellular space

¥
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SRTERERY

732 E %u;

cytosol
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Figure 2. Cartoon of The T-cell receptor and B-cell receptor complexes. The complete T-cell receptor is a
complex of TCRof that associates with the CD3 complex. CD3 itself is made up of five invariant
polypeptide chains that makes up three dimers; €9, ey and CC. All proteins in the TCR complex have to be
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expressed for the receptor to be displayed on the surface [11]. These CD3 chains all have an intrinsically
disordered intracellular chain with the common ITAM sequence and €d and €y have an extracellular globular
domain, similar to the immunoglobulin fold (PDB: 1XMW, 1JBJ) [12, 13] and they have a transmembrane
o-helix connecting them through the membrane. The CD3 complex is associated to TCRaf both on
extracellular side [14] as well as via a complex network of electrostatic interactions of the a-helices in the
membrane [15]. Acidic residues in the CD3 dimers and basic amino acids on the TCRaf} hold the complex
together [16]. Exactly how these domains are arranged in the membrane is not fully known; most recently
the thought is that CD3e of both dimers are facing each other and all three CD3 dimers on one side of the
TCRap enabling dimerization of the TCRs in the membrane upon antigen binding [17].

Like TCR, the BCR heavy and light chain dimer interacts with the molecules that connects to the outside
signal to the inside of the celland these are the heterodimer CD79a/ CD79b. They both have an extracellular

Ig-domain, an a-helix through the membrane and an intracellular intrinsically disordered domain containing
ITAM. The CD79a/CD79b are bound together by a disulphide-bond on the extracellular side and are

connected to mlg in the membrane. Picture adapted from Paper IV.

T-Cell Receptor, B-Cell Receptor

On the surface of the B- and T-cells, there are several different receptors to aid the
specificity of interaction and to keep cells attached to each other during antigen
presentation. Focus of this thesis has been on the receptors that recognize antigens; they are
of the group multichain immune-recognition receptor, MIRR, and are called the B-cell and
T-cell receptor. Several things are in common for these proteins, such as that the
extracellular parts both are anchored to the membrane with a transmembrane helix that
enters a few residues on the cytosolic side of the cell [18]. These few intracellular residues
are not sufficient for signalling into the cell. Thus, the receptor complexes, consists of the
extracellular part associated with intracellular proteins, which also are membrane bound, see
figure 2, to make up the functional receptor complex [4, 11]. These intracellular proteins are
all classified as intrinsically disordered proteins, IDPs, explained later in this thesis, and
contain a specific phosphorylation motif, immune-receptor tyrosine-based activation motif,
ITAM, crucial for downstream signalling in the cell. This is a conserved sequence of amino
acids with two tyrosines (Y) that are targets for kinases which adds and phosphate and to
the tyrosines, signalling activation [19]. The extracellular domains consist of a variable and a
constant region where the variable, through gene rearrangement in the maturation process
(and somatic mutation for BCR), gives rise to 10'°%/10% (BCR/T'CR) different epitopes that
can recognize as many antigens. To pass the positive selection in the maturation process,

TCR has to have affinity for self-peptide-MHCs and the negative selection makes sure that
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this affinity is not high. However, the binding of self-peptide-MHC is a necessary event for
maintenance of the mature TCR repertoire [20, 21].

The BCR complex is a membrane bound immunoglobulin, mlg, which in the membrane
associates with the heterodimer CD792/CD79% (Igo/Igf) [22]. Each B-lymphocyte
contains up to 120.000 BCR on its surface, all with the same mlg [23]. The mlg can be of
several different Ig; IgA, IgD IgE, IgG, or IgM and they only differ from their soluble
counterpart by the membrane spanning helix. mIgM and mIgD are the immunoglobulins in
mature B-cells, the others are present later in development, such as in plasma and memory
cells. The mlg comprises 2 heavy and 2 light chains, where the light chain has one variable
and one constant domain disulphide-linked to the heavy chain which has one variable and 4
constant domains on the extracellular side and a transmembrane helix and 3-28 intracellular
residues depending on the mlg, see figure 2. BCR recognizes antigens of all sizes, shapes
and in this, it differs a lot from TCR, which is restricted to peptides of 8-18 amino acids

[2].

The extracellular TCR is made up of two chains, o and , each comprising of a variable and
a constant chain, a linker of about 20 amino acids forms to an a-helix anchored in the
membrane. The constant and variable domains are of the Ig-fold, see figure 34. The Ig fold
consists of two B sheets, each built of an antiparallel 8 strands, surrounding a central
hydrophobic core. One disulphide bond bridges the two sheets and this general fold is used
in many proteins within the immune system, playing key roles, e.g. antibodies i.e. BCR. In
human, we have 60 different alleles for VB (TRBV) and 47 for Va (TRAV) [24]. In detail
these variable chains consist of a framework region; FR that is mainly the 7 3-sheets and the
loops connecting the B-strands. The loops are called complementary determining regions,
CDR, 1-3, see figure 34. CDR1-2 and a hyper variable loop, HV4, are different between
the alleles whereas CDR3, differ within the allele making 108 different epitopes [25]. Upon
recognition of a peptide-MHC complex, the CDR1 and CDR2 loops are mostly involved
in recognition of MHC, whereas the CDR3 loops, the most variable, recognize the peptide.
The peptide-MHC complex is bound to the TCR with a moderate to low affinity, 107-
10* M, co-receptors of different kinds strengthen the overall binding affinity [2, 10, 26].
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Figure 3. The variable loops in TCR, MHC cartoon and
Structure of conventional peptide-MHC/TCR activation.

A; The specific loops of TCR variable domain called
CDR1-3 and the HV-4, responsible for peptide binding
and also the main contact points to superantigen. CDR1 —
Red, CDR2 — Green, CDR3 - Purple, HV4 — orange on
the TCR where the a-chain is light blue and p-chain
darker blue (pdb 10GA) [25].

B: MHC class I, II. MHC class I has a transmembrane
segment and a large a-chain (45kDa) with three domains
of which two make up the peptide binding groove, al-2,
and one, a3, has an immunoglobulin fold and associates to
a B2-microglobulin, fom, (12kDa), also of immunoglobulin
fold [27]. The class I MHC has two similar chains, o (33
kDa) and f (28 kDa) which both have a immunoglobulin
fold that anchors to the membrane and a domain that

makes the peptide binding groove [28].

C; Conventional peptide-MHC/TCR activation. The
peptide is presented by MHC class II and TCR
recognizes MHC class II using CDR1 and 2. TCR
interacts with the specific amino acid sequence of the
antigen using the adaptable CDR3 [29] (pdb 3RDT) that
show a higher mobility compared to the other regions in
the variable chains [30]. Red — antigen, Green — MHC
class II, Blue - TCR.




Major Histocompatibility Complex, MHC, Class I and I1

The Major Histocompatibility Complexes are membrane bound proteins also called human
leukocyte antigens, HLAs. They are divided in two subgroups that both present the antigen
to TCR, see figure 3B. The two groups have different tasks and folds; class I presents
peptides of 8-10 amino acids originating from the cytosol of an altered self-cell. Almost all
cells in the body can produce MHC class I and they get recognized by CD8+ T-cells. Class
IT presents antigens of 13-18 amino acids from the exogenous pathway, presented by APC
and recognized by T-cells bearing CD4+ co-receptors.

The peptide is bound with strong affinity, 10°-10"® mol/L in the open groove and specific
anchor amino acids in the N- and C-terminus are the most important for binding [31]. In
human there are an enormous diversity in HLA genes, no individual has the same as
another (identical twins excepted), and there is no gene-rearrangement as for TCR and
BCR. Each individual carries up to 6 different MHC class I molecules and up to 12 MHC
class II. Within one person there is not a large variety and neither acceptance for other
MHC:s, which give complications with transplants rejection[2]. Each MHC can bind many
different antigens, and some antigens can bind several MHCs. The specificity of the

immune system lies mostly in the interaction antigen-TCR selection [2].

Superantigens

In contrast to conventional antigens, superantigens, SAgs, are proteins of bacterial or viral
origin that do not get processed and presented by the MHC molecules. Instead, these toxins
get absorbed in the human body by the intestinal/gastric epithelium and as intact proteins
they bind to both MHC class II and TCR, activating the T-cell. In a conventional T-cell
response, 0.001%-0.0001% of all T-cells become activated while in the case of SAg
activation up till 20% may be stimulated [32]. The reason SAg induce such great number of
T-cells is that they bind outside the peptide binding groove of the MHC class II and
crosslink to the TCR, leading to an extreme activation of both CD4+ and CD8+ T-cells.
SAgs interact with different parts of the variable domain of TCR and some superantigens
bind one other a few particular TCR-alleles. Each allele differs in the CDR3 epitopes, [33]
which varies; hence, the many activated TCRs will start to proliferate and produce TCRs

recognizing a wide variety of antigens but mostly a large amount of T-cells are activated.

Extremely small amounts of SAgs (pico — femtogram) in the body results in an enormous

immune response with overproduction of cytokines such as interferon-y (IFN-y),
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interleukin-2 (IL-2) and tumour necrosis factor-o. (INF-a) [34]. High levels of cytokines
in the blood stream leads to diseases such as systemic inflammation and toxic shock
syndrome, TSS, a potentially fatal disease, with symptoms such as vomiting, diarrhea and
nausea. SAgs also causes food poisoning and are suggested to be involved in autoimmune
diseases including multiple sclerosis [8] and numerous studies have also shown a role for
SAgs in other diseases such as Kawasaki disease (KD), atopic dermatitis (AD), Guttate
Psoriasis and chronic rhinosinusitis (CRS) [35]. A way to resolve whether a disease is due to
presence of SAgs is to investigate the repertoire of TCRs in the blood stream [36].
Upregulation of one or several specific and down regulation of other alleles indicates SAg

involvement.

Figure 4. SEH crosslinking TCR and MHC class II (pdb 2NX9)
and detailed structure of a superantigen, illustrated by SEH (pdb
1HXY).

