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Summary 1

Summary

MHC Class I molecules are centrally involved in the cellular immunity, as

they sample peptides from the cellular environment and present them for

scrutiny to T cells. These peptides can be self, coming from self proteins that

have been degraded, or non-self, when the cell is infected by viruses, bacteria,

or mutated as this is the case for tumors. The task of the cellular immunity is

to distinguish between self and non-self, and induce either an immune

response or tolerance, in the respective cases. The high polymorphism of the

MHC molecules defines uniqueness of an individual's immune system,

explaining the basis of the repertoire of antigens each of us is capable of

responding, and thus tissue rejection in allotransplantations. This contributes

significantly to the genetic susceptibility underlying autoimmunity, cancer

and infectious diseases. A striking example of the genetic susceptibility is the

high association between expression of the HLA-B*2705 allele and

susceptibility to spondyloarthropathies.

A detailed understanding of the biological role of MHC proteins in

immune responsiveness is the first step towards the design of specific

immunotherapeutics, meant to replace the non-specific treatments currently

available. In this context, the main aspect of this work was the investigation

of MHC-peptide interactions, using for this purpose recombinant proteins.

This implies investigation of the properties of HLA-B*2705 complexes by

means of diverse biophysical techniques and with the help of mutagenesis.

Whereas the main object of this study was the HLA-B*2705 protein, the

general approach used here may be useful for investigating properties of other

MHC Class I molecules.
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The fundamental stone of this study was the set up of an efficient

production system of MHC molecules and a reproducible MHC refolding

system. For this purpose, the B*2705 heavy chain and ß2m were expressed

separately in E. coli, and purified by means of Ni2+-affinity chromatography.

This was achieved, first, with high yields, and second, with high purity, a

prerequisite for the refolding step. Reproducible refolding of the MHC

molecules with single peptides was achieved by dialysis. Typical refolding

experiments yield 5 to 15% purified MHC molecules, which is at least

comparable to literature for HLA-B*2705, although the yield may be higher

for other HLA alleles.

Using this newly established test system, MHC-peptide interactions were

studied by different techniques. As stability of MHC complexes is a good

indicator of immunogenicity, thermal stability was investigated with circular

dichroism for series of peptides parent to the GRAFVTIGK epitope (HIV1

gpl20 protein). Two anchor positions were systematically substituted, or

appropriate site-directed mutagenesis of the HLA-B*2705 binding groove

were performed. The results showed clearly the predominant contribution of

position 9 side-chain of the peptide over position 3 to the thermal stability of

the MHC-peptide complexes. Mutagenesis studies permitted to conclude,

however, that both peptide termini contribute significantly to the stability, as

removal of single H-bonds between the MHC and the peptide termini was

destabilizing the complex. Interestingly, comparisons of structure-stability

relationships and structure-binding relationships showed that no real

correlation exists, strengthening the assumption that stability correlates with

immunogenicity independently of the affinity.

Expression of HLA-B*2705 allele and susceptibility to

spondyloarthropathies have been related to the particular ability of this allele

to misfold, and the fact that this allele possesses a free Cys 67 residue. To



Summary 3

gain further insights in this mechanism, influence of this amino acid on the

characteristics of the protein were investigated by comparing wild-type

protein to Cys67Ser mutant. It showed that mutation of this residue to a Ser

affected markedly the thermal stability of the complex. Cys 67 seemed

moreover to affect the denaturation profiles monitored by circular dichroism

spectroscopy, as biphasic unfolding were monitored under certain conditions.

This residue was shown to play a role in the formation of higher molecular

weight species, whereas no affectation of the binding properties could be

observed upon mutation.

To gain further insights into the MHC-peptide interactions, other

properties can be investigated, as binding affinities, equilibrium dissociation

constants, or association and dissociation behavior of the complex. To

facilitate their investigations, methods based on fluorescence polarization and

with fluorescein-labeled peptides were used for the first time to investigate

MHC characteristics. The established assays showed a good reproducibility

and sensibility, and represent therefore versatile tools for exploration of the

MHC-peptide interactions.

Considering the refolding difficulties and relatively low yields achieved

during this work for HLA-B*2705 protein, engineering of single-chain

molecules that may facilitate these aspects was envisaged here. This was also

thought, in an approach equally applicable to other MHC Class I molecules,

to be a first step in the design of better bioavailable immunomodulating

agents, as peptides have only a limited use due to their rapid enzymatic

degradation. For this purpose two single-chain molecules, linking light and

heavy chain through a linker, and differing only in the order of attachment,

were engineered and their characteristics tested. The present work suggested

that only the single-chain molecule where the heavy chain is attached at the
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N-terminus could refold in a structure similar to that of HLA-B*2705 protein,

whereas both constructs could bind to the natural epitope GRAFVTIGK.

In conclusion, the presented work was devoted to the investigation of

MHC-peptide interactions of the HLA-B*2705 protein. It allowed

determination and characterization of different properties, that might

contribute to the understanding of the biological function of this molecule.

These findings may therefore help for further investigations and development

of new and specific immunomodulating agents.
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Résumé

Les molécules du complexe majeur d'histocompatibilité (CMH) sont

impliquées de façon centrale dans l'immunité cellulaire, puisqu'elles

reconnaissent des peptides du milieu cellulaire et les présentent pour examen

aux lymphocytes T. Ces peptides peuvent avoir pour origine l'organisme lui

même (protéines du soi, qui ont été dégradées), ou un pathogène étranger

(cellule infectée par des virus, des bactéries, ou cellules tumorales). La tâche

du système immunitaire cellulaire est de distinguer le soi du non-soi, et,

d'induire une réponse immunitaire, ou d'amener à la tolérance, dans les cas

respectifs. Le caractère polymorphe des molécules du CMH définit l'unicité

du système immunitaire d'un individu, expliquant les bases de la

reconnaissance d'un répertoire d'antigènes spécifique à chacun de nous, et par

là même le rejet de tissus provenant d'allotransplantations. Cela contribue de

façon significative à la susceptibilité génétique sous-jacente à l'autoimmunité,

aux cancers et aux maladies infectieuses. Un exemple frappant de la

susceptibilité génétique est constitué par la forte association entre l'expression

de l'allèle HLA-B*2705 et la susceptibilité de développer une

spondyloarthropathie.

Une compréhension plus précise du rôle biologique des protéines du CMH

dans la réponse immunitaire représente le premier pas vers la conception d'

immunothérapies spécifiques amenées à remplacer les traitements non

spécifiques disponibles actuellement. Dans ce contexte, l'aspect principal de

ce travail a été l'investigation des interactions CMH-peptide, en utilisant dans

ce but des protéines recombinantes. Cela a impliqué l'étude des propriétés des

complexes de HLA-B*2705 au moyen de diverses techniques biophysiques et
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avec l'aide de la mutagénèse. Alors que l'objet principal de cette étude est la

protéine HLA-B*2705, l'approche générale utilisée ici pourrait être appliquée

à l'étude des propriétés d'autres molécules du CMH de classe I.

La pierre fondamentale de cette étude a été la mise en place d'un système

de production efficace de molécules du CMH et d'un système de renaturation

reproductible. A cet effet, la chaîne lourde de B*2705 et ß2m ont été

exprimées séparément dans E. coli, et purifiées par Chromatographie d'affinité

au Ni2+. Ceci a été accompli, premièrement, avec de bons rendements, et

deuxièmement, avec une bonne pureté, ce qui est une condition préalable à

l'étape de la renaturation. La renaturation reproductible des molécules du

CMH avec un peptide seul a pu être mise en place par dialyse. Le rendement

habituel pour ces renaturations est de 5 à 15% de molécules du CMH

purifiées, ce qui est au moins comparable à la littérature concernant HLA-

B*2705, bien que des rendements plus élevés aient pu être obtenus pour

d'autres alleles.

Les interactions CMH-peptide ont été étudiées par différentes techniques,

en utilisant ce système de production nouvellement établi. Comme la stabilité

des complexes du CMH est un bon indicateur de l'immunogénicité, la stabilité

thermique de séries de peptides parents à l'épitope GRAFVTIGK (de la

protéine HIV gpl20) a été étudiée par dichroïsme circulaire. Deux positions

ancre ont été systématiquement substituées, ou des mutations dirigées du site

de liaison de HLA-B*2705 ont été effectuées. Les résultats ont clairement

montré la contribution prédominante du résidu en position 9 du peptide sur

celle du résidu en position 3, à la stabilité thermique du complexe CMH-

peptide. Des études de mutagénèse ont permis de conclure, cependant, que les

deux termini du peptide contribuent de manière significative à la stabilité, au

vu de la déstabilisation du complexe lors de la suppression de simples liaisons

hydrogènes entre la molécule du CMH et un des terminus du peptide. Il est
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intéressant de noter que la comparaison des relations structure-stabilité et

structure-affinité n'a permis de trouver aucune corrélation, confirmant le

postulat que la stabilité corrèle avec l'immunogénicité indépendamment de

l'affinité.

L'expression de l'allèle HLA-B*2705 et la susceptibilité aux

spondyloarthropathies ont été reliées à la tendance particulière de cet allele à

mal se replier, et le fait que cet allele possède une cysteine 67 libre (non

appariée). Pour avoir un aperçu plus précis de ce mécanisme, l'influence de

cet acide aminé sur les caractéristiques de la protéine a été étudiée en

comparant la protéine sauvage au mutant Cys67Ser. Cela a montré que la

mutation de ce résidu en Ser affecte profondément la stabilité thermique du

complexe. La Cys 67 semble influencer le profil de dénaturation enregistré

par dichroïsme circulaire, une dénaturation biphasique ayant été observée

sous certaines conditions. Ce résidu joue un rôle dans la formation d'espèces

de haut poids moléculaires, tandis qu'aucune modification des propriétés de

liaison par la mutation n'a pu être observée.

Pour avoir un aperçu plus détaillé des interactions CMH-peptide, d'autres

propriétés peuvent également être examinées, comme l'affinité de liaison, les

constantes de dissociation à l'équilibre, ou le comportement d'association et de

dissociation du complexe. Pour faciliter l'étude de ces paramètres, des

méthodes basées sur la polarisation de fluorescence et l'utilisation de peptides

marqués avec la fluoresceine ont été utilisées pour la première fois dans

l'étude des caractéristiques de la CMH. Les essais établis ici ont montré de

bonnes reproductibilité et sensibilité, et constituent par conséquent des outils

d'une grande souplesse pour l'exploration des interactions CMH-peptide.