A; Superantigens have the ability to bind both MHC class II as
well as TCR and in that, crosslink the APC to the T-cell and
‘trick” the T-cell to believe it has bound an antigen and will
respond to this. Black — TCR, white — superantigen and grey —
MHC class II.

B; The overall structures of superantigens are the same, an N-
terminal domain containing an oligonucleotide-binding, OB, -
fold and a C-terminal domain with a -grasp motif, similar to Ig-

binding domains [8].

N-terminal OB-fold TCR binding site
E
/A
o oo /

MHC class Il, low AR - . 0 ~ A N
affinity binding site \ } | % DY ‘ \_/
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Bacterial superantigens are stable proteins ranging from 21-31kDa and these proteins are
mainly produced by Staphylococcus aureus (SEs) and Streptococcus pyogenes (Spes) and in
addition  Streptococcus equi and  Streptococcus  dysgalactiae  disgalactiae both produce
superantigen-like proteins (SE/) lacking the ability to bind TCR and MHC but with the
superantigen fold also produce superantigens (SePEs and SDM) [8, 34]. Toxins produced
by Yersinia pseudotuberculosis (YPM) and Mycoplasma arthritidis (MAM) have a different
told but generally the same functions as superantigens. SSL staphylococcal superantigen-

like proteins have similar folds but possess no superantigenic activity [34].

S. aureus produces several different superantigens, known to date are the staphylococcal
enterotoxins SEs (A-E, G-I, R and T), staphylococcal enterotoxin-like proteins SE/s (J-Q,
S and U-X) and toxic shock syndrome toxin-1, TSST-1. Out of these, 16 have been
structurally determined, the first one, SEB, in 1992 [37], and they all adopt a similar fold,
see figure 4B.

In this thesis, the superantigen SEH has been studied in complex with MHC class II and
its appropriate TCR. An unusual feature is that mice do not show any symptoms when
subjected to high levels of SEH, indicating that SEH does not interact with any mouse
TCR, which most other superantigens do [38]. SEH is also unusual in that it does not bind
any TCRVp, but upregulates cells expressing TCRVal0 (TRAV27 in the IMGT

nomenclature, used from now on) [24, 39].

The advantage for the bacteria in producing superantigens is not fully understood but nature
has positively selected for this throughout evolution. SAgs are believed to play a role in early
infection rather than late and enhancement of local inflammation may be beneficial for the
bacteria in terms of nutrient supply due to the increased blood flow, but basically, 25 years

of research has not come up with a satisfactory explanation [8, 40].

The unique features of these molecules have been used by humans to, for instance,
engineering SAgs to treat cancers successfully; a Fab, a fragment of a monoclonal antibody
together with a chimera of SEA and SEE is in Phase III for clinical trials of different cancer
patients showing promising anti-tumour activity [41]. The theory is that the antibody
recognizes the tumour cells and that SEA/E recruits and binds to T-cells at the site of the

tumour and starts cytotoxic activity to eliminate the tumour cell.

This thesis provide an broadening of the field of superantigen biology in that we prove and

explain in detail how a superantigen can interact with the variable alpha domain of the

TCR.
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Intrinsically Disordered Proteins

The paradigm that the function of a protein lies in one, rigid three-dimensional structure
has started to change in the last decade. The first review regarding intrinsically disordered
proteins, IDPs, was published in 1988 [42] and since then the field has grown
exponentially. These ‘unstructured’ proteins exist in an ensemble of conformers and are
present in all kingdoms of life. 25-30% of eukaryotic proteins are mostly disordered, more
than half of the mammalian genome has long stretches (>50amino acids) of disorder and for
signalling proteins 70% of the proteins belong to this category (based on DNA in sifico
analysis) [43-45], see figure 8. The non-folding is encoded in the amino acid sequence and
these are among the most interesting targets for modern protein research.

This class of proteins have forced researchers into new ways of thinking about proteins and
the way they interact and function. Previously, protein interactions were explained by the
“lock and key” hypothesis formulated by Emil Fischer 1894 [46] where a protein has one set
structure with a certain region to which the binding partner fit perfectly. Several models
have been proposed to visualize the pluripotent ways of action of IDPs. Fuzziness is a way
to emphasize the fluid nature of protein—protein interactions, to explain the “unfoldedness”
in complexes [47], to show the scale from static (100% folded) to completely unfolded. The
partially unfolded states are the most functionally beneficial due to its adaptability, flexibility
and reversibility to the binding of proteins, see figure 6.

Figure 5. Protein

Static Dynamic

complexes can be all

from stable globular

Y proteins to disordered

)fﬁ\‘;yv and this range includes

* ~ x_/’ structurally well-defined
/4

YO <’ 1 ith
% \; - complexes wit

h"'";’g’ disordered loops or side
N Iﬂ,:'; % chains, complexes with

&l 7 longer  segments  of
disorder, complexes
where one partner retains
its disorder or where
both partners are

completely disordered [48, 49]. Note that random coil proteins are outside the range since they cannot make

complexes and only exist in denaturing conditions [48]. Printed with permission from [47]
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Protein complexes of intrinsically disordered proteins

How does the two proteins decide to make a complex? This raises the question of induced
tolding or conformational selection; does the protein fold when binding to the proper
binding partner or is it the short term structural element that makes the protein recognize
its interaction partner? IDPs are, as mentioned, an ensemble of different conformers, in
which at some point a peptide may adopt a secondary structure. The ability for a protein to
sample a structural element in free form is encoded in the amino acid sequence. These
temporary structural elements have many names, e.g. preformed structural element, PSE or
molecular recognition features, MORF. They have been shown in several cases to be the
functional state of the protein [50-52], and thus, in those cases, we have a conformational
selection mechanism [53]. The amount of this structural element in a protein can be
measured by following the chemical shift changes for the backbone atoms by NMR
spectrum [54, 55]. Induced folding has been confirmed by NMR chemical shift
perturbation and relaxation dispersion analysis of the binding of pKID to KIX where
binding is followed by folding [56]. Another model for interactions with IDPs is the
“polyelectrostatic effect” where the disordered protein has multiple charges and due to the
rapid interconversion of several different conformations, an overall “mean electrostatic field”

affects the binding affinity rather than a discrete charge in space [48, 57], see figure 7.

Figure 6. The model polyelectrostatic effect,
S\E{/\? visualized by Sicl. Upon phosphorylation of its
Qe A multiple dispersed phosphorylation sites, the

disordered cyclin-dependent kinase, CDK, inhibitor
Sicl interacts with a single site on its receptor Cdc4.
Sic 1 is shown as a black string and the black dots
represents phosphorylations.

NMR analysis show that multiple phosphorylated
sites on Sicl interact with Cdc4 in a dynamic
equilibrium with only local ordering around each
site. This is an example of protein interaction in a
dynamic ensemble of intrinsically disordered states.

Printed with permission from [57].
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IDPs seem to have several low-minima conformations, contrary to folded globular proteins.
In the case of folding-upon binding thermodynamically, there is an entropic cost for
ordering which has to be energetically compensated in some way. In some cases, for IDPs,
the disorder of another part of the protein is increased upon folding of the interacting
surface. Another positive energetic contribution comes from the few, hydrophobic side
chains of IDPs, which has unfavourable hydration in the free state and upon binding and/or

folding release water — increasing entropy in the system [58].

Bioinformatics studies show a larger-than-average proportion of IDPs in so-called “hub”-
proteins, which are central in a protein interaction network and for them the disorder gives
the plasticity needed to bind several different partners [48, 58]. This can also be termed
moonlighting, and unlike classical cases of globular proteins, these IDPs use the same
region or overlapping interaction surfaces for binding [59].

In the cell

IDPs are present in all cellular activities and particularly often found in signalling,
translation and transcription activities [60]. Interestingly, IDPs have not an increased
preference for interactions with chaperones, which argues that IDPs are different from
unfolded or misfolded forms of globular proteins [61]. In cells, the mRNA levels of ordered
and disordered protein are the same but transcription of the disordered proteins is slower
and their half-lives are shorter due to protease degradation, thus the concentrations of IDPs
in the cell tend to be lower [62]. Posttranslational modification is a way to extend the half-
life in the cell and IDPs are substrates to twice as many kinases as globular proteins.
Phosphorylation is probably the most important and frequently referred-to mechanism of
regulation in the cell. It occurs in practically all studied IDPs, which can be reasoned that
the three main requirements for posttranslational modifications are fulfilled: appropriate
local sequence, exposure of the sequence and ability to adapt to the modifying kinase. In an
evolutionary sense, this control of synthesis degradation and modification is related to the
major role of IDPs in signalling where it is crucial for a protein to be present in appropriate
amount but not for longer than needed [62]. Also, IDPs have longer half-lives in the cell if

they have many different interaction partners or are part in larger complexes (e.g. p53) [63].

Disease and IDP

Many diseases have a high abundance of IDPs, see figure 8, and the neurodegenerative

Alzheimer's (protein AP) and Parkinson’s disease (protein a-synuclein) are two examples
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where the causative agent is an IDP and also the main target for therapy. Often, an
interaction partner is the target in therapies for IDP-related diseases, but recently small

molecules have targeted the IDP with success for the transcription factor c-Myc, AP and an
oncogenic fusion protein, EWS-Flil [64, 65].

An example where intrinsic disorder is well used is p53. It is a protein of 393 amino acids
that has been called the “guardian of the genome” and is inactive in 50% of all cancers. p53
induces or inhibits about 150 effectors involved in regulating the cell cycle, controlling
apoptosis and DNA repair, so in other words, p53 is important. It can be divided in four
structural and functional regions where some are ordered and some disordered, see figure 8.
p53 is a homotetramer and on a molecular level it is regulated by a wide array of
posttranslational modifications, which are changing with the cellcycle. One single protein
making interactions with 150 different molecules, how is that possible? Disorder may be the
answer, allowing; overlapping binding surfaces, different conformations at different

environmental conditions and overall adaptability, leaving p53 as a true hub-protein [66].

Studying these proteins on an atomic level is not trivial. Up to some years ago, researchers
had not been able to characterize them due to lack of suitable biophysical methods.
Globular, well-folded proteins can be investigated with (most often) X-ray crystallography
and NMR. IDPs, which lack one single structure, require techniques used in solution and
for site-specific information, NMR is the strongest technique for examination on an atomic
level.

The IDPs investigated in this thesis are cytoplasmic domains from TCR (four) and BCR
(two), that all have ITAM motifs and are crucial in the signalling into the cells. All of these

domains have previously been shown to be intrinsically disordered by iz si/ico methods and

circular dichroism, CD [18].
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Figure 9. Disorder is
overrepresented in proteins involved
in signalling and diseases such as
cardiovascular

cancer, diseases,

neurodegenerative  diseases  and
diabetes. A large set of data from
each group, ranging from 1786-285,
proteins  were  analysed  for
disordered lengths and compared to
PDB_S25, a subset of 2238 diverse
protein chains from PDB [67].

Printed with permission [64].

Figure 8. Model of the protein p53. p53 is composed of four subunits, here coloured blue, red, green and

yellow. Each which contains well-structured DNA-binding, tetramerization domains as well as a disordered

N-terminal transactivation domain. The folded domains were structurally determined using NMR and
SAXS. For the intrinsically disordered domain, RDCs and SAXS were used in combination with MD

simulations to calculate the average ensemble structure. Printed with permission from [66].
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Intracellular domains of TCR

The longest of the TCR signalling domains is CD3C, which carries 3 ITAM sequences and
has previously been characterized in solution and in detergent micelles. Based on size
exclusion chromatography, T has been estimated to dimerize at concentrations higher than
10 uM. NMR investigations of T in solution have shown no chemical shift differences
comparing spectra of concentrations higher and lower than the estimated Kq for the homo
dimerization [18, 49], indicating no structure formation or specific interactions between the
monomers. In Paper 1, we see the same phenomenon where interaction between SIV/Nef
and T does not give rise to any chemical shift changes in the HSQC spectrum of T+Nef
compared to free T [68].

The other components of TCR are the CD3g, CD38 and CD3y subunits, which pair up in
dimers held together on the extracellular side and in the membrane. CD3e has been

characterized the most and similar to C, it has been shown to induce an a-helix in the

presence of negatively charged POPG/DHPC bicelles.
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Figure 9. An essential element for IDPs are that they are highly charged and have very few hydrophobic
residues, and this is visualized in the Kyte-Doolittle hydropathy plot [69]. Ordered proteins, smaller, black
dots, are separated from disordered proteins, larger grey, dots by a line. The plot clearly shows positions of all

constructs, black hexagons, 1: CD3e 2: CD3y, 3: {, 4: CD79a, 5: CD79b. in the disordered region
corresponding to a high net charge and low hydrophobicity, characteristic features of IDPs.
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Intracellular domains of BCR

In the BCR, CD79a and CD79b pair up as a heterodimers, held together on the
extracellular side by a disulphide bridge, similar to the CD3 dimers of TCR, and the
signalling subunits are present in the whole maturation process of pro-, pre and mature
BCR. CD79a has four tyrosines of which two, Y23 and Y34, are in the ITAM motif. The
fourth, Y45, has been found to interact with the BLNK (B-cell linker), important in the
signalling cascade [70], indicating non-redundancy in CD79a and CD79b.

In mice, if a cell fails to produce CD79a and CD79b the B cell development does not
progress beyond the progenitor stage, leading to immunodeficiency. If only one of them is
produced, a partial block at pre-BCR state occurs. Mice with CD79b lacking ITAM as well

as tyrosines mutated to phenylalanines in CD79a ITAM show the same phenomenon [71,
72].

Humans lacking, or with defect CD79a and CD79b molecules, show a state called
immunodeficiency, i.e. exhibiting less functional B-cells [73]. In lymphomas, several
mutations within the ITAM regions of CD79a and CD79b have been found in patient
biopsies [74], modifying the function and selection of B-cells and, thus, turning them into

tumour cells.
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SIGNALLING
Signalling in the TCR and BCR

Immune cells are activated by ligand binding of antigen (or superantigen) to the surface
bound receptors and this trigger the signalling cascade leading to an immune response.
From what is known today, the signalling in the TCR and the BCR are in many ways
similar; they both get activated by binding of antigens to the extra cellular domain of the
receptor, they utilize co-receptors and the intracellular signalling is initiated by
phosphorylation of the two tyrosines in the immune receptor tyrosine-activation motifs,
ITAM, (5) on the cytoplasmic domain [75{Kurosaki, 2002 #150]}. In the cell there is a
constant phosphorylation by protein tyrosine kinases, PTK, e.g. Lck, Fyn and Lyn and
simultaneously a dephosphorylation by phosphatases such as CD45, keeping a low
phosphorylation level, called tonic signalling and no downstream activation [76]. Once the
receptor is activated, the immunological synapse, IS, is created. IS is the complex antigen-
MHC-TCR or antigen-BCR makes up, together with the surrounding membrane and
proteins [4, 77]. This includes co-receptors such as CD4, CD45, CD22 and these are either
involved in keeping the cells together by recognizing and binding to molecules on the APC
or acts by phosphorylating/dephosphorylating molecules in IS [78]. When antigen is bound
and IS created, the level of phosphorylation by the first row of kinases on ITAMs increases
and these recruit kinases with Src-homology-2 (SH)) domain. These, in turn, create
docking sites for other kinases that have many phosphorylation sites and activate several

other proteins such as kinases, adaptor proteins and transcription factors; the signal cascades

are on [76, 79].
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TCR BCR

First kinase Lck, Fyn Lyn, Fyn, Blk
Second kinase (SH, domain) ZAP70 Syk
Third signal, kinase (SH, | LAT, SLP-76 BTK, BLNK (SLP-65)

domain) or adaptor protein

Phosphatase CD45, CD148 CD19, CD22

Table 1. Examples of the different kinases and phosphatases involved in initial signalling in TCR and BCR.
Lyn, Lck, Fyn and Blk are the initial kinases, phosphorylating ITTAM tyrosines. This is sensed by ZAP70, T
cell receptor Zeta associated protein of 70 kDa and Syk, Spleen tyrosine kinase. These activate SLP-76 Src
homology 2 (SH,) domain—containing leukocyte phosphoprotein of 76 kDa, LAT, Linker for the activation
of T cells, SH, Src homology 2, BTK, Bruton's tyrosine kinase and BLNK, B-cell linker. The phosphatases
are cluster of differentiation, CD molecules. The classification CD has about 350 different molecules in
humans and they are providing targets for immune phenotyping of cells. The proteins are cell surface

molecules that can be involved in signalling such as receptors or ligands or cell adhesion [80].

The step into the cell and phosphorylation of the ITAM is not clear. Many different
techniques have been used and several pieces of evidence make the basis for models of how
the triggering of TCR/BCR make a signal through the membrane to phosphorylates the
I'TAM on the cytoplasmic tails, they can be divided into several groups;

In the membrane/segregation:

i The membrane, the outer

wall keeping the cell as

one, is a fluid ever-

changing two-
>
Self-
antigen

dimensional layer of
lipids. These have a long
hydrophobic chain facing

Lipid Raft

inward the membrane,

......

O phosphorylation ¢

Signalling is on

and a head group, which
may be charged or not. A
membrane has 500-1000

Figure 10. A model for membrane involvement in the T-cell activation, including lipid rafts.
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different lipids and the composition of them is of great importance for functions such as
signalling [81]. The IS is embedded in a so-called lipid raft [4], that is considered to be

dynamic, nanometer-sized membrane domains with a particular combination of lipids and

proteins, a microenvironment [82]. Lipid rafts have an increase in saturated, charged lipids

and cholesterol [83]. One role of cholesterol is to fill in and make the raft more rigid and in

general, ordered membranes formed by saturated lipids are thicker and has a different

Signalling is on

Figure 11. Segregation model where the
phosphatases are physically excluded.

curvature than fluid membranes [84]. The
physical change of the membranes around
the IS, could serve as a mechanic force, to
stretch the transmembrane domains of the
TCR/BCR which is transferred in to the
cytoplasmic ~ domains  causing  their
conformation change to accommodate the
membrane curvature [85]. Removal of
cholesterol in the lipid raft has been shown
to induce dissociation of activated BCR
oligomers [86] [11]. Lipid rafts also
include proteins, for example Lck, Lyn and
Fyn whose activity would enhance the
phosphorylation. On the other hand,
certain proteins are excluded from the
membrane in the making of the lipid raft,
for example, the co-receptor phosphatase

CD45 [78, 84]. Upon binding to peptide-

MHC, the distance between the cells becomes smaller (about 15nm) than the size of the
large ectodomain of CD45 and CD148, these are thus excluded through the fluidity of the

membrane [5, 60, 78]. It has been shown that membrane composition changes due to

receptor rearrangement with help from enzymes such as flippases, scramblases and

phosphoinositide 3-kinase (PI3K) [87].
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Aggregation:

ARSI A LY LAY AR
R W ‘\}Wfﬂi A T T

i}

A single antigen cannot start T-cell

activation, binding of TCR to an p-
MHC results in a clustering of the TCRs @ﬁ @Q antigen Clustering

and this means action, also called the '. - .' .. .. .'
crosslinking model (CLM). The antigen
has to be presented by dimerized or gy,
oligomerized p-MHC [88] or if on a
APC, together with the co-receptor CD4
[89]. The CD4 co-receptor interacts ¢

with MHC on the extracellular side with sorlinaen
an angle, almost 90°, and thus, the model

. . Figure 12. Aggregation of T-cell receptors, initiate
of pseudo-dimer proposes a binding of the

next TCR to a selfpeptide-MHC due to
the CD4 interaction, and making the dual-
TCR needed for receptor engagement [21].

the signalling cascade downstream into the T-cell.
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Figure 13. The pseudo-dimer model, making Figure 14. Oligomerization model where the
use of self-antigens for starting a T-cell homooligomerisation ~of the cytoplasmic
response domains is sufficient for signalling.
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A general model is Signalling Chain HOmoOLigomerization, (SCHOOL) according to
which, homooligomerization and formation of competent signalling oligomers on the
intracellular side, provides the necessary and sufficient event to trigger receptors and induce
cell activation. The model can be applied to all receptors using intracellular signalling
domains and is based on binding of multivalent antigens that dimerize the receptors [90].