Considérant les difficultés de renaturation et les rendements relativement

bas obtenus durant ce travail pour la protéine HLA-B*2705, la construction

de chaînes uniques ("single-chains") qui devraient faciliter ces aspects a été
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envisagée ici. Cela a aussi été pensé, dans une approche également applicable

à d'autres molécules du CMH de classe I, comme un premier pas vers la

conception d'agents immunomodulateurs de meilleure biodisponibilité, les

peptides ayant un domaine d'application limité du à leur dégradation

enzymatique rapide. Dans ce but, deux molécules "single-chain", liant les

chaînes lourde et légère par un espaceur, et se différenciant par l'ordre

d'assemblage, ont été construites et leurs caractéristiques testées. Ce travail

suggère que seulement une des deux constructions - où la chaîne lourde est

présente en partie N-terminale- a pu être renaturée en une structure similaire à

celle de la protéine HLA-B*2705, alors que les deux assemblages ont pu se

lier à l'épitope naturel GRAFVTIGK.

En conclusion, cette étude a été consacrée à l'investigation des interactions

CMH-peptide de HLA-B*2705. Elle a permis la détermination et la

caractérisation de diverses propriétés qui peuvent contribuer à la

compréhension des fonctions biologiques de cette molécule. Ces résultats

pourraient, de ce fait, aider de futures études pour le développement de

nouveaux agents immunomodulateurs spécifiques.
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I.I. Antigen presentation by MHC: short overview

Cellular immunity is mediated by the interaction of a T cell receptor

(TCR) with a peptide presented within the context of a major

histocompatibility complex (MHC) molecule. This is known as the MHC

restriction phenomenon, discovered more than 20 years ago (Zinkernagel and

Doherty, 1974). MHC molecules play therefore the dominant role of

presenting antigens to T cells, that discriminate between self and non-self.

They give information about the current stock of proteins within a cell,

enabling the recognition of infected cells. Two different ways can be

distinguished for the immune response: the first one involves destruction of

the infected cell through a cytotoxic T lymphocyte, whereas the second one

leads to activation of B cells through helper T lymphocytes.

Related to the two different routes, two different classes of MHC

molecules exist, that differ in their structural and functional characteristics.

MHC Class I molecules are membrane-bound glycoproteins made up of a

heavy chain of 45 kDa, which is non covalently associated with ß2-

microglobulin (ß2m), a non-membrane-bound molecule of 12 kDa. The heavy

chain is composed of three domains (oci, a2, and 0C3) of 90 amino acids each.

The transmembrane region and the intra-cytoplasmic portion consist each of

25-30 amino acids. MHC Class II molecules consist of one a and one ß chain,

each of about 250 amino acids. Both domains contain two subdomains (ai, oc2

or ßi, ß2), and a transmembrane region. In spite of their different organization,

both of them present structural similarities, like the formation of a peptide

binding groove. The two classes are members of the Ig superfamily, as their

oc3, ß2m (Class I) and a2, ß2 (Class II) domains are immunoglobulin-like.
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Both present, however, relatively different functions in the immune

system, and are related to different pathways. MHC Class I molecules are first

found on almost all nucleated cells, and present endogenous peptides from the

cytosol. The complex is assembled in the ER with 9 amino acid long peptides,

before being exported to the cell surface, where they are recognized by CD8+

T cells. MHC Class II molecules, on the contrary, are present only on

professional antigen presenting cells (macrophages, dendritic- and B-cells),

and bind to exogenous peptides (about 15 amino acids) that enter the vesicular

system of the cell through endocytosis. Binding takes directly place in

vesicles prior to exportation to the cell surface, where they are recognized by

CD4+ T cells. A short comparison of the principal characteristics of MHC

Class I and II is given in the following Table.

Table 1.1. Principal characteristics of MHC Class I and Class II

Class I II

Present on all nucleated cells professional antigen presenting

cells

Classical genes in human HLA-A, B, C HLA-DP, DQ, DR

Alleles per individual up to 6 about 20

Bound peptides endogenous, 8-10 AA exogenous, at least 13 AA

Associated T cell CD8+ CD4+

Immune response destruction of the infected cell activation of B cells

Structure heavy chain oc and ß2m two chains: a and ß
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The scheme presented in Figure 1.1. will serve as background for the

following chapters, that discuss the major characteristics of the organization

of the MHC genes, the processes underlying Class I MHC assembly, a

structural overview and a description of peptide-MHC interactions, as well as

the principles of T cell recognition. This introduction will also give an

overview of the MHC-linked diseases and novel therapeutic approaches.

Finally, MHC in vitro refolding techniques will be discussed. As the object of

this study concerns MHC class I molecules, and particularly the HLA-B27

allele, the following introduction will focus especially on this class of

molecules.

1.2. Organization of the MHC genes

1.2.1. The MHC region

Both MHC molecules originate from genes encoded by human in the same

region of the short arm of the chromosome 6, called the MHC region. This

region is divided into three subdomains encoding different classes of

molecules (Fig. 1.2.).

The Class III region encodes for various proteins not always directly

related to MHC, like tumor necrosis factors (TNF-a, TNF-ß), heat-shock

proteins (HSP), or complement components (C4, C2).

The Class II MHC region contains the genes encoding the a and ß chains

of the classical Class II MHC molecules designated HLA-DR, DP and DQ.

This region contains also genes for non-classical Class II MHC molecules

HLA-DM, DN, and DO, as well as for proteasome subunits (LMP2 and 7) or

peptide-transporter subunits (TAPI and 2).
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Calnexin

heavy chain

Nucleus Antigen presenting cell

Fig. 1.1. Antigen processing pathway of MHC Class I. Assembly of the

MHC Class I molecule with peptides takes place in the endoplasmic

reticulum, after translocation of the nascent heavy chain and transport of

antigens through TAP.



14 1. Introduction

B C X E J A H G

Class I m-

TAP1 TAP2

DP DN DM LMP2 IlMP7 I DO DQ DR

Class II I

C4 C2 HSP TNF-cc TNF-ß

Class III i-1 1 1 1
H lH SI M Hi

Fig. 1.2. Simplified representation of the genomic map of the human MHC

region on the human chromosome 6, representing the most important

genes of the three classes I, II and III. This map also includes most of the

genes encoding the non-classical MHC molecules.

Included within the Class I region are the genes for classical Class I MHC

molecules HLA-A, B and C (also called Class la). The same region encodes

for Class lb molecules, also designed as non-classical Class I molecules, like

HLA-E, F, G, H, J, X, that are similar in structure to classical Class I

molecules, but are less polymorphic and expressed at lower levels. Class I

molecules associate with ß2-microglobulin, an invariant protein encoded on

chromosome 15.

Most individuals are heterozygous with co-dominant expression of the

genes, and express 6 different Class I alleles (2 of A, B and C each). Since

combinations of oc and ß chains are possible for Class II molecules, each

individual will express about 20 alleles.

1.2.2. Polymorphism

Human MHC genes of Class I and II are highly polymorphic, resulting in

many different alleles for each locus. For Class I MHC, HLA-B has about 400
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alleles known up to now, whereas HLA-A and HLA-C have about 200 and

100, respectively. The difference from one allele to another is of up to 20

amino acids. 40% of all the 274 residues of the heavy chain can be considered

as variable, and 10% as hypervariable. This diversity is interestingly

concentrated mostly on ai and oc2 domains, positions directly influencing the

specificity of peptide binding. The 0C3 domain, on the contrary, is rather

conserved for all MHC alleles. The highly polymorphic character of the MHC

has functional consequences: it extends the range of antigens that can be

recognized by the immune system, and therefore limits the evasive strategies

of pathogens.

1.3. MHC Class I assembly

1.3.1. Antigen processing: an epitope preselection

Supplying peptides to the assembly of MHC Class I molecules in the ER

involves at least two steps: degradation of cytosolic proteins originating from

self, as well as foreign proteins (of bacterial, viral or tumoral origin), and

transport of these degradation products to the ER.

The great majority of class I presented peptides (Rock et al., 1994) is in a

first step processed in the cytosol by multicatalytic proteases, also called

proteasomes (Goldberg and Rock, 1992). Two different complexes were

identified: (i) the so-called 20S core, which has an ATP-independent process,

and (ii) the 26S complex, which is ATP-dependent and processes proteins

marked with ubiquitin. The 26S complex is composed of the 20S core, and

additional associated proteins or complexes, that modulate its activity, like the

PA28 activator (Ma et al., 1992). Structural studies of the 20S core (Lowe et
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al, 1995; Groll et al, 1997) revealed a barrel-shaped structure made up of 4

rings of each 7 a or ß subunits, with variations in the order of appearance.

Proteolytic activity is found in 3 chambers, at the inner surface of ß subunits,

thus creating a tunnel where the proteins are degraded. In general, 4-20

residue-long peptides are produced.

For higher eukaryotes, IFN-y induces major rearrangements in the

structural organization of the 20S core. X, Y and Z ß subunits are replaced by

the active LMP2 and LMP7 MHC-encoded subunits (Belich et al, 1994) and

MECLl subunit (Groettrup et al, 1996; Nandi et al, 1996) respectively, that

are IFN-y inducible genes (Ortiz-Navarrete et al, 1991). Effects of these

replacements are still a matter of controversy, but there are evidences, that the

cleavage is enhanced after hydrophobic and basic residues, while decreasing

after acidic residues (Gaczynska et al, 1994). These so-called

"immunoproteasomes" may produce more peptides that are typical MHC

Class I binders.

1.3.2. Transport of the degradation products to the ER

After proteolysis, the peptides are transported to the ER by the TAP

(Shepherd et al, 1993), a heterodimer composed of TAPI and TAP2,

belonging to the ATP-binding cassette (ABC) superfamily (Trowsdale et al,

1990). These two subunits are interestingly also encoded in the MHC region,

and comprise each a transmembrane hydrophobic domain and a cytosolic C-

terminal ATP-binding domain. The process can be divided into two steps: (i)

the peptide binds in an ATP-independent process (Androlewicz and

Cresswell, 1994), (ii) before being translocated in an ATP-dependent way

(Androlewicz et al, 1993; Neefjes et al, 1993). The TAP has a polymorphic

character, that may affect the peptide pool transported, as it may change to
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some extend the residue-preference. However, some general features can be

retained: the peptides are generally 7-13 amino acid long (Momburg et al,

1994), and the transport is permissive to all COOH-terminal residues. Binding

affinity studies of peptides to TAP (van Endert et al, 1995) revealed

favorable and unfavorable residues. The 3 residues at the amino terminus, and

the last residue at the carboxy-terminus constitute the major motifs recognized

(see Table 1.2.). Interestingly, these favorable residues share a lot of

similarities with the preferred residues of HLA-B*2705. If this similarity is

related to the high association of this subtype to autoimmune diseases is a

matter of debate.

Table 1.2. Binding motifs of the TAP

Position 1 2 3 9

favorable residues for TAP A, R, K, H

binding

R,

Y

V, I, L, Y,F,W Y, F, L, R

unfavorable D,E,F P D,E,G D, E, N, S

HLA-B*2705

motifs

binding A, G, K, R R Y, F, L, I L, F, R, K

1.3.3. Assembly: on the way to the right folding

HLA Class I heavy chains must assemble together with a peptide and ß2m

in the ER to express stable Class I MHC on the surface of the cell, as

demonstrated by mutant cell lines with a defective TAP or ß2m gene

expression (Townsend et al, 1990; Ortiz-Navarrete and Hammerling, 1991).

The peptide has to be considered as an integral part of the MHC, as empty

MHC molecules are very unstable under normal conditions. After
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translocation into the ER, the nascent HLA Class I heavy chains enter in

interaction with different ER-resident chaperones, that help them assemble in

the right way. Chaperones are specialized proteins that have as primary role to

prevent the proteins from aggregation, while interacting reversibly with the

exposed hydrophobic domains, and retain them in the ER until proper

assembly is completed. A failure in this process provokes a retranslocation of

the protein to the cytosol, where they are degraded by proteasomes (Hughes et

al, 1997). Chaperones perform a quality control process of the folding of the

molecules (Kopito, 1997), but the exact mechanisms are still not fully

elucidated.

The first chaperones that retain HLA Class I nascent heavy chains in the

ER and help to fold are calnexin (Jackson et al, 1994; Vassilakos et al.,

1996), and ERp57 (Farmery et al, 2000). Once ß2m associates with the Class

I heavy chain, calnexin is released (Ortmann et al, 1994). The partially folded

heavy chain/ß2m complex binds to calreticulin, tapasin, ERp57 and TAP

complex and wait for an appropriated peptide to bind. Only upon peptide

binding, a conformational change will be induced (Elliott et al, 1991), that

permits the fully folded protein to be transported to the cell surface through

the Golgi complex.

Tapasin, which is encoded in the MHC region (Herberg et al, 1998),

forms a bridge between TAP and the partially folded heavy chain/ß2m

heterodimer (Sadasivan et al, 1996). Tapasin-deficient cells fail to load the

peptide, showing a critical role for this chaperone in the assembly process. It

is moreover supposed to stabilize the peptide receptive state of the

heterodimer (Lehner et al, 1998; Pamer and Cresswell, 1998), and create

proximity between HLA Class I and the translocated peptides, to facilitate

loading.
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The other chaperone involved during most of the assembly process is the

thiol-oxidoreductase ERp57 (Hughes and Cresswell, 1998; Morrice and

Powis, 1998), that ensures a corcect disulfide bonding through isomerization

(Lindquist et al, 1998; Farmery et al, 2000). It associates either to the

calnexin/hc complex, or to the calreticulin-associated Class I complex.

Interestingly, point mutations of Cys 101 or Cys 164, forming disulfide

bridges between the floor of the binding groove and the 0C2-helice, impair cell

surface expression of MHC Class I. These results, consistent with prolonged

associations of ERp57 to the calreticulin-associated complex, suggest that

isomerization of disulfide bridges play a dominant role in peptide binding

(Warburton et al, 1994). There is, moreover, recent evidence for a so-called

peptide "editing" or optimization: sub-optimal epitopes bind in a first time to

the MHC molecule, before being replaced by better epitopes in a second time

(Lewis and Elliott, 1998). Once a stable complex has been formed, it is

exported to the cell surface through the Golgi complex (recall Fig. 1.1.).

1.4. Structural overview

1.4.1. Three dimensional structure of MHC

In early crystallization studies, MHC Class I molecules were always

crystallized with a mixture of peptides in the binding groove, that were co-

purified with the proteins (see for example (Bjorkman et al, 1987; Madden et

al, 1991; Saper et al, 1991)). These crystals permitted the elucidation of the

overall 3D-structure of the MHC complexes. However, precise identification

of the antigen-bound conformation and its interactions with the MHC

molecule could not be achieved.
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Crystallization of different MHC Class I revealed a very similar 3D

structure, where oci and a2 domains always form a large peptide binding cleft

(about 25 Â long and 10 Â wide), made of 8 antiparallel ß strands at the

bottom, that are spanned by two long a-helical regions forming the rim of the

groove (Bjorkman et al, 1987). Electron density map analysis of the binding

groove revealed that the peptide is bound in an extended conformation

(Madden et al, 1991). The crystal structure of HLA-Class I molecules is

represented in Figure 1.3.

Fig.1.3. Three-dimensional structure of class I MHC molecules. The heavy

and light chains are colored in red and cyan, respectively, whereas the

peptide is displayed in magenta.
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Beneath this peptide-binding region, both, a3 and ß2m, form

immunoglobulin-like domains, made of ß-pleated sheets. ß2m interacts non-

covalently with the heavy chain, but contributes to the overall stability of the

native complex. Crystallization studies of HLA-Aw68 lacking the 0C3 region

of the molecule, however, showed that this truncated protein retained a MHC-

typical folding as well as peptide interactions (Collins et al, 1995).

1.4.2. Peptide-MHC interactions

Since then, newer approaches to purify the proteins, as the production of

empty MHC and its subsequent loading with peptide (Fahnestock et al, 1992;

Jackson et al, 1992) or the in vitro refolding of the denatured components

(Silver et al, 1991), permitted crystallization of different MHC molecules

with single-bound peptides (Garboczi et al, 1992).

Detailed analysis of different crystals showed, that protein-antigen

interactions share a lot of common features for all Class I molecules. Both

peptide termini are fixed through water-mediated or simple hydrogen bond

networks to conserved MHC residues (Bouvier and Wiley, 1994), which

favors the binding in an extended conformation of 9 amino acid long peptides

(Fig. 1.4.A). Other interactions, with the peptide backbone, are also found

next to both termini of the peptide, thus leaving the middle part very flexible.

Due to this flexibility, 8 or 10 amino acid long peptides may also be adapted

in the cleft, by some conformational rearrangements of the middle part. The

backbone of the bound antigen can bulge out of the groove between positions

4 and 8 (Guo et al, 1992), or zigzag (Madden et al, 1993). Such

conformational differences of the peptide backbone were supposed to play a

role in the binding affinity with MHC or in the recognition by TCR (Calbo et

al, 1999).
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Fig. 1.4. Closer look at the binding groove of a HLA-B*2705 complex.

(A). Intermolecular interactions between HLA-B*2705 and peptide terminal

atoms in the X-ray structure of a HLA-B*2705/peptide complex (Madden et

al., 1992). Only the hydrogen bonds (white broken lines) between the

peptide (cyan), N- and C-terminal ends, and the MHC binding groove

(yellow) are displayed. The protein backbone is shown as cylinders (a-

helices), arrows (ß-strands) and tubes (random coils). A disulfide bridge is

depicted in green and a bound water molecule as a blue ball. (B)
Electrostatic potential in kt/e of the HLA-B*2705 crystal structure

displayed at the molecular surface with the GRAFVTIGK peptide. Green

arrows indicate putative T cell receptor anchors. Peptide positions and

MHC pockets are indicated, except peptide position 1 (P1) and its

respective pocket A, which are both masked by the protein surface.
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In some cases, the C-terminus of the decapeptides may also extend outside

of the binding cleft (Collins et al, 1994), suggesting that even much longer

peptides might bind this way (Urban et al, 1994). Allele specificity of

binding depends on other interactions, involving the peptide residue side

chains and the subtype-specific pockets of the groove (Garrett et al, 1989;

Saper et al, 1991). Positions 1-3 and 9 of the peptide are generally anchored

in these pockets, whereas positions 4 to 8 are normally not bound to MHC,

but may play a role in the binding of TCR (see chapter 1.5). The binding

groove possesses 6 pockets, from A to F (see Fig. 1.4.B), at highly

polymorphic regions of the heavy chain. Due to their physical characteristics

(size, shape, charge, hydrophobicity or hydrophilicity), the pockets limit the

motifs of peptides that can bind to a specific allele, or subtype. Pockets B and

F are mainly responsible for the allele-specificity, as they restrict the binding

motifs to only a few amino acids. One of the most striking example is HLA-

B27, where the pocket B has an exclusive specificity for Arg in position 2

(Madden et al, 1992). This is due to the composition of the polymorphic

residues of the pocket B, which contains His 9, Thr 24, Glu 45, Cys 67 and

Tyr 99. Pocket F of the HLA-B27 is less exclusive as it accepts L, F, K or R

residues (Jardetzky et al, 1991). However, both are considered as dominant

anchor positions for all alleles, as they contribute in great majority to a tight

anchoring of the peptide in the cleft. Side-chains at other positions may also

participate to the binding, but the contributions are of minor importance, and

these positions are therefore called secondary anchors. As shown from

peptide binding motifs (determined from acid elution of the naturally bound

epitopes from purified MHC Class I (Rotzschke et al, 1990)), the specificity

of the secondary anchors is not so high as for primary anchors (Rammensee et

al, 1995).
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LS. T cell recognition

Recently, the first crystal structures of TCR/peptide/MHC Class I

complexes were reported (see for example (Garcia et al, 1996) for murine

and (Garboczi et al, 1996; Ding et al, 1998; Teng et al, 1998) for human).