The stoichiometric nature of the resting receptors before activation is not fully clear but
most recently, TCR is thought to reside in protein islands of 7-30 TCR [91], which after
receptor activation migrate and make up microclusters with islands of, amongst others, the
LAT. Both BCR and TCR are associated with the cytoskeleton, particularly, actin filament
is important in this island-formation. These microclusters later make up the IS together

with antigen or p-MHC [92-94].

In BCR, this is more controversial where monomers as well as oligomers have been stated as
the resting-state. [86, 94] The cross-linking model CLM, proposes BCR to be monomers,
on the surface of resting B-cells, seen by FRET [86]. In this study they also confirmed
oligomerization upon antigen stimulation and they also confirm a 1:1 ratio of CD79a and
CD79b in the BCR [86]. The authors propose that upon binding to monomeric surface
immobilized antigen, a conformational change in the ectodomain of the BCR, particular the
membrane proximal constant domain, makes the BCR oligomerization-competent. When
meeting the next antigen-bound BCRs they oligomerize; make up micro clusters that start
signalling [22, 95] as thought for TCR. Contrary to this, dissociation activation model,
DAM, proposes that inactive BCR forms auto-inhibited BCR oligomers that upon antigen
binding turn into clusters of active monomers based on data from quantitative
bifluorescence complementation assay (BiFC) [23, 74]. This model also argues that the size
difference in antigen that activates BCR and TCR makes CLM not valid for BCR due to

its need for precise spacing between the two receptors preferred for signalling.
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Conformational change:

The cause of a conformational change
could be a mechanic or physical force
between the cells upon receptor

binding, signal transduction through

Pull, push rigid domains or physical changes due

force to rearrangements in the membrane

[85]. Pulling, twisting of the TCR has
. G Twist been proposed as a consequence of the
antigen binding [78]. The co-receptors
CD4 and CDS8 interact with MHC
class II/class I on the APC and in the
T-cell, the intracellular tail of co-

receptor CD4 as well as CD8 makes, in

11}
Signalling is on presence of zinc, a compactly folded
heterodimeric domain with the Src
kinase Lck [96]. Upon antigen binding,
CD4/CD8 binding to APC may

trigger a  conformational change

Figure 15. Conformational changes, due to forces

between the cells when receptor and MHC bind.

resulting in that the Lck gets more exposed for the CD3 cytoplasmic tails. Analysis of
several x-ray structures of p-MHC-TCR from pdb (protein data bank) and experiments
show that MHC binding induces a small but functionally significant conformational change
in the TCR Ca domain at the docking site for CD3e [97, 98]. Computational modelling
shows a high degree of dynamic coupling between the TCRaf V and C chains, which is
dampened upon ligation. This argues that [99, 100] the whole TCR may undergo
quaternary change upon activation due to signal transduction based on the rigidity of the

components and in that change affect the intracellular signalling units [13, 101].

The role of the intracellular disordered domains:

Another version of the conformational change is the safety model [102]. Shown by NMR
data, the protein CD3¢ adopts an a-helical structure in POPG/DHPC bicelles, mimicking
an acidic membrane. This, aided by a N-terminal basic rich stretch (BRS), buries the two
ITAM tyrosines in the membrane and in that, hinders phosphorylation in CD3e [103]
[102]. This safetymodel seems plausible for T as well; upon interaction with acidic detergent
micelles of LMPG, CD data show increased secondary structure and NMR experiments
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confirmation interaction by extensive
broadening of a number of resonances,
especially in ITAM 2 and 3 [104].
Phosphorylation of T was not possible in
the presence of detergents [105], in line
with the safetymodel. In resting cells,
the cytoplasmic tails are bound to the
membrane, seen by FRET imaging
[106] and engagement of the TCR
induces dissociation of T from the
membrane [107]. Increased local Ca?*
concentration, an early sign of
activation, also induces dissociation of

CD3e, and T due to charges [108].

Figure 16. Safety-model where the tyrosines in the
ITAM motif get buried in the membrane upon resting
cells and antigen binding triggers the release of the
domains from the membrane.

The signalling cascade moves fast and 4s after antigen presentation the LAT is
phosphorylated [109]. The prolongation of the signal is as important as the initiation and
whether these two are the same mechanism or related have not been discussed here. Once
the cell is active, a continuous presentation of antigens is needed and many different
signalling cascades are switched on including internalization of receptors, co-receptors and
several feedback mechanisms [110].

Several other receptors in cell with hematopoietic origin use the same set up of intrinsically
disordered cytoplasmic domains carrying ITAM sequences for signalling and a extracellular
recognition domain, bound together in the membrane by non-covalent transmembrane
interactions; 11 major groups with several subgroups, making 28 different receptors,
amongst them; Fc Receptors and NK (natural killer)-receptors DAP12 and DAP10 [11,
90]. The motif is found in many other organisms such as C. elegans engulfment receptor
CED-1 and its Drosophila ortholog, Draper, which both have ITAM sequences that get
recognized by SH, domains [111].
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Signalling in cells infected by HIV/SIV

Human immunodeficiency virus, HIV, is the causative agent for acquired immunodeficiency
syndrome, AIDS, first discovered by two separate groups in 1983 [7, 112]. HIV and its
ortholog simian (higher primate) immunodeficiency virus, SIV, belong to the group of
lentivirus in the Retroviridae family. In other words, they are RNA viruses able to replicate
in non-dividing cells, hence, slow but very efficient. The genomes are compact, about 9kb
and codes for 5 essential proteins (Pol, Gag, Env, Tat and Rev) and 5 non-essentials,
amongst them, Nef (Negative factor). HIV infection results in chronic elevation in immune
activation and depletion of CD4" T cells. As the disease progress, the individual develops
AIDS and is then more susceptible to all kind of infections [113]. Nef is expressed in
abundance in the earl stages of infection and has been demonstrated to enhance viral
infectivity of HIV/SIV, downregulation of surface receptors (MHC class I, CD4 and
CD28) and modulate immune activation in infected CD4+ T-cells. In studies with
monkeys and isolated human cases, individuals deficient in HIV/SIV Nef failed to exhibit
disease progression thus, Nef has been suggested to play a vital role in the progression from

HIV pathogenesis to AIDS [114].
Full length Nef is 27-35kDa (depending on strain) and all consist of a highly flexible N-

terminal anchor domain with a myristylation site and a structured, well-conserved C-
terminal domain [115]. The C-terminal domain, called the core domain is the one known
for most interactions, about 20 different, and also, this is where T is shown to interact [116].
SIV Nef binds T at two unique sites SIV Nef interaction domains, SNID, 1 and 2, binding
to one of the sites is sufficient to mediate TCR down regulation. It also down regulates
CD4 and CD28, this through the AP-2 clathrin-dependent endocytosis. [117-119] SIV
Nef has been reported to interact with several proteins in the T cell signalling, including the
Src kinases Lck, CD4 and Fyn [120], as well as T making ternary complex of T-Nef-PTK
plausible and a mean for the function of Nef [113]. This binding can be inhibiting or
stimulatory for the T-cell. The myristylation modification in the N-terminal of Nef, attracts
it to the plasma membrane and IS. Studies have shown that Nef associated with lipid rafts
primes the T-cell for activation by increasing the local concentration of TCR. Taken
together, Nef is associated with the IS and in the inner leaflet of the plasma membrane it

performs its immunomodulatory effects, amongst others, interact with C.

SNID-1 SNID-2 Figure 17. Sequence of the cytoplasmic part of Zeta,
T2-YNELNL-T7 122-YSEIGMKGERRR-133 showing ITAM motifs and the positions of the two
[ \[ £ T I ~ T /I . SNID, where Nef interacts. Figure from paper 1.

ITAM-1 ITAM-2 ITAM-3
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Signalling induced by Superantigens
Superantigens crosslink TCR and MHC independent of the specific sequence of the

peptide presented and an extreme amount of T-cells becomes activated. The following
signalling cascade is the same as discussed above with kinases and proliferation of the cells.
Interestingly in this case is how this extreme activation of T cells is initiated. Superantigens
are divided into 5 evolutionary groups based on sequence and they show differences in

binding to both MHC class II and TCR.

Superantigen binding to MHC

SAg interactions to MHC have two different sites of binding, one N-terminal with low
affinity of Ka 10° M to the a-chain of MHC and a high affinity, Zn** dependent site, of K4
107 M to the P-chain of MHC [121]. The binding site through MHC f-chain is
depending on the backbone of the peptide and uses Zn?** to bridge the C-terminal of SAg to
the MHC [31, 34, 122]. SAgs from group I and II bind only the low affinity binding to
MHC while group III, and most data points for group IV, interacts with both [121, 123]
(SEH has shown MHC interaction using the low affinity site in NMR chemical shift
perturbation experiments, data not published). Group V has only been verified binding
through the Zn* to the C-terminal of the SAg [34].

Superantigens binding to TCR

To date, 8 structures of SAg-TCR complexes have been determined using X-ray
crystallography and all SAgs bind TCRs using the same cleft of the SAg, except for TSST-
1, which has a skewed binding surface see figure 20. All complexes but SEH-TCR (paper
III), show interaction between SAg and the V@ chain of TCR, the conventional binding site
on TCR. No known structure, except SEH-TCR, has included the a-chain of TCR and
some VP chains include mutations in the interaction surface to enhance the binding in order

to achieve crystals [124].
Studies of which T cell alleles get upregulated due to SAg exposure show that some SAgs

have a more narrow profile than others. For example, SEA upregulates T cells bearing nine
different TCR Vs, SEB upregulates four, whereas TSST-1 and SEH only upregulates one
[8]. Most SAgs upregulate T cells bearing 3-7 different TCR alleles. [8]. The reason for the
more general or specific binding lies in the details of the interactions. The interaction can
rely on specific side chains of both TCR and the SAg to make e.g. H-bonds, charged

surfaces and hydrophobic interactions or it can be more general where the overall shape and
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van der Waals forces are the most influential for binding [34, 125, 126]. Detailed
examinations of the known structures of complexes SAg-TCR give an insight the different
ways SAg bind to TCR.