These studies revealed a general mode of binding of the TCR to MHC/peptide

complexes. The TCR binds diagonally across the peptide-binding cleft,

contacting the peptide but principally the MHC molecule by its

complementary determining regions (CDRs) (see Fig. 1.5.).

The TCR is a heterodimer of a and ß chains, both made up of a

cytoplasmic tail, and two immunoglobulin-like domains: a constant one (Ca

or Cß) and a variable one (Va or Vp), where the CDR loops are situated. Both

CDR3 loops meet over the middle of the groove, thus covering most of the

available surface of the peptide, and also some neighboring MHC residues. It

is noteworthy that the diversity of the TCR is particularly concentrated in the

CDR3 loops, the regions that have the most contact with the MHC-bound

ligand. Mutations in the CDR3 regions could alter or even totally abolish the

response (Engel and Hedrick, 1988; Katayama et al, 1995), indicating a high

specificity. These observations correlate well with previous studies suggesting

that the internal residues of the peptide are of primary importance for an

efficient presentation (Hahn et al, 1992). CDR1 and CDR2 loops contact the

a-helices of the MHC, the a chain on the N-terminus side of the peptide, and

the ß chain on the C-terminus side, as well as a little surface area of the

peptide.

The interaction between TCR and MHC/peptide complex has been shown

to be weak (Fremont et al, 1996), which in fact is the basis of the molecular

scanning, a rapid exploration of the peptide-MHC complexes on the cell

surface by the TCR (Boniface et al, 1999). This can also explain the serial
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triggering of many TCR by a few MHC peptide complexes (Valitutti et al.,

1995), as TCR are activated, independently of the ligand, as soon as a certain

number of TCR (about 8000) has been triggered (Viola and Lanzavecchia,

1996).

Fig. 1.5. Crystal structure of TCR-peptide-MHC .
The a1 and a2 domains of

the MHC protein are represented m yellow, whereas the TCR CDR regions

are colored in blue (a chain) and red (ß chain). The peptide is represented
in a ball and stick model.

The TCR only contacts a very little portion of the peptide compared to the

MHC surface with which it interacts. However, even for a few amino acid



26 1. Introduction

differences between an agonist and an antagonist bound to the same Class I

allele, the T cell can be either strongly activated or not (Garboczi et al, 1996;

Ding et al, 1998). The peptide may therefore be able to influence TCR

binding on the molecular level in three different ways: (i) through direct

contact, (ii) through its backbone conformation (Calbo et al, 1999), and (iii)

through the influence it has on MHC conformation. Due to a growing number

of MHC-peptide-TCR crystal structures, many studies have been performed

to investigate these interactions in detail, in order to understand the

mechanism of activation. Structure comparison of four different complexes

containing agonists or antagonists, showed the lack of correlation between

structural changes and types of T cell signals (Ding et al, 1999). Although a

small adaptation of the CDRs and of the MHC/peptide conformation could be

observed upon binding (Garcia et al, 1998), no evident transmission of

conformational differences to the constant domains of the TCR or to the

cytoplasmic region could be observed upon binding (Ding et al, 1998). Until

now, no evidence has been provided that the model of activation by

conformational changes repercussion along the TCR molecule is true. What,

at a first glance, have been thought to be only a matter of molecular

interactions at the TCR and MHC/peptide interface, may in fact introduce

much more complicated events.

Other models were proposed to explain the triggering of the T cells, as the

one of binding kinetics (Lyons et al, 1996). It is based on the fact that

agonists were found to have longer off-rates than antagonists, as determined

by SPR studies, independently of their similar equilibrium binding affinities

(Kersh et al, 1998). The TCR associated molecules, CD3 and CD8, may also

play a role in the initiation of the response. CD8, a disulfide-linked

heterodimer consisting of two immunoglobulin-like a and ß chains, is

attached to the membrane through an extended polypeptide chain. It binds
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weakly to the a3 region of the MHC molecule (Salter et al, 1990) and to

some residues of the a2 region at the base of the groove (Giblin et al, 1994).

Although the CD8 coreceptor reinforces the interaction between TCR and

MHC/peptide (Luescher et al, 1995), it is not clear how it acts in the

activation process. The CD3 molecule, consisting of large cytoplasmic

segments, seems to initiate activation by clustering, what induces recruitment

of kinases (Reich et al, 1997). But why this molecule starts to create clusters

has not been understood up to now.

In conclusion, a lot of work remains to be done to elucidate the TCR

recognition mechanism, and find out which of the precedent models is closer

to the reality. However, the suggested molecular complexity of the signaling

reveals a potential for fine tuning, that may be of great interest for future drug

design.

1.6. MHC-linked diseases and therapeutic approaches

1.6.1. MHC-associated diseases

Due to their central role in the immune system, MHC molecules are

implicated in many different diseases, as autoimmune diseases, AIDS or even

in cancer. The most striking association between susceptibility to an

autoimmune disease and expression of a special Class I allele is between

Ankylosing Spondylitis (AS) and HLA-B27 allele (Brewerton et al, 1973;

Schlosstein et al, 1973). The mechanism of this association is still not fully

cleared up (see (Lopez de Castro, 1998; Colbert, 2000) for recent reviews), as

different models are currently under investigation. One of the first hypothesis,

involving autoantigenic peptide mimicry of foreign antigens, does not
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satisfactorily explain the different susceptibilities of various HLA-B27 alleles,

that share a similar peptide repertoire. Furthermore, it appeared difficult for

certain diseases to identify the antigens responsible for the self-reactivity.

Therefore, other models have been proposed recently (Colbert, 2000; Khan,

2000), that relate to the propensity of this molecule to misfold during

assembly, due to its particular B pocket (Mear et al, 1999). Such misfolding

events may influence intracellular signaling through ER unusual stress

responses (Kopito, 1997). In addition, some non classical homodimers were

recently found at the cell surface (Allen et al, 1999), that may alter TCR

recognition and signaling.

Apart from such malfunctions of the immune system that lead to

autoimmune diseases, viruses or tumors have developed strategies to evade

immune recognition by blocking signaling at different levels. For example,

the Herpes Simplex Virus blocks the TAP transport by producing a protein

inhibiting the transporter (Favoreel et al, 2000), adenoviruses encode proteins

binding and retaining MHC in the ER, or the cytomegalovirus enhances

retrograde translocation of MHC to the cytosol where it is degraded (Wiertz et

ai, 1996; Wiertz et al., 1997).

1.6.2. Therapeutic approaches

In the past years, many efforts have been done in the research in these

fields, firstly to better understand the pathogenic mechanisms, and secondly to

develop therapies to overcome these malfunctions.

Actually, only non-specific immunosuppressive or anti-inflammatory

drugs have been used for treatment of autoimmune diseases. Recent advances

in blocking of TNF-oc may even look promising (Illei and Lipsky, 2000).

However, as these treatments increase susceptibility to develop other serious
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diseases (many infections and cancers), it is necessary to find novel, more

specific therapeutic approaches.

Antigen-specific strategies have been shown in promising studies to

prevent or suppress experimental autoimmune diseases in rodents, as in the

case of systemic administration of soluble antigenic peptides or proteins:

clonal deletion or anergy of the T cells could be induced by this way (Liblau

et al, 1997). Furthermore, administration of soluble TCR ligands (peptide-

MHC molecules or recombinant single-chain constructs), may be used for

such therapies (Burrows et al, 2000). Despite encouraging results in animal

models, these concepts await demonstration in human autoimmune diseases.

Since research efforts permitted rapid progress in understanding the

cellular and molecular mechanisms of antigen recognition, most of the novel

strategies are based on the rational modification of ligands. They are related

to modifications of these antigens in a way to up- or down-regulate the

immune response, and may have a broad range of applications in many

diseases: (i) the down-regulation of the immune response in the case of

autoimmune diseases uses antagonistic (or blocking) properties. In such cases,

the use of altered peptide ligands (APLs) has been reported (reviewed in

(Sloan-Lancaster and Allen, 1996)), that alter the recognition by TCR and

thereby modify the CTL function (Burrows et al, 2000). APLs can influence

type or potency of T cell responses, by modulating intracellular signal

transduction or phophorylation patterns (Kalergis et al, 1999). (ii) The up-

regulation of the immune response in the case of escaping viruses or tumors,

is associated to the development of the agonistic properties of the ligand. Here

again, APLs can be used to alter the CTL responses to a certain epitope.

However, as immunogenicity correlates with stability (van der Burg et al,

1996), another approach consists of enhancing the binding of the peptide to

the MHC molecule, by modifying anchors (MHC anchor-modified ligands)
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(Pogue et al, 1995; Parkhurst et al, 1996; Sarobe et al, 1998). As such

peptide-based approaches necessitate the identification of tumor or virus

antigens, some strategies have been developed to identify antigens of

therapeutic interest. A new technique based on the use of oligomeric peptide-

MHC complexes (Altman et al, 1996) seems promising for the identification

of antigens, or CTL clones. Such constructs were moreover shown to activate

secretion of IFN-yor stain specifically CTL lines (Denkberg et al, 2000).

Finally, different strategies were developed to overcome the low stability

of the peptides in vivo. The use of retro-inverso or reduced-bonds peptides

were reported (Guichard et al, 1995; Guichard et al, 1996), as well as non

peptidic ligands (Rognan et al, 1995; Weiss et al, 1995; Bouvier and Wiley,

1996; Weiss et al, 1996; Krebs et al, 1998). Designed following the

principles cited before, such molecules might represent a real therapeutic

interest for future therapies.

The potential of these modified epitopes to function universally in

immunotherapies within a large population, however, will require better

comprehension, as the molecular environment is specific to one individual.

Further understanding of the molecular mechanisms of induction of an

immune response, including TCR/ligand interactions and co-receptors

function, will help to regulate finely the cellular immunity.