Figure 18. MHC class 1I
binding to SAg in two
different ways; high affinity
binding to the P-chain of
MHC via a Zn* to SEH,
(PDB  1HXY) yellow-
SEH, lighter green-MHC
o-chain and darker green-
MHC B-chain [31] and
low-affinity binding to the
oa-chain of MHC and
visualized by SEB-MHC,
(PDB 1SEB) grey-SEB,
lighter green-MHC a-
chain and darker green-

MHC B-chain [28].

Figure 19. Structure of Superantigens from the 5 evolutionary groups in complex with TCR. TSST-1,
purple, bound to hVB2.1 B3MFG) [127], SEB, grey, bound to mVf8.2 (1SBB) [128-130], SEH, yellow, to
hVa10 (TRAV27/TRVB19) (pdb 2XN9) [1], SpeC, green, bound to hVf2.1 (1KTK) [131] and SEK,
cerise, bound to hVf5.1 (2NTS) [132]. VP is shown in blue and Va in lighter blue. Where m denotes mouse

and b human construct.
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Detailed analysis of TCR-SAg interactions

TSST-1 recognizes unique amino acids in CDR2 and FR 3, binds only one TCR with no
contact between TCR-MHC and is the only member in group I [133]. Group II SAgs are
the most general SAgs that interact with several different TCR and through CDR1-2,
FR2-3, and HV4 on TCR. The interaction can be described as “conformational-dependent”
where the backbone of TCR, rather then the side chains, is of importance for binding and
there is a contact between TCR-MHC upon this complex formation [128, 130]. Group III
SAg is a diverse group; SEA upregulates cells expressing nine different TCR Vfs but no
structural information is available, and SEH only one, through TCR Va [1]. Group IV
SAgs all have a more specific TCR recognition than group II, achieved by interaction with
all CDR1-3 and HV4, with contacts both to specific side-chains but also depending on
backbone conformation [131]. Group V binds in a more lateral position TCR V. CDR1-
2, FR1,3 and, extending into FR4 by an extra long loop which has a unique 15 amino acid
insertion, between oz - s [132].

Interestingly, the ability to induce emesis (vomit) correlates with their binding mode to
TCR. This is due to the existence of an extended loop needed for emesis, present in groups,

IT and 111 [134], [34].

The ternary complexes MHC-SAg-TCR

For SEB, the affinity of each and one of the interactions are weak, SEB-TCR, K4 1,5 x 10
M, and MHC, K4 3 x 10* M, and yet, MHC-SEB-TCR show an affinity of 3 x 10° M,
maybe due to cooperative energetic and stability from TCR Va in the interaction [135].
SEH interact slightly with V; 6% of the surface in the interface is from VP and in the
ternary complex a hydrogen bond is created between SEH-Vf, which is not seen in the

binary structure, and thus, not crucial for complex formation [1].

SEH is an atypical superantigen in the group III, seen from phylogenetic tree analysis [34],
where it is the furthest away and it differs in that is upregulates T cells dependent on the
TCRVa and not TCRV, as all other studied superantigens [39]. The upregulation of Va
was further verified by surface plasmon resonance, SPR, analyses where binding was
confirmed and a Ky calculated to 4 pM [136], in line with other SAg-TCRVp complexes,
10* -10° M (1-100 uM) [124]. The structure presented in this thesis of the full MHC-
SEH-TCR ternary complex and reveals the details of how TCR and MHC are oriented
versus each other as well as the specific interaction between superantigen and TCRVa [1].

The overall dual buried surface area is 13694, in line with other complexes and the main
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interaction points are two hydrogen bonds and a hydrophobic patch. Corresponding
residues are found in other SAgs, interacting with TCRVf and this indicates that SEH is
not an outlier, and other SAg may well interact with TCRVa.

Belonging to group 111, SEH has potentially two MHC binding sites, something speculated
about for SEA [123], the high affinity site is known [31] and a low affinity site shown for a

mutant of SEApxnsa [123]. This would enable an antigen-MHC/SEH/antigen-
MHC/TCR binding, a potential way to increase immune cells response.

It should be noted that there is no overall conformational change in any of the proteins
upon ternary complex formation. Another ternary structure, MHC-MAM-TCR was
previously determined, and in this complex both Vo and Vf interact with MAM which is
not structurally related to SAg [137].

Affinity maturated SAg

Since the binary complexes between various TCR-SAgs, in low micro molar affinity (>10°¢
M), crystallization is often been helped by mutations to increase the binding affinity of the
complex. This has been done routinely and turned into a specialized tool for investigating
affinities and specificities in protein-protein interactions [125]. Interactions depend on
more than electrostatic forces, hydrophobicity and van der Waals forces. Mutational studies
on SAg-TCR complexes show other factors are involved, such as shape complementarity,
water networks, plasticity and cooperativity where 1+1 make more than 2 [124, 125].
Affinity maturated TCR are, besides tools for basic protein-protein research, used for

treatment of SAg infection by neutralizing the SAg [8].

Activation by superantigens

Superantigens are very potent and a matter of debate is whether the stronger affinity results
in the more immune response [124]. As little as 10'?-10"° g, quantities will induce a
measurable activation of the T-cells [34]. (Compare to an ordinary ibuprofen tablet for
headache where you take 10" g, 100mg active substance). SAg mediated TCR signalling
tollows the conventional activation starting with phosphorylation by Lck on CD3
cytoplasmic tails I'ITAMs, with exceptions, an alternative way is found [34]. SAgs bind only
to MHC class II, which in conventional antigen activated T-cells, binds co-receptor CD4*
but SAg-activated T-cells carries both CD4" and CDS8", hence, the interaction of co-
receptors is of no importance [138]. Studies show that cells lacking, CD4" produced IL-2
after activation by SAgs, hence, some other pathway is active in SAg engaged T-cells [139].
This was investigated in T-cells lacking Lck where the activation of TCR by SEE (also
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group III, as SEH) has shown to proceed through lipid raft-enriched pertussis toxin-
insensitive G-protein a-subunit 11, Gall, and the downstream target phospholipase C-J,
PLCB. This results in translocation of the transcription factors NF-kB to the nucleus and
production of IL-2, as in Lck-induced activation [139]. This is another example of the
diversity of SAg in activation of T-cells.

In conclusion; nature often use similar designs and means in solving problems of analogous
nature, thus, knowledge on the activation of the T-cell and B-cell receptors may give insight
in the mechanism of several other MIRR. Understanding on the fundamental ability and
mechanism of the disordered proteins are of great need in this emerging field.
Superantigens are traditionally thought to activate the TCR through binding to Vf, but
here we show that the Va may be as justified for interaction, likely using similar binding
mechanism. In this thesis we want to shed light on the signalling on the atomic level, using
the tool structural biology, which gives very detailed information for each amino acid in the
proteins.
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STRUCTURAL BIOLOGY

The field of structural biology is about observing and visualizing macromolecules, usually
proteins or nucleic acids at an atomic level, meaning each atom and the bonds between
them. Traditional light microscopes uses visible light and has a physical limitation in
resolution of half of the wavelength used, 400-700nm (4-7x107 m). That means that
structural features smaller than 200nm cannot be observed and the size of single atoms and
their bonds are in the order of 0.1-0.5nm (1-5A), hence, other techniques are needed for
these studies.

The two main techniques for structural biology are X-ray crystallography and Nuclear
Magnetic Resonance (NMR) and in this thesis both techniques have been used.

NMR is a versatile technique that explores the effect of NMR active nuclei, in biological
samples usually "H, *C and "N, in a magnetic field. After excitation by a radiofrequency
pulse, the return to thermal equilibrium is recorded and results in the NMR spectra. The
molecule is observed in solution and a wide range of dynamics within the molecule may be
analysed as well as information about each active nuclei in the protein, for structure
calculation and binding studies. NMR was first described in 1938 and was applied on

liquids and solids 1946 [140, 141]. 1985 [142] the first protein structure was calculated and
since, the technique is still rapidly developing.

X-ray crystallography is a technique that uses an electromagnetic radiation with a
wavelength of 10-0.001nm (10® -10"* m), so-called X-rays, discovered by Carl Gustav
Roéntgen in 1895. This technique was first used on macromolecules in the early 1900°s.
Since then 78800 protein and nucleic acid structures have been structurally determined (as
of 3 April 2013), using X-ray crystallography. X-ray crystallography is a very strong
technique and the information is very detailed. The prerequisite for X-ray crystallography is
a crystal of the protein of interest, which in turn requires a homogenous solution protein of
stable fold, implicating that the ever-changing IDPs are not suitable for x-ray experiments.
Also, protein complexes with a weak affinity, Kq > 10 M, usually are very complicated to
crystalize but very well suited for NMR experiments where the weaker complexes often give
good spectra. For NMR, the challenge is large proteins that give more signal overlap and
broader signals. To solve this, isotope labelling (for bio molecular NMR usually 2H, *C and

5N) of molecules enable multidimensional experiments but yet, there is a size limit.
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Protein production

A prerequisite for all structural and biochemical/biophysical work is to have the molecule of
interest, the particular protein, pure and if NMR studies, isotopically labelled. Also, the
appropriate amount of protein is necessary to get a strong enough signal in your experiment

or the proteins to pass the phase transition into crystal state.

There are several ways to produce proteins and one has to take into consideration the
organism of origin as well as the production organism for many reasons; posttranslational
modifications, the need for chaperones for folding, the balance of different tRNAs and
toxicity to the host cell. In this thesis all proteins have been expressed using the “machinery”

from the bacterium Escherichia coli in different methods;

* Bacterial growth in shaker flask or fermentor producing folded proteins or inclusion
bodies — in vivo expression.
* Cell free protein synthesis based on E .co/i extract - in vitro expression.

In vivo protein expression

The bacterium E. co/i is widely used for protein production and since they can harbor and
propagate plasmid DNA this is an easy way to introduce new genes and control the protein
synthesis of those. The plasmid has a promoter sequence, constant or inducible (such as the
T7 and lacpromoters), a ribosome binding site, antibiotic resistance for selection and an
open reading frame coding for the protein of interest. For isotope labelling of proteins, the
cells are grown in a medium enriched in all or some of the NMR-active nuclei °H, *C and

5N, which may result in lowered bacterial growth.

SEH is a toxic protein that has genetically been modified with addition of a signal peptide
for transport to the periplasmatic space between the inner and outer membrane of the
bacterium, where the amount of other proteins is much lower than in the cytoplasm making

the purification easier. The promotor for SEH is constantly on, producing high amounts of

SEH [31].

TCR and MHC class II are heterodimeric proteins that natively attach its counterpart in
the membrane. The constructs used in this thesis are modified to lack the transmembrane
domain. Because of it’s hydrophobicity, detergents would need to be included in purification
to solubilize this part of the protein [143]. In the TCR monomers, a disulphide bridge has
been introduced to keep the heterodimer together (Cys 158a and Cys 171f) [144].
However, the TCR and MHC chains are produced separately and do not fold correctly

upon translation, but form insoluble inclusion bodies. The benefit of this is a lot of
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polypeptide is being produced and the inclusion bodies are easy to purify [145]. Refolding
of these and at the same time, forming disulphide bonds within and between the two
monomers (for TCR), making the correct heterodimer is not trivial. The correct redox
conditions, slow adjustment from high to low concentration of denaturant by dialysis or
dilution, right temperature and additives of small molecules such as the peptide present for

MHC refolding are crucial [144-146].

' Harvest Lysis

vivo Structural Biology

Purification Functional assays
Therapeutic use

etc...

‘Shake’n bake’

vitro

Figure 20. In vivo vs. in vitro (CFPS) protein productions. Preparations: In vivo; Cloning of cDNA for the
g P P P g

protein of interest into an appropriate vector, transformation into host cell and selection for positive clones.
CFPS; cultivation and preparation of cell extract, expression and purification of DNA for the protein of

interest, making of stock solutions of additives such as nucleotides, T7 polymerase, tRNAs, amino acids,

DTT and buffer ions.

The production in in vive includes scale up and growth of a positive clone in shaker flask or fermentor (more
control over the process and often better protein yields), lysis of cells and eventually, purification. This takes
about 2-3 days where the protein production in CFPS is fast and require accurate pipetting and mixing of all
ingredients in one tube, incubation for 45 min-2h followed by purification. Preparations can be performed a

few times/year and stocks kept in freezer/fridge.

Cell-free protein synthesis (CFPS)

Nature has under a very long time developed the system of reading information from the
DNA code, transcribing it into RNA and then translating that information into proteins
which in turn perform the function in all living cells. This is a beautiful and intricate system
very well regulated and the basis for all life. Cell-free protein synthesis is a fairly new
technique that is being developed at the Swedish NMR Centre amongst other places. In
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cell-free protein synthesis, bounding cell membranes have been taken away and
consequently, the production of proteins is performed in an open system. The open nature
of the system allows the biophysical conditions of expression to be tailored to the

synthesized protein.

The cells from E. cofi, wheat germ, or rabbit reticulocyte are lysed, purified from cellular
DNA, membranes and larger components and the remaining crude cell extract contains
ribosomes, elongation factors, metabolic enzymes and many more components needed for
protein production. This is put into a test-tube and DNA coding for the protein of interest,
energy substrate and other components are added, see figure 21. Production of proteins can
be performed under special conditions such as different pH, redox potential, with RNAse
and protease inhibitors as well as co-factors or ligands present. The system is very adaptable
and production of several proteins at the same time can be accomplished [147, 148]. In our
system, production of membrane proteins with additions of detergents or nano-discs is
possible and in a biased screen of available constructs, 37/38 proteins expressed well for
structural studies [149]. The set-up can be of either so-called batch mode, where all
components are added together in a test-tube or continuous-exchange where the ribosomes
and produced proteins are on one side of a membrane and a solution of the amino acids,

energy substrates and by-products are continuously exchanged. For a more extensive review,
see Carlson el at [148].

At the Swedish NMR Centre, we have developed a batch mode CFPS system based on an
E. coli extract. [150] The benefits compared to continuous-exchange are simplicity of setup
and scale-up. Proteins are expressed for 45 min - 2h and thereafter purified, if so preferred.
In CFPS, the only protein produced is the one corresponding to the DNA added to the
CPFS mix, hence, it should be possible to run NMR experiments directly on the cell-free
reaction (ionic strength and viscosity need to be considered). IDPs have properties proven
favourable for production in CFPS, such as high net charge and low hydrophobicity [151],
and taken together with the short production time in presence of protease inhibitors, IDPs

are well suited for CFPS.
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Figure 21, Scheme of the cell-free protein synthesis. In this system, the added genes (dsDNA) are behind a
T7 promotor controlled by the T7 polymerase, for specificity and efficiency. The ribosome is from the
extract and it uses tRNA, amino acids and ATP to translate the newly synthesised mRNA into the new
polypeptide. As energy source, creatine kinase and creatine phosphate are added to regenerate ATP and
since creatine phosphate is not endogenous to E. co/i, the phosphatase activity is low. The concentration of
Mg**is of great importance for amongst other activities, the function of the ribosome and varies from extract
to extract and thus, has to be adjusted for each extract batch. RNAse inhibitors, nucleotides, tRNAs and, in
total, about 25 different molecules are added to the extract. Increased levels of serine and glutamine are
needed due to degradation by serine deaminases and glutaminases present in the E. co/i extract [150](+A.

Pedersen, unpublished).
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For NMR, the labelling of amino acids does not affect the yields and time of protein
production, which often is the case for in vivo production where also scrambling of the
labelled atoms is a problem. The amino acids are added as ready-made building blocks, that
makes selective labelling and addition of specifically modified amino acids possible [152].
This may be of great importance for large proteins or IDPs. Limiting for CFPS is
production of proteins requiring post-translational modifications, disulphide bonds and
proteins needing folding assistance. The technique is constantly being improved and at
SNC approaches such as metabolomics, experimental design, modifications of the E. co/i

strain as well as empirically trying out different additives such as chaperones are used.

Biophysical techniques

X-Ray Crystallography

Proteins of a fairly rigid structure will in favourable conditions form crystals and this is the
prerequisite for X-ray crystallography. The most common technique to use is called vapour
diffusion or hanging/sitting drop where the protein solution slowly evaporates and the
protein phase transitions into a crystalline form, first a nucleus followed by growth of a
crystal. This is often the bottleneck of structure determination and many factors may
influence the crystal growth; pH, temperature, ionic strength, protein concentration and
homogeneity. The smallest unit in a crystal is the asymmetric unit which is translated in
space to make up the unit cells, which build up the crystal. The crystal is exposed to short
waves of light and by the electrons in the crystal; the light will scatter in several different
directions. Most photons will be lost due to destructive interference, and those in
constructive interference will amplify and the resulting collected reflections holds
information about the special relationship between electrons in the crystal. One single
molecule would give too weak signal so the crystal is needed to magnify the signal from each
and one of the electrons in the protein. The crystal is rotated to give data from 360° or less
depending on the symmetry within the unit cell in the crystal. To calculate the electron
density map knowledge on the phase of the diffracted signals is needed, but the collected
data do not contain information about the phases, which is known as the phase problem. 1f a
similar structure exists, homologous replacement can be used. Otherwise different methods
where heavy atoms are included in the crystal are needed, to get the correct phase. The data
is processed and in the resulting electron density map over the electron clouds in the
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asymmetric unit, a model of the protein can be built [153, 154]. For a comprehensive text

on X-ray crystallography, see Rhodes [154].

Figure 22. The crystallography pathway. A crystal, here visualized by a drop full of SEH-TCR-MHC class
IT with bound peptide crystals, is carefully placed in the X-ray beam and the diffraction pattern after X-ray
exposure is recorded. The black little dots on the detector are the reflections that are indexed and integrated
over all degrees of data collection and then processed. The resulting electron density is shown as a mesh
around the model of the peptide chain threaded through the data. The final calculated model of the protein
in the crystal is shown last, with a box indicating the exact position of density map shown. Picture adapted
from paper IIT [1].
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NMR Spectroscopy

The building blocks of molecules, atoms, consist of a nucleus with surrounding electrons. A
nucleus has some fundamental properties such as mass, charge and spin where the first two
may be understood from experience but the third, the spin, is a magnetic property of the
particle, forming the basis for NMR spectroscopy. Each nucleus has a particular
gyromagnetic ratio, y, which in a magnetic field, Bo, has the spinning frequency ®= -y Bo.
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Figure 23. The NMR pathway. A solution with the purified, labelled protein in a thin, sealed, NMR tube is
placed into the magnet, here visualized by the 900 MHz NMR spectrometer, equipped with a coldprobe, at
Swedish NMR centre. A set of rf pulses are given to the sample in the magnet and the signal of the nuclei
returning to equilibrium is recorded and processed, resulting in a spectrum, here visualized by a 2D HSQC
spectrum of SEH.
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In NMR spectroscopy, the interaction between nuclear spins with spin =1/2 (other spin
exist but is not discussed here) and a strong magnetic field is studied. Each nucleus feels a
slight difference in the local magnetic field due to an induced, small magnetic field in the
electron clouds created by the external magnetic field. The nuclei feel the surrounding
electron cloud and this makes a slight difference to the spinning frequency of each nuclei

and is the basis for the chemical shift [155].