1.7. Refolding ofMHC Class I molecules

1.7.1. Importance of structure

Pioneering works on protein structure have been made in the late 1930s by

X-ray crystallographic studies, where regular arrangements common to all
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proteins have been discovered: the a-helix and the ß-sheet. These secondary

structure elements, together with the so-called random-coiled regions, can

arrange to form tertiary structures (or even sometimes quaternary structures),

that is linked to the biological activity of the protein. As the human genome

has now been completely unraveled (The Human Genome Sequencing

Consortium, 2001; Venter et al, 2001), approximately 100 000 protein

sequences encoded in the human genome are known, from which only 10%

have a known structure. As the key of their three dimensional structure is

thought to lie in their amino acid sequences (Anfinsen, 1973), there is a

growing interest in predicting the three dimensional structure, based on the

primary sequence, or on homology modeling. Understanding the way how

each protein folds into the right shape is nevertheless not an easy task, if all

the possible conformations have to be considered that an unfolded

polypeptide chain may adopt.

In a biological system, nascent polypeptide chains fold into stable three

dimensional structure within a short period of time (milliseconds to seconds),

implicating that they go through some well defined pathways, rather than

through a scanning of all possible conformations. Cells therefore have

developed elaborate procedures to ensure that proteins fold correctly, and

within a short period of time, involving different molecular chaperones that

lead the nascent chain to the right pathways. Despite these finely regulated

processes, some proteins escape the vigilance of the system and fold into a

wrong shape or aggregate. If the quality control of the cells fails, i.e. the

degradation of these proteins by proteases, misfolded molecules can

accumulate in the body. Such accumulations can lead to dramatic

malfunctions, or allow progression of diseases associated with protein

misfolding. This is the case for many degenerative diseases, as Creutzfeld-

Jakob's, Alzheimer's, Huntington's, Parkinson's, as well as prion diseases.
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Mutant or wild-type proteins can form ordered aggregates called amyloid

fibrils, that are protease-resistant structures characterized by a high content of

ß-sheets. As a striking example, the pathogenic form of the prion protein

contains an enriched ß-sheet structure compared to the native form (50% ß-

sheet, 20% oc-helical structures compared to 40% a-helical and no or little ß-

sheet structures) (Horwich and Weissman, 1997), thus well illustrating the

importance of a right structure in biological systems.

For a long time, there was only little interest in the study of protein

misfolding, as all attention was devoted to the native state (Tanford, 1968).

The aggregates were discarded, and the problem ignored. Importance of

protein aggregation was only lately recognized, as evidences appeared that

such diseases are linked to protein misfolding. Moreover, it became a central

question with the advances in recombinant protein technology, and the need

of proper refolding protocols. Many bacterial expression systems have been

developed capable of producing large amounts of proteins. As the unnatural

concentration of proteins in the bacterial cytosol is favorable to aggregation,

these expression systems present the inconvenient of producing most of the

proteins in the form of insoluble inclusion bodies (Mukhopadhyay, 1997;

Lilie et al, 1998). The problem is particularly predominant for proteins that

contain disulfide bonds, as their formation is normally not occurring in this

cellular compartment, thus compromising the folding of the protein. Protein

disulfide reagents, as DsbA in E. coli (Bardwell et al, 1991), are only present

in the periplasm, where only few proteins finally access.

In the last decades, many strategies have been studied for preparing active

recombinant proteins from these inclusion bodies. The different refolding

protocols existing for MHC Class I proteins after separate recombinant
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production of the heavy and light chains will be discussed in the following

chapter.

1.7.2. Strategies of refolding in vitro

As previously described, recombinant protein technology permits the

production of high amounts of proteins in inclusion bodies. As these proteins

are in aggregated forms, they must be refolded to regain a biological activity.

In contrast to in vivo protein folding, which is a very well controlled process

leading to practically 100% biologically active protein, refolding in vitro

commonly yields 0-100%, due to aggregation phenomena competing with

refolding (Goldberg et al, 1991; Kiefhaber et al, 1991). Renaturation in vitro

is therefore mainly a problem of minimization of the aggregation phenomena

by carefully choosing the conditions, in order to enhance the yield of

refolding. This difficulty of reproducing conditions favorable to a right

folding in vitro is well illustrated by the HLA-B*2705 protein, for which the

yield lies typically in the range of 5 to 15% only. This is due to a high

competition during the refolding process between folding and aggregation,

that is especially unfavorable for this protein bearing a free Cys residue.

Despite such low yields, refolding is the method of choice to produce

complexes with a single bound peptide, that permits investigations of single

MHC-ligand interactions, as other purification techniques produce MHC

molecules with a mixture of bound peptides.

Many different parameters have to be taken into account during the

processes, that differ from one protein to another. Protein concentration, pH,

redox conditions, temperature, and ionic strength must be carefully optimized

on a case-by-case basis.

To slow down the aggregation process, refolding is usually performed at

low protein concentrations, in the range of 10-300 (J-g/ml. No real general rule
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can be given for the external parameters as pH, ionic strength and

temperature. When the proteins contain disulfide bonds, the renaturation

buffer must contain a redox system to allow shuffling of the bridges

(represented in Fig. 1.6.). A mixture of reduced and oxidized forms of low

molecular weight thiol reagents, as glutathione, ß-mercaptoethanol, provides

the appropriate redox potential (Ahmed et al, 1975; Wetlaufer et al, 1987).

To prevent the cysteines from additional oxidation by molecular oxygen,

EDTA may be added to the buffer, that will complex traces of metal ions

catalyzing oxidation.

Fig. 1.6. Representation of disulfide bridges formation and shuffling by a

thiol reagent represented as RS' in the reduced form and RSSR in the

oxidized form.

Many different other low molecular weight additives may also be used, as

low concentrations of chaotropic agents (urea, guanidinium chloride), that

might help to solubilize folding intermediates and aggregates. L-arginine has

been used for dilution processes with MHC molecules (Garboczi et al, 1992;

Bouvier and Wiley, 1994; Weiss et al, 1996), and probably act in a similar

way as guanidinium. Proline (Samuel et al, 2000), and detergents (Tandon

and Horowitz, 1987) may also be added, although no mention has been found

for such additives in the literature concerning MHC refolding. Though, no
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general rule or mechanism has been found to summarize the effects of

additives on the folding efficiency. They are supposed to affect the rates of

folding, misfolding and aggregation in different ways, by influencing the

solubility of the unfolded, the intermediate and the native states. Protein

refolding is therefore more akin to an art than to a well predictable science.

Two classes of techniques have been described in the literature for

producing the complexes with a single bound peptide: (i) the first one consists

of producing empty dimers and subsequently loading them with a peptide of

choice (Fahnestock et al, 1992; Jackson et al, 1992), which is a rather long

and difficult protocol due to the low stability of empty dimers, and had

therefore not been chosen for this study, (ii) The other class of techniques

chosen here for refolding of MHC Class I complexes involves refolding of the

three components at the same time. Different methods exist, as dialysis,

dilution or matrix-assisted refolding that are described below. All of them

start from highly purified HC and ß2m, produced recombinantly, and from a

peptide of choice. The starting point of refolding experiments is a fully

denatured state, in high concentrations of urea or guanidinium chloride.

Renaturation procedures involve removal of the dénaturant to a level at which

molecular stabilizing forces do exist, and thus allow the molecule to refold.

The choice of one of these refolding methods, however, is likely to influence

strongly the yield of refolding versus aggregation, and must therefore be

chosen in a case-by-case investigation. The principal characteristics of these

methods are represented in Table 1.3.

(i) Dialysis is one of the most employed technique to exchange the buffer.

The membranes have defined molecular weight cut-offs, that are lower than

the protein, and allow solely exchange of the buffer constituents, by

communicating with an external refolding buffer reservoir. The dénaturant is

therefore slowly removed, typically during 1-2 days, allowing the protein to
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fold correctly. It has been applied successfully for HLA-B*2705 protein, by

following similar protocols as those described in the literature (Silver et al,

1991; Garboczi et al, 1992).

(ii) Dilution may be accomplished within a fraction of a second, by

diluting the denatured protein in a large volume of refolding buffer, or

inversely, by adding refolding buffer stage-wise to the protein solution. It has

been applied successfully with MHC Class I molecules for HLA-A2

(Garboczi et al, 1992; Bouvier and Wiley, 1994) or HLA-B27 (Weiss et al,

1996), and during this work (unpublished results). However, this method has

the inconvenience of leaving the final sample in a large volume of refolding

buffer, which complicates further uses. A reconcentration step may be

necessary to achieve samples with a sufficient concentration to allow

following investigations, but leads to a further loss of protein.

(iii) Another possibility to refold the proteins and reduce the aggregation

processes is the matrix-assisted folding, where the protein to be renatured is

coupled to a bead. This reduces the probability of protein-protein contacts

(Sinha et al, 1994), compared to renaturation in solution. For example, if the

protein to refold contains a polyhistidine tag, it may be coupled to a Ni2+

affinity matrix and refolded by exchanging the buffer. Efficient refolding of

disulfide bonded molecules has already been described (Holzinger et al,

1996; Negro et al, 1997). Preliminary results obtained during this work also

proved efficiency of this method for HLA-B*2705 protein refolding, as yields

were comparable to the dialysis method. For this technique, the heavy chain,

which is bearing a polyhistidine tag, was bound to a Ni2+-agarose column,

while ß2m and the peptide were circulating in the refolding buffer.
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Table 1.3. Principal characteristics of MHC refolding techniques

Starting point purified and denatured heavy chain, ß2m and a peptide

Method Dialysis Dilution Matrix-assisted

folding

Characteristics • diffusion of

dénaturant

through a

membrane

• in solution

• dilution of

dénaturant in a

big volume of

renaturation

buffer

• in solution

• final volume =

start volume

• final volume =

ca. lOOx start

volume

• dilution of

dénaturant in a

big volume of

renaturation

buffer

• heavy chain

bound to a

matrix; light

chain and peptide

in solution

• final volume =

elution volume

End point trimer must be purified

As low concentrations of dénaturants have been proposed to help keep the

folding intermediates in solution, which are normally highly susceptible to

aggregation, a slow removal of dénaturant may be an advantage in these in

vitro processes. This might enable the polypeptide chain to scan more or less

reversibly some possible folding pathways until the right one is found, and

could be related to one of the chaperones functions during in vivo folding

processes that prevent the proteins from aggregating. As these considerations

speaks in favor of dialysis or matrix-assisted folding protocols, and that
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dilution presents the major inconvenient of a high sample volume, the dialysis

or matrix-assisted folding techniques may be preferred.