NMR experiments are a set of radio frequency, rf, pulses, so-called pulse sequences applied to
the molecule solution. The nuclei, in resonance, will absorb the energy from the rf pulse,
transfer the energy to the neighbouring nuclei through bonds or space. In the end the
energy is emitted during the return to thermal equilibrium and recorded and transformed
from time to frequency domain. The resulting spectrum includes information of the
frequencies of each and one of the nuclei involved in that experiment. 2D and 3D
experiments help to resolve one peak from another in the spectra and the particular shift for
each nucleus is achieved and necessary for future assignment (identification). NMR
measurements are in practice the difference in population of two energy states, which is very
low and hence, strong magnets and high concentrations of samples and many iterations of

the experiments are needed to enhance the signal [156]. For a more extensive text on NMR,

see Levitt [156].
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Figure 24. N"HSQC of globular 25kDa SEH, of IDP Zeta of 13kDa and projected HNCO of IDP 7kDa
CD79a. In a globular protein such as SEH, the dispersion of peaks is wide but due to slower tumbling rate
for larger molecules it results in broader peaks as well as and the increased number of residues, there is a
problem with peak overlap. For IDPs, most residues feel about the same magnetic environment and the

chemical shift difference nuclei is small, which may result in overlapping peaks. Solution to this is

multidimensional NMR, here represented in a 2D N”HSQC. Figures from [104, 157]} and paper IV.
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Samples are largely unaffected by the irradiation of the rf pulses and the strong magnetic
field and can be used over again and even proteins inside a living cell has been analysed. The
concentration of proteins in the cell is about 300mg/ml protein, a very viscous and compact
solution, not at all the same as in our experiments; mostly water, some buffer- and salt-
molecules with the few mg/ml protein. Interestingly, In Ce// NMR, has shown that some
IDPs have the same unfolded state in a cell as in the test-tube [158].

NMR is the main technique to get detailed information about IDPs but also to verify that

what is seen in a crystal structure actually is the case in solution, as well.
Assignment

Each cross peak has information about the chemical shift in two or more dimensions where
each dimension is one type of nucleus. Combining chemical shift information from several
multidimensional NMR experiments to spin systems i.e. residues, and identifying which
residues these originates from, is called assignment. An analogy is solving a large puzzle of 3
dimensions or, often more. A set of different experiments are recorded and each cross peak
appears in several of the spectra, making it possible to match and assign each and one of
them. NMR experiments can show through-bonds (e.g HNCO, HNcaCO, HSQC) which
are used for assignment or through-space interactions, Nuclear Overhauser Effect
(NOESY) that show special relation between nuclei.

The possibility to solve this puzzle of assignment automatically has developed, with
computer power and interest from the community. Sometimes though, the human eye
needs to watch and solve ambiguous peaks and often in proteins, there are several
conformations of one residue or certain regions that may show very different line widths

making the peaks not detected by the software.
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Automation in assignment and fast spectra recording

As mentioned above, several programs have been developed for automatic peak detection
and assignment [159]. There are also several techniques to speed up the actual acquisition of
NMR experiments [160] [161] [162]. Traditionally, recording of a full set for backbone
assignment takes several days, depending on protein concentration and stability and the
sensitivity of the NMR spectrometer. Presented in Paper IV is a method for fast recording
of NMR experiments and simultaneous assignment of the spectra; Targeted Acquisition
NMR Spectroscopy, TANSY. The acquisition of spectra is fast, both in that non-
uniformed sampling (NUS) [163] is used for recoding of only a few percentage of a full
dataset, the experiments are using the fast-pulsing BEST-TROSY experiments [162] and it
is done in a iterative manner with continuous processing and analysis, called Targeted
Acquisition, TA [164]. First a HNCO experiment is recorded to have a starting spectrum

where each N-H bond from the backbone is represented as one crosspeak. Thereafter, for
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backbone assignment, a set of 3D experiments is recorded simultaneously with some
increments of each experiment at a time and constantly, the program processes the data and
tries to assign the whole sequence using AutoAssign [159]. Continuously, statistics of the
progress is given and this enables adjustments in amount of iterations on certain

experiments to make a balanced progress with sufficient data in all experiments, see figure
26.
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Figure 26. The flowchart of TANSY and progress of TA. TANSY uses iterative acquisition of NMR data,
processing and analysis. Each cycle results in validation of the assignment and the process is on going as long
as the assignment is improving. The graph shows number of detected peaks in individual experiments versus

time in a TANSY set up of a CD79a sample of 120 uM. Figures from paper IV, with permission.

Secondary Chemical Shift (SCS)

Chemical shifts can be used to probe full or partial secondary structure. Here, the measured
chemical shift for the backbone ®*Ca, “Cf and “CO are compared with either a amino-
acid-specific “random coil” shift from a database based [165, 166] or chemical shifts from
denatured protein, i.e. use of 8M UREA or 6M Gua-HCI, guanidinium hydrochloride
[167]. This is often used to confirm a calculated structure or for IDPs to visualize structural
tendencies, i.e the presence of a secondary structure in a portion of the proteins, e.g.
MOREF. To enhance the weak presence of an a-helix, Trifluoroethanol, TFE, known to
tavour states where the backbone amide groups form intra-molecular hydrogen bonds, such
as in the a-helix is added. This if up to 20% is used. By this addition, a weak presence of a
a-helix will be enhanced and detectable [168, 169].
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Figure 27. Secondary chemical shifts (SCS) for CD79a, “Ca (bold lines) *Cp (thin lines) and “CO
(dashed lines). Resonances were calculated by subtracting intrinsic random coil chemical shifts [170, 171],
measured in 6M urea, from the corresponding values obtained for “native” (black lines) and “20% TFE”
(grey lines) states. For presentation the values were smoothed by three-residue running average. The position
of the ITAM motif is visualized by a thick black line above the graph. Adapted from paper IV, with

permission.

Interactions investigated by NMR
Chemical Shift Perturbation

If assignment is known, changes in shift for N-'H cross peaks for the protein in solution
with the binding partner, are good markers for interaction or subsequent effects in the
protein. 2D BNHSQC or similar spectrum is recorded and the binding partner added
followed by recording of a new spectra. The area in the proteins affected by interaction,
either by direct binding, being close in space or maybe by secondary interaction such as

conformational change, will show a chemical shift difference for the significant cross peaks.
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Figure 28. Chemical shift perturbation of SEH upon titration with increasing amount of TCR. (Blue — only
SEH present and as the amount of TCR increases, 1:20 (TCR:SEH) green, 1:10 yellow and 1:6 red, some
peaks are shifting and/or showing change in intensity. For the interaction SEH-TCR we wanted to confirm
the binding site seen in the X-ray structure as well as get additional information about the nature of the

interaction. Figure adapted from [1] (paper 3), with permission.

Exchange

Proteins are dynamic and constantly atoms are moving in the proteins as a part of life and
protein function. This can conformational changes, making and breaking of complexes or
backbone chemical exchange processes. Dynamic processes cover a broad range of timescales
and different NMR experiment can address distinctive timescales [155, 156, 172, 173].
Folding and interactions are often in the ps — ms and can be mapped using chemical shift

perturbations.
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If the complex of two molecules has a long lifetime (relative to 1/A®) two distinct peaks will
appear, one for the free and one for the bound form of the labelled protein. If, on the other
hand, the complex is short lived, the system is in fast exchange and the average peak
position is what will be seen in the spectra. Often a short-lived complex is weaker than a
long-lived and by analysing the relative change in chemical shift and peak intensities,
extraction of dissociation constant, K4, can be made and often rate constants Ko, and/or Ko
can be obtained.

Ke>> (0a— waB) = fast exchange
Kex << (0a— @aB) = slow exchange,

Ko = (0a— ®4B) = intermediate exchange.

Other biophysical techniques for investigations of intrinsically disordered
proteins

Computational methods

In the field of IDPs, where the unfoldedness is encoded in the sequence of amino acids and
with experimental techniques to identify IDPs have allowed for development of many iz
silico tool to find, organize and explore these proteins. Analysis of primary sequence is used
in the Charge-Hydropathy, CH, plot (figure 9) where few hydrophobic vs. hydrophilic
residues i.e. is a first sign of disorder is visualized [69]. Other predictors calculate energies
and probabilities of folding based on pairwise inter-residue interactions, e.g. IUPred [174].
More sophisticated predictors, e.g. PONDR-VLXT use a neural network that predicts
disorder based on training sets and gives a score for each amino acid [174, 175]. Structural
elements such as MOREF and PSEs, as well as docking sites for interactions, linear motifs,

LM, can be predicted and some servers combine several predictors into so-called Meta

servers, such as MetaPrDOS [50, 176].
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Figure 29. In silico prediction for disorder in the cytoplasmic tails of CD79a and CD3e¢ using three different
predictors; IUPRed [174], PONDR-VLXT [175] and MetaPRDos [176]. ITAM in CD79a is between
residue 24-37 and for CD3¢, residue 24-38, shown as a thicker line.

Biochemical/biophysical methods
IDPs do not behave biochemically and biophysically as globular proteins and some of these

properties can be used to identify and investigate them. For example, they are often resistant
to heat-denaturation and hence, purification can be made simple. H/D-exchange is very fast
in IDPs since almost all side chains are exposed to solvent and this also makes the proteins
more prone to protease activity. In many techniques based on size or hydrodynamic
behaviour, IDPs behave as if they are larger than they are; Size-exclusion chromatography,
SDS-poly acrylamide gel electrophoresis (SDS-PAGE), dynamic light scattering (DLS)
and NMR diftusion experiments.

Lon g-range-interactions

NMR can examine many different properties of the proteins and is particularly well suited
tor IDPs. In spite of their highly dynamic nature, IDPs may exhibit transient or persistent
long-range tertiary structure that may be related to biological activity or inhibit protein from
proteolysis or amyloidosis (such as in A or plack formation of a-synnuclein in Alzheimer’s

and Parkinson’s disease) [58].

Long-range interactions within a protein or between proteins are often probed by the

interaction between the observed spin and an unpaired electron from an artificially
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introduced nitroxid group, so-called paramagnetic relaxation enhancement, PRE, also called
spin-labels. In its oxidized state the label is paramagnetic and relaxation is induced via
dipolar coupling to the unpaired electron spin, it bleaches out signals in a radius of about
20A. In the reduced state, the label is diamagnetic, not active and the spectrum of this is
recorded as reference and the residues on the protein close in space with the PRE the ones

showing decrease in peak intensity.