However, these three protocols showed that the refolding yield in vitro is

rather limited. As the folding events in vivo are much more efficient, it was

tempting to develop techniques mimicking the folding with chaperones for in

vitro applications.

Recently, an interesting development has been proposed with this

perspective, that uses an immobilized and reusable molecular chaperone

system for oxidative refolding chromatography. GroEL minichaperone, DsbA

and peptidyl-prolyl isomerase were immobilized and permitted the recovery

of 87% of protein with 100% activity of a scorpion toxin, thus considerably

improving the refolding yield compared to other techniques (Altamirano et

al, 1999). Such systems may also be envisaged for use with MHC molecules,

as they seem very promising.

1.8. Aims and scope ofthe presented work

The role played by MHC is to sample peptides found in the cells and

present them for recognition to T cells. Due to their central role in the

immune system, these molecules are related to many diseases in an indirect

manner, being the targets of viruses or tumors. More direct associations may

also be the case, as for HLA-B*2705 allele expression, and susceptibility to

spondyloarthropathies. This work was devoted to the study of this particular

subtype, in an attempt to better understand its characteristics, and beyond this,

in the final aim of developing immunotherapeutic agents. The general

approach may however be applicable for other alleles related to other

diseases.
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The study was first concentrated on the establishment of reproducible test

systems for in vitro analysis. This included in a first line development of

suitable expression systems and purification conditions of recombinant heavy

chain, wild-type or mutant, and light chain, as well as the setting up of a

refolding protocol with a single peptide. In a second line, the work was

focused on the development of characterization methods for the refolded

complex. As immunogenicity correlates with a stable expression of MHC on

the cell surface, informations on the complex stability can be useful in

rational design approaches (either with agonistic or antagonistic properties).

This system was therefore used to investigate MHC-peptide interactions, and

particularly the influence of anchor positions on the thermal stability of the

complex. As other parameters may moreover help to understand the binding

properties of peptides to MHC, methods were developed using fluorescence

polarization to determine equilibrium dissociation constants (KD), the binding

affinities (IC50), and investigate association and dissociation constants of

MHC/peptide complexes.

New theories related to the development of spondyloarthropathies

proposed that the particularly high misfolding propensity of this protein is the

cause of the disease (Colbert, 2000). As recent findings (Mear et al, 1999)

showed that the B pocket of HLA-B*2705 is responsible for the misfolding

characteristics of this allele, this work also concentrated on investigations in

more detail of the influence of the B pocket and particularly of the Cys 67

residue on the misfolding characteristics of the molecule. A part of the work

was therefore dedicated to the characterization of a HLA-B*2705 mutant

lacking the Cys 67 residue.

The last part of the study dealt with the engineering and characterization

of single-chain molecules, with the aim of facilitating refolding, while

enhancing the yield. This was also thought, in a more general approach, to be
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a first step towards the development of immunodiagnostic or

immunotherapeutic agents, that may have a better bioavailability than

peptides.

1.9. References

Ahmed, A.K., Schaffer, S.W. and Wetlaufer, D.B. (1975) Nonenzymic

reactivation of reduced bovine pancreatic ribonuclease by air oxidation

and by glutathione oxidoreduction buffers. J. Biol. Chem. 250, 8477-8482.

Allen, R.L., O'Callaghan, CA., McMichael, A.J. and Bowness, P. (1999)

Cutting edge: HLA-B27 can form a novel beta(2)-microglobulin-free

heavy chain homodimer structure. /. Immunol. 162, 5045-5048.

Altamirano, M.M., Garcia, C, Possani, L.D. and Fersht, A.R. (1999)

Oxidative refolding chromatography: folding of the scorpion toxin Cn5.

Nat. Biotechnol. 17, 187-191.

Altman, J.D., Moss, P.A., Goulder, P.J., Barouch, D.H., McHeyzer-Williams,

M.G., Bell, J.I., McMichael, A.J. and Davis, M.M. (1996) Phenotypic

analysis of antigen-specific T lymphocytes. Science 274, 94-96.

Androlewicz, M.J., Anderson, K.S. and Cresswell, P. (1993) Evidence that

transporters associated with antigen processing translocate a major

histocompatibility complex class I-binding peptide into the endoplasmic

reticulum in an ATP-dependent manner. Proc. Natl. Acad. Sei. USA 90,

9130-9134.

Androlewicz, M.J. and Cresswell, P. (1994) Human transporters associated

with antigen processing possess a promiscuous peptide-binding site.

Immunity 1, 7-14.



1.9. References 41

Anfinsen, C.B. (1973) Principles that govern the folding of protein chains.

Science 181, 223-230.

Bardwell, J.C, McGovern, K. and Beckwith, J. (1991) Identification of a

protein required for disulfide bond formation in vivo. Cell 67, 581-589.

Belich, M.P., Glynne, R.J., Senger, G., Sheer, D. and Trowsdale, J. (1994)

Proteasome components with reciprocal expression to that of the MHC-

encoded LMP proteins. Curr. Biol. 4, 769-776.

Bjorkman, P.J., Saper, M.A., Samraoui, B., Bennett, W.S., Strominger, J.L.

and Wiley, D.C. (1987) Structure of the human class I histocompatibility

antigen, HLA-A2. Nature 329, 506-512.

Boniface, J.J., Reich, Z., Lyons, D.S. and Davis, M.M. (1999)

Thermodynamics of T cell receptor binding to peptide-MHC: evidence for

a general mechanism of molecular scanning. Proc. Natl. Acad. Sei. USA

96,11446-11451.

Bouvier, M. and Wiley, D.C. (1994) Importance of peptide amino and

carboxyl termini to the stability of MHC class I molecules. Science 265,

398-402.

Bouvier, M. and Wiley, D.C. (1996) Antigenic peptides containing large PEG

loops designed to extend out of the HLA-A2 binding site form stable

complexes with class I major histocompatibility complex molecules.

Proc. Natl. Acad. Sei. USA 93, 4583-4588.

Brewerton, D.A., Hart, F.D., Nicholls, A., Caffrey, M., James, D.C. and

Sturrock, R.D. (1973) Ankylosing spondylitis and HL-A 27. Lancet 1,

904-907.

Burrows, G.G., Adlard, K.L., Bebo, B.F., Chang, J.W., Tenditnyy, K.,

Vandenbark, A.A. and Offner, H. (2000) Regulation of encephalitogenic

T cells with recombinant TCR ligands. /. Immunol. 164, 6366-6371.



42 1. Introduction

Calbo, S., Guichard, G., Bousso, P., Muller, S., Kourilsky, P., Briand, J.P. and

Abastado, J.P. (1999) Role of peptide backbone in T cell recognition. J.

Immunol. 162, 4657-4662.

Colbert, R.A. (2000) HLA-B27 misfolding: a solution to the

spondyloarthropathy conundrum? Mol. Med. Today 6, 224-230.

Collins, E.J., Garboczi, D.N., Karpusas, M.N. and Wiley, D.C. (1995) The

three-dimensional structure of a class I major histocompatibility complex

molecule missing the alpha 3 domain of the heavy chain. Proc. Natl.

Acad. Sei. USA 92, 1218-1221.

Collins, E.J., Garboczi, D.N. and Wiley, D.C. (1994) Three-dimensional

structure of a peptide extending from one end of a class I MHC binding

site. Nature 371, 626-629.

Denkberg, G., Cohen, C.J., Segal, D., Kirkin, A.F. and Reiter, Y. (2000)

Recombinant human single-chain MHC-peptide complexes made from E.

coli By in vitro refolding: functional single-chain MHC-peptide

complexes and tetramers with tumor associated antigens. Eur. J. Immunol.

30, 3522-3532.

Ding, Y.H., Baker, B.M., Garboczi, D.N., Biddison, W.E. and Wiley, D.C.

(1999) Four A6-TCR/peptide/HLA-A2 structures that generate very

different T cell signals are nearly identical. Immunity 11, 45-56.

Ding, Y.H., Smith, K.J., Garboczi, D.N., Utz, U., Biddison, W.E. and Wiley,

D.C. (1998) Two human T cell receptors bind in a similar diagonal mode

to the HLA-A2/Tax peptide complex using different TCR amino acids.

Immunity 8, 403-411.

Elliott, T., Cerundolo, V., Elvin, J. and Townsend, A. (1991) Peptide-induced

conformational change of the class I heavy chain. Nature 351,402-406.



1.9. References 43

Engel, I. and Hedrick, S.M. (1988) Site-directed mutations in the VDJ

junctional region of a T cell receptor beta chain cause changes in

antigenic peptide recognition. Cell 54, 473-484.

Fahnestock, M.L., Tamir, L, Narhi, L. and Bjorkman, P.J. (1992) Thermal

stability comparison of purified empty and peptide-filled forms of a class I

MHC molecule. Science 258, 1658-1662.

Farmery, M.R., Allen, S., Allen, A.J. and Bulleid, N.J. (2000) The role of

ERp57 in disulfide bond formation during the assembly of major

histocompatibility complex class I in a synchronized semipermeabilized

cell translation system. J. Biol. Chem. 275, 14933-14938.

Favoreel, H.W., Nauwynck, H.J. and Pensaert, M.B. (2000) Immunological

hiding of herpesvirus-infected cells. Arch. Virol. 145, 1269-1290.

Fremont, D.H., Rees, W.A. and Kozono, H. (1996) Biophysical studies of T-

cell receptors and their ligands. Curr. Opin. Immunol. 8, 93-100.

Gaczynska, M., Rock, K.L., Spies, T. and Goldberg, A.L. (1994) Peptidase

activities of proteasomes are differentially regulated by the major

histocompatibility complex-encoded genes for LMP2 and LMP7. Proc.

Natl. Acad. Sei. USA 91, 9213-9217.

Garboczi, D.N., Ghosh, P., Utz, U., Fan, Q.R., Biddison, W.E. and Wiley,

D.C. (1996) Structure of the complex between human T-cell receptor,

viral peptide and HLA-A2. Nature 384, 134-141.

Garboczi, D.N., Hung, D.T. and Wiley, D.C. (1992) HLA-A2-peptide

complexes: refolding and crystallization of molecules expressed in

Escherichia coli and complexed with single antigenic peptides. Proc. Natl.

Acad. Sei. USA 89, 3429-3433.

Garcia, K.C., Degano, M., Pease, L.R., Huang, M., Peterson, P.A., Teyton, L.

and Wilson, I.A. (1998) Structural basis of plasticity in T cell receptor

recognition of a self peptide-MHC antigen. Science 279, 1166-1172.



44 1. Introduction

Garcia, K.C., Degano, M., Stanfield, R.L., Brunmark, A., Jackson, M.R.,

Peterson, P.A., Teyton, L. and Wilson, I.A. (1996) An alphabeta T cell

receptor structure at 2.5 A and its orientation in the TCR-MHC complex.

Science 274, 209-219.

Garrett, T.P., Saper, M.A., Bjorkman, P.J., Strominger, J.L. and Wiley, D.C.

(1989) Specificity pockets for the side chains of peptide antigens in HLA-

Aw68. Nature 342, 692-696.

Giblin, P.A., Leahy, DJ., Mennone, J. and Kavathas, P.B. (1994) The role of

charge and multiple faces of the CD8 alpha/alpha homodimer in binding

to major histocompatibility complex class I molecules: support for a

bivalent model. Proc. Natl. Acad. Sei. USA 91, 1716-1720.

Goldberg, A.L. and Rock, K.L. (1992) Proteolysis, proteasomes and antigen

presentation. Nature 357, 375-379.

Goldberg, M.E., Rudolph, R. and Jaenicke, R. (1991) A kinetic study of the

competition between renaturation and aggregation during the refolding of

denatured-reduced egg white lysozyme. Biochemistry 30, 2790-2797.

Groettrup, M., Kraft, R., Kostka, S., Standera, S., Stohwasser, R. and

Kloetzel, P.M. (1996) A third interferon-gamma-induced subunit

exchange in the 20S proteasome. Eur. J. Immunol. 26, 863-869.

Groll, M., Ditzel, L., Lowe, J., Stock, D., Bochtler, M., Bartunik, H.D. and

Huber, R. (1997) Structure of 20S proteasome from yeast at 2.4 A

resolution. Nature 386,463-471.

Guichard, G., Calbo, S., Muller, S., Kourilsky, P., Briand, J.P. and Abastado,

J.P. (1995) Efficient binding of reduced peptide bond pseudopeptides to

major histocompatibility complex class I molecule. /. Biol. Chem. 270,

26057-26059.

Guichard, G., Connan, F., Graff, R., Ostankovitch, M., Müller, S., Guillet,

J.G., Choppin, J. and Briand, J.P. (1996) Partially modified retro-inverso



1.9. References 45

pseudopeptides as non-natural ligands for the human class I

histocompatibility molecule HLA-A2. J. Med. Chem. 39, 2030-2039.

Guo, H.C., Jardetzky, T.S., Garrett, T.P., Lane, W.S., Strominger, J.L. and

Wiley, D.C. (1992) Different length peptides bind to HLA-Aw68

similarly at their ends but bulge out in the middle. Nature 360, 364-366.

Hahn, Y.S., Hahn, CS., Braciale, V.L., Braciale, T.J. and Rice, C.M. (1992)

CD8+ T cell recognition of an endogenously processed epitope is

regulated primarily by residues within the epitope. J. Exp. Med. 176,

1335-1341.

Herberg, J.A., Sgouros, J., Jones, T., Copeman, J., Humphray, S.J., Sheer, D.,

Cresswell, P., Beck, S. and Trowsdale, J. (1998) Genomic analysis of the

Tapasin gene, located close to the TAP loci in the MHC. Eur. J. Immunol.

28, 459-467.

Holzinger, A., Phillips, K.S. and Weaver, T.E. (1996) Single-step

purification/solubilization of recombinant proteins: application to

surfactant protein B. BioTechniques 20, 804-806, 808.

Horwich, A.L. and Weissman, J.S. (1997) Deadly conformations—protein

misfolding in prion disease. Cell 89,499-510.

Hughes, E.A. and Cresswell, P. (1998) The thiol oxidoreductase ERp57 is a

component of the MHC class I peptide-loading complex. Curr. Biol. 8,

709-712.

Hughes, E.A., Hammond, C. and Cresswell, P. (1997) Misfolded major

histocompatibility complex class I heavy chains are translocated into the

cytoplasm and degraded by the proteasome. Proc. Natl. Acad. Sei. USA

94, 1896-1901.

Illei, G.G. and Lipsky, P.E. (2000) Novel, non-antigen-specific therapeutic

approaches to autoimmune/inflammatory diseases. Curr. Opin. Immunol.

12,712-718.



*6 1. Introduction

Jackson, M.R., Cohen-Doyle, M.F., Peterson, P.A. and Williams, D.B. (1994)

Regulation of MHC class I transport by the molecular chaperone, calnexin

(p88, IP90). Science 263, 384-387.

Jackson, M.R., Song, E.S., Yang, Y. and Peterson, P.A. (1992) Empty and

peptide-containing conformers of class I major histocompatibility

complex molecules expressed in Drosophila melanogaster cells. Proc.

Natl. Acad. Sei. USA 89, 12117-12121.

Jardetzky, T.S., Lane, W.S., Robinson, R.A., Madden, D.R. and Wiley, D.C.

(1991) Identification of self peptides bound to purified HLA-B27. Nature

353, 326-329.

Kalergis, A.M., Ono, T., Wang, F., DiLorenzo, T.P., Honda, S. and

Nathenson, S.G. (1999) Single amino acid replacements in an antigenic

peptide are sufficient to alter the TCR V beta repertoire of the responding

CD8+ cytotoxic lymphocyte population. J. Immunol. 162, 7263-7270.

Katayama, CD., Eidelman, F.J., Duncan, A., Hooshmand, F. and Hedrick,

S.M. (1995) Predicted complementarity determining regions of the T cell

antigen receptor determine antigen specificity. EMBO J. 14, 927-938.

Kersh, G.J., Kersh, E.N., Fremont, D.H. and Allen, P.M. (1998) High- and

low-potency ligands with similar affinities for the TCR: the importance of

kinetics in TCR signaling. Immunity 9, 817-826.

Khan, M.A. (2000) HLA-B27 polymorphism and association with disease. /.

Rheumatol. 27, 1110-1114.

Kiefhaber, T., Rudolph, R., Kohler, H.H. and Buchner, J. (1991) Protein

aggregation in vitro and in vivo: a quantitative model of the kinetic

competition between folding and aggregation. Bio/Technology 9, 825-829.

Kopito, R.R. (1997) ER quality control: the cytoplasmic connection. Cell 88,

427-430.



1.9. References 47

Krebs, S., Folkers, G. and Rognan, D. (1998) Binding of rationally designed

non-natural peptides to the human leukocyte antigen HLA-B*2705. J.

Pept. Sei. 4, 378-388.

Lehner, P.J., Surman, M.J. and Cresswell, P. (1998) Soluble tapasin restores

MHC class I expression and function in the tapasin-negative cell line .220.

Immunity 8, 221-231.

Lewis, J.W. and Elliott, T. (1998) Evidence for successive peptide binding

and quality control stages during MHC class I assembly. Curr. Biol. 8,

717-720.

Liblau, R., Tisch, R., Bercovici, N. and McDevitt, H.O. (1997) Systemic

antigen in the treatment of T-cell-mediated autoimmune diseases.

Immunol. Today 18, 599-604.

Lilie, H., Schwarz, E. and Rudolph, R. (1998) Advances in refolding of

proteins produced in E. coli. Curr. Opin. Biotechnol. 9, 497-501.

Lindquist, J.A., Jensen, O.N., Mann, M. and Hammerling, G.J. (1998) ER-60,

a chaperone with thiol-dependent reductase activity involved in MHC

class I assembly. EMBO J. 17, 2186-2195.

Lopez de Castro, J.A. (1998) The pathogenetic role of HLA-B27 in chronic

arthritis. Curr. Opin. Immunol. 10, 59-66.

Lowe, J., Stock, D., Jap, B., Zwickl, P., Baumeister, W. and Huber, R. (1995)

Crystal structure of the 20S proteasome from the archaeon T. acidophilum

at 3.4 A resolution. Science 268, 533-539.

Luescher, I.F., Vivier, E., Layer, A., Mahiou, J., Godeau, F., Malissen, B. and

Romero, P. (1995) CD8 modulation of T-cell antigen receptor-ligand

interactions on living cytotoxic T lymphocytes. Nature 373, 353-356.

Lyons, D.S., Lieberman, S.A., Hampl, J., Boniface, J.J., Chien, Y., Berg, L.J.

and Davis, M.M. (1996) A TCR binds to antagonist ligands with lower

affinities and faster dissociation rates than to agonists. Immunity 5, 53-61.



45 1. Introduction

Ma, C.P., Slaughter, C.A. and DeMartino, G.N. (1992) Identification,

purification, and characterization of a protein activator (PA28) of the 20 S

proteasome (macropain). /. Biol. Chem. 267, 10515-10523.

Madden, D.R., Garboczi, D.N. and Wiley, D.C. (1993) The antigenic identity

of peptide-MHC complexes: a comparison of the conformations of five

viral peptides presented by HLA-A2. Cell 75, 693-708.

Madden, D.R., Gorga, J.C, Strominger, J.L. and Wiley, D.C (1991) The

structure of HLA-B27 reveals nonamer self-peptides bound in an

extended conformation. Nature 353, 321-325.

Madden, D.R., Gorga, J.C, Strominger, J.L. and Wiley, D.C. (1992) The

three-dimensional structure of HLA-B27 at 2.1 A resolution suggests a

general mechanism for tight peptide binding to MHC Cell 70, 1035-1048.

Mear, J.P., Schreiber, K.L., Münz, C, Zhu, X., Stevanovic, S., Rammensee,

H.G., Rowland-Jones, S.L. and Colbert, R.A. (1999) Misfolding of HLA-

B27 as a result of its B pocket suggests a novel mechanism for its role in

susceptibility to spondyloarthropathies. J. Immunol. 163, 6665-6670.