Dipolar couplings between two nuclei may be strong and depends on the geometry between
them but averages zero due to equal possibility in free solution [53, 177]. If the protein is
dissolved in a solution of weakly aligning media, such as polyacrylamide gels, phages or lipid
bicelles, the residual dipolar couplings (RDC) between two nuclei are reintroduced and may
be recorded. This gives an angle between each atom pairs and is used for structure
calculation in globular proteins. In IDPs the RDC values are compared to a database of
random coil angles and since secondary structures are sensitive to specific backbone dihedral
angle propensities for structure can be seen [53, 178]. Often different techniques are
combined in computational programs such as RDC and PRE data are combined in
ASTEROIDS [179] and the combination of RDC and SAXA in the making of ths
structure of p53, see figure 8.

Nuclear overhauser-effect, NOE, is the measuring of cross relaxation through space
between two nuclei (the analogous dipolar interaction between nuclear spin and electron
spin in PRE). The intensity of the signal decays with distance, r°, and from this, spacial
relationships can be calculated [156]. This is the primary information used to calculate

globular structures, whereas for IDPs they are rare to find, except for sequential NOEs [58].
Relaxation

Relaxation is a measurement of the intrinsic movement in proteins and relaxation in
globular proteins differ a lot from that in IDPs. IDPs are highly but not uniformly flexible.
With NMR the dynamic data is provided for each and one of the residues and information
about different mobility in different regions of the protein may be linked to function [180].
Relaxation dispersion is another NMR relaxation-technique that has more recently been
used for IDPs, visualizing transition states and low populated states [181].

SAXS and CD

Other techniques used for characterizing proteins, and IDPs in particular, are small angle
X-ray scattering, SAXS and circular dichroism, CD. For globular proteins, SAXS gives a

low-resolution 3D structure. For IDPs, SAXS can assess the oligomeric states of protein or
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protein complexes and based on a genetic algorithm and a large datasets of randomly
generated models, several subgroups of protein conformations can be calculated [182]. This
gives an overall shape of the ensemble of conformers for that protein. SAXS often is
combined with RDC and PRE measurements [53]. CD measurements are based on
different absorptions of chiral light over a range of wavelengths and the far-UV-spectrum,
180-260nm, which originates mainly from amide-bonds. The CD data gives an estimate of
the amount of secondary structure and the nature of that structure, a-helix, B-sheet, or lack
of structure, random coil. CD is often used initially to verify lack of secondary structure

content in IDPs and monitor changes upon binding or changes in the environment [53].
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Figure 30. CD spectra for 0.38 mg/ml CD79a (a) and 0.19 mg/ml CD3¢ (b) in buffer (thick line), 10 %
trifluoroethanol (TFE) (thin line), 20 % TFE (grey line) and 30 % TFE (dashed line). Under native
conditions both constructs showed characteristic random coil curves with a minima around 200 nm.
Increasing TFE concentration gradually increased the alpha helix characteristics, with minima at 222 nm,

208 nm and a positive value at 190 nm. Picture adapted from supplementary of paper IV.
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SUMMARY OF PUBLICATIONS:

Paper I; "The intrinsically disordered cytoplasmic domain of the T cell
receptor zeta chain binds to the nef protein of simian immunodeficiency

virus without a disorder-to-order transition."

In this study we show that the intrinsically disordered intracellular domain of TCR, T, does
not undergo coupled binding and folding when interacting with the SIV Nef protein. The
two proteins are known to interact from yeast 2-hybride screens [117] and SPR data [113]
with two separate binding sections on T (SNID1, 2) to the core of Nef. The binding
constant, Kg, is calculated to 4 pM [113] whereas T dimerization is 10 uM, [18] hence,
upon complex formation, Nef breaks the (possible) dimerization of C. In this work, NMR
experiment of free T show similar PNHSQC spectra as when equal amount of SIV Nef is
present in the NMR tube; equal peak intensities and peak positions. Both Nef and T are
soluble to 1mM separately, but mixed, they precipitate at concentrations > 25 uM,
indicating that they affect each other and interestingly, the precipitate is mainly TCRC.

Conclusion is that NMR data show no significant changes in chemical shift in T upon
interaction with Nef, yet other groups have reported the interaction to be specific [117].

The nature of this binding is not understood.

Later, Walter ez a/ published a crystal structure of the complex Nefeore — part of T [116]
where the first ITAM in T adopts an o-helix-like structure in the binding cleft of Nef. This
apparent contradiction points to the more complex nature of IDPs, their conformations may
be very environment dependent; speculate there is a transient o-helix, which interacts with
Nef. If condition is deliberately changed to select for crystals and upon crystal formation the
equilibrium is shifted and eventually most T is trapped, in the a-helix shape, in the crystal.

~ ppm Figure 31. "N HSQC of Zeta free (grey) and Zeta-
<29 - Nef 1:1 complex (black), show no visible difference in
110 - SR
the spectra. The two spectra are overlaid and residues
G126 - - - in the SNIS1 and SNID2 regions, know to interact
115 - s123 with Nef, are shown. Detailed analysis of the
N “e N n*w= intensities show a marginally decrease of about 10-
120 - = Tz "3—: Y2 15% in the spectrum of complex, reasoned by viscosity
- K18 SWSTEa . - - increase and the larger size of the complex.
R . -
e E124° &g (Unpublished data). Figure from paper 1.
125 4 - o o g
T T
8.5 8.0 ppm
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Paper II; "Backbone resonance assignment of Staphylococcal

Enterotoxin H."

The basis for most BioNMR work is the assignment, this is the key to couple changes seen
in the spectra due to a physical difference to a residue or area in the protein. Here, backbone
assignment of SEH has been completed mainly from 2mg of a triple-labelled (*H, *C and
5N) sample. The amide protons were back-exchanged to H' for visualization in the NMR
experiments and this was not complete due to a very strong B-sheet. Thus, a double-labeled
sample (C and N) was used for these signals as well as for "N NOESY-HSQC
experiment to verify the assignment. This is the first time a superantigen has been assigned
and it opens the door to many NMR experiments such as interaction studies. This is what

continued in paper 3.

The lack of back exchange of amide protons in the B-sheet (B strand 9, 10, 12) shows the
stability of protein; 50°C shaking for 60h and the H-bonds within the B-sheet do not let go,
see figure 32. The assignment was done using CCPN [183] and NMRPipe [184] and data
deposited to the BioMagneticResonanceBank (BMRB number 16146).
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Figure 32. The effect of deuterium labelling. Line widths are much smaller giving sharper lines and better
peak separation, due to the relaxation properties of deuterium. ®N HSQC of SEH, black spectrum is of the
deuterium (*°H, *C and N) labelled sample and grey of the double labelled (*C and N). In the lower right

corner the where position of the strong S -sheets on SEH is visualized in black. Picture adapted from [157].

49
SUMMARY OF PUBLICATIONS




Paper III; "The structure of superantigen complexed with TCR and

MHC reveals novel insights into superantigenic T cell activation."

Here we, for the first time ever, show a three-dimensional structure of a superantigen, SEH,
crosslinking both MHC class II presenting a peptide to a full length TCR. The structure is
inline with previous data from cell upregulation studies [39] and SPR [136] showing the
main contact between SEH and TCR is from the a-chain of TCR, something never seen
for any other superantigen. The crystal structure shows a similar interaction surface on SEH
as other superantigens-TCR structures, this is also confirmed by NMR data of the complex
in solution. The exact amino acids crucial for SEH-TCR interaction are conserved amongst
other related SAgs. Comparing the important residues for this interaction, it suggests that
other superantigens possibly can up regulate cells dependent on the a-chain of TCR.

The NMR chemical shift changes in peak position and intensity were analysed to map the
SEH residues the most affected by the presence of the TCR (TRAV27/TRVB19).

For chemical shifts changes, the peak positions in 'H and ®N dimensions were weighted
together and the peak intensities were normalized and the difference between peaks in
spectrum of free SEH and spectrum of SEH with addition of 21 mM TCR (1:6
SEH:TCR) were analysed see figure 28. The most affected residues correspond well with

the interaction surface seen in the x-ray structure.

Protein production for this work was substantial; five different genes were expressed in
separate cell lines. One, SEH, transcribed and translated into a very toxic protein and the

other four, TCR and MHC made inclusion bodies, which had to be purified and refolded

to the correct heterodimers.

Our hope is that this finding will open up new possibilities and widen the view in the field

of superantigen-biology, as well as understanding protein-protein interactions.

CJSEH
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M SEC;,
BSPE-A

Tyr80 ’

Figure 33. The three most involved residues in the SEH-TRAV27 interaction are conserved structurally within
several other superantigens; maybe they also can engage the TCR through the a-chain. Picture from paper IIT [1].
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Paper 1V; “Highly efficient NMR assignment of intrinsically disordered

proteins: application to B- and T cell receptor domains”

The field of IDPs is still in its beginning and to accumulate data and knowledge,
appropriate methods are needed. IDPs require NMR assignment in many different
conditions, with different mutations and additions of spin labels for a complete
understanding of their nature; hence, fast protein productions and assignments are needed.
In this paper we demonstrate a new methodology based on techniques proven fast and

reliable, cell free protein synthesis (CFPS) and fast NMR.

The proteins are produced using CFPS where the translation machinery from E. co/i is
extracted and added to a test tube for more control over process. DNA encoding the protein
together with necessary molecules is added and especially for protease-sensitive IDPs,
protease inhibitors are present during protein production. IDPs suffer from low dispersion
in the H-dimension circumvented by multidimensional NMR, which traditionally takes
long time to record. We use non-uniform sampling, NUS, together with fast-pulsing
experiments to decrease the acquisition time. Data is recorded using Targeted acquisition,
TA and continuously being processed, analysed and validated, a completely new approach
minimizing false assignments. We call this process TANSY Targeted Acquisition NMR
SpectroscopY.

Using this approach CD79a has been assigned in one hour, about hundred times faster than
conventional methods. Even at very low concentrations, 30 pM, assignment is possible.
Assignment of CD79a in 20% TFE as well as ‘native’ condition (phosphate buffer) show
relatively small but unambiguous a-helical secondary shifts, notably enhanced by the TFE.
An MOREF such as this a-helix in the ITAM region of CD79a has previously been reported

in interaction with Lyn [185] and hence, could be the active form of the protein.
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