Momburg, F., Roelse, J., Hammerling, G.J. and Neefjes, J.J. (1994) Peptide

size selection by the major histocompatibility complex-encoded peptide

transporter. J. Exp. Med. 179, 1613-1623.

Morrice, N.A. and Powis, S.J. (1998) A role for the thiol-dependent reductase

ERp57 in the assembly of MHC class I molecules. Curr. Biol. 8, 713-716.

Mukhopadhyay, A. (1997) Inclusion bodies and purification of proteins in

biologically active forms. Adv. Biochem. Eng. Biotechnol. 56, 61-109.

Nandi, D., Jiang, H. and Monaco, J.J. (1996) Identification of MECL-1

(LMP-10) as the third IFN-gamma-inducible proteasome subunit. J.

Immunol. 156, 2361-2364.



1.9. References 49

Neefjes, J.J., Momburg, F. and Hammerling, G.J. (1993) Selective and ATP-

dependent translocation of peptides by the MHC-encoded transporter.

Science 261, 769-771.

Negro, A., Onisto, M., Grassato, L., Caenazzo, C. and Garbisa, S. (1997)

Recombinant human TIMP-3 from Escherichia coli: synthesis, refolding,

physico-chemical and functional insights. Protein Eng. 10, 593-599.

Ortiz-Navarrete, V. and Hammerling, G.J. (1991) Surface appearance and

instability of empty H-2 class I molecules under physiological conditions.

Proc. Natl. Acad. Sei. USA 88, 3594-3597.

Ortiz-Navarrete, V., Seelig, A., Gernold, M., Frentzel, S., Kloetzel, P.M. and

Hammerling, G.J. (1991) Subunit of the '20S' proteasome (multicatalytic

proteinase) encoded by the major histocompatibility complex. Nature 353,

662-664.

Ortmann, B., Androlewicz, M.J. and Cresswell, P. (1994) MHC class Ubeta 2-

microglobulin complexes associate with TAP transporters before peptide

binding. Nature 368, 864-867.

Pamer, E. and Cresswell, P. (1998) Mechanisms of MHC class I--restricted

antigen processing. Annu. Rev. Immunol. 16, 323-358.

Parkhurst, M.R., Salgaller, M.L., Southwood, S., Robbins, P.F., Sette, A.,

Rosenberg, S.A. and Kawakami, Y. (1996) Improved induction of

melanoma-reactive CTL with peptides from the melanoma antigen gplOO

modified at HLA-A*0201-binding residues. J. Immunol. 157, 2539-2548.

Pauling, L. (1993) How my interest in proteins developed. Protein Sei. 2,

1060-1063.

Pogue, R.R., Eron, J., Frelinger, J.A. and Matsui, M. (1995) Amino-terminal

alteration of the HLA-A*0201-restricted human immunodeficiency virus

pol peptide increases complex stability and in vitro immunogenicity.

Proc. Natl. Acad. Sei. USA 92, 8166-8170.



50 1. Introduction

Rammensee, H.G., Friede, T. and Stevanoviic, S. (1995) MHC ligands and

peptide motifs: first listing. Immunogenetics 41, 178-228.

Reich, Z., Boniface, J.J., Lyons, D.S., Borochov, N., Wachtel, EJ. and Davis,

M.M. (1997) Ligand-specific oligomerization of T-cell receptor

molecules. Nature 387, 617-620.

Rock, K.L., Gramm, C, Rothstein, L., Clark, K., Stein, R., Dick, L., Hwang,

D. and Goldberg, A.L. (1994) Inhibitors of the proteasome block the

degradation of most cell proteins and the generation of peptides presented

on MHC class I molecules. Cell 78, 761-771.

Rognan, D., Scapozza, L., Folkers, G. and Daser, A. (1995) Rational design

of nonnatural peptides as high-affinity ligands for the HLA-B*2705

human leukocyte antigen. Proc. Natl. Acad. Sei. USA 92, 753-757.

Rotzschke, O., Falk, K., Wallny, HJ., Faath, S. and Rammensee, H.G. (1990)

Characterization of naturally occurring minor histocompatibility peptides

including H-4 and H-Y. Science 249, 283-287.

Sadasivan, B., Lehner, P.J., Ortmann, B., Spies, T. and Cresswell, P. (1996)

Roles for calreticulin and a novel glycoprotein, tapasin, in the interaction

of MHC class I molecules with TAP. Immunity 5, 103-114.

Salter, R.D., Benjamin, R.J., Wesley, P.K., Buxton, S.E., Garrett, T.P.,

Clayberger, C, Krensky, A.M., Norment, A.M., Littman, D.R. and

Parham, P. (1990) A binding site for the T-cell co-receptor CD8 on the

alpha 3 domain of HLA-A2. Nature 345, 41-46.

Samuel, D., Kumar, T.K., Ganesh, G., Jayaraman, G., Yang, P.W., Chang,

M.M., Trivedi, V.D., Wang, S.L., Hwang, K.C., Chang, D.K., et al.

(2000) Proline inhibits aggregation during protein refolding. Protein Sei.

9, 344-352.



1.9. References 51

Saper, M.A., Bjorkman, P.J. and Wiley, D.C. (1991) Refined structure of the

human histocompatibility antigen HLA-A2 at 2.6 A resolution. /. Mol.

Biol. 219, 277-319.

Sarobe, P., Pendleton, CD., Akatsuka, T., Lau, D., Engelhard, V.H.,

Feinstone, S.M. and Berzofsky, J.A. (1998) Enhanced in vitro potency

and in vivo immunogenicity of a CTL epitope from hepatitis C virus core

protein following amino acid replacement at secondary HLA-A2.1

binding positions. J. Clin. Invest. 102, 1239-1248.

Schlosstein, L., Terasaki, P.I., Bluestone, R. and Pearson, CM. (1973) High

association of an HL-A antigen, W27, with ankylosing spondylitis. N.

Engl. J. Med. 288, 704-706.

Shepherd, J.C, Schumacher, T.N., Ashton-Rickardt, P.G., Imaeda, S., Ploegh,

H.L., Janeway, CA. and Tonegawa, S. (1993) TAP1-dependent peptide

translocation in vitro is ATP dependent and peptide selective. Cell 74,

577-584.

Silver, M.L., Parker, K.C and Wiley, D.C. (1991) Reconstitution by MHC-

restricted peptides of HLA-A2 heavy chain with beta 2-microglobulin, in

vitro. Nature 350, 619-622.

Sinha, D., Bakhshi, M. and Vora, R. (1994) Ligand binding assays with

recombinant proteins refolded on an affinity matrix. BioTechniques 17,

509-512,514.

Sloan-Lancaster, J. and Allen, P.M. (1996) Altered peptide ligand-induced

partial T cell activation: molecular mechanisms and role in T cell biology.

Anna. Rev. Immunol. 14, 1-27.

Tandon, S. and Horowitz, P.M. (1987) Detergent-assisted refolding of

guanidinium chloride-denatured rhodanese. The effects of the

concentration and type of detergent. J. Biol. Chem. 262, 4486-4491.

Tanford, C (1968) Protein denaturation. Adv. Protein Chem. 23, 121-282.



52 1. Introduction

Teng, M.K., Smolyar, A., Tse, A.G., Liu, J.H., Liu, J., Hussey, R.E.,

Nathenson, S.G., Chang, H.C., Reinherz, E.L. and Wang, J.H. (1998)

Identification of a common docking topology with substantial variation

among different TCR-peptide-MHC complexes. Curr. Biol. 8,409-412.

The Human Genome Sequencing Consortium (2001) Initial sequencing and

analysis of the human genome. Nature 409, 860-921.

Townsend, A., Elliott, T., Cerundolo, V., Foster, L., Barber, B. and Tse, A.

(1990) Assembly of MHC class I molecules analyzed in vitro. Cell 62,

285-295.

Trowsdale, J., Hanson, I., Mockridge, I., Beck, S., Townsend, A. and Kelly,

A. (1990) Sequences encoded in the class II region of the MHC related to

the 'ABC superfamily of transporters. Nature 348, 741-744.

Urban, R.G., Chicz, R.M., Lane, W.S., Strominger, J.L., Rehm, A., Kenter,

M.J., UytdeHaag, F.G., Ploegh, H., Uchanska-Ziegler, B. and Ziegler, A.

(1994) A subset of HLA-B27 molecules contains peptides much longer

than nonamers. Proc. Natl. Acad. Sei. USA 91, 1534-1538.

Valitutti, S., Müller, S., Cella, M., Padovan, E. and Lanzavecchia, A. (1995)

Serial triggering of many T-cell receptors by a few peptide-MHC

complexes. Nature 375, 148-151.

van der Burg, S.H., Visseren, M.J., Brandt, R.M., Kast, W.M. and Melief,

C.J. (1996) Immunogenicity of peptides bound to MHC class I molecules

depends on the MHC-peptide complex stability. /. Immunol. 156, 3308-

3314.

van Endert, P.M., Riganelli, D., Greco, G., Fleischhauer, K., Sidney, J., Sette,

A. and Bach, J.F. (1995) The peptide-binding motif for the human

transporter associated with antigen processing. J. Exp. Med. 182, 1883-

1895.



1.9. References 53

Vassilakos, A., Cohen-Doyle, M.F., Peterson, P.A., Jackson, M.R. and

Williams, D.B. (1996) The molecular chaperone calnexin facilitates

folding and assembly of class I histocompatibility molecules. EMBO J.

15, 1495-1506.

Venter, J.C., Adams, M.D., Myers, E.W., Li, P.W., Mural, R.J., Sutton, G.G.,

Smith, H.O., Yandell, M., Evans, CA., Holt, R.A., et al. (2001) The

sequence of the human genome. Science 291, 1304-1351.

Viola, A. and Lanzavecchia, A. (1996) T cell activation determined by T cell

receptor number and tunable thresholds. Science 273, 104-106.

Warburton, R.J., Matsui, M., Rowland-Jones, S.L., Gammon, M.C.,

Katzenstein, G.E., Wei, T., Edidin, M., Zweerink, H.J., McMichael, A.J.

and Frelinger, J.A. (1994) Mutation of the alpha 2 domain disulfide bridge

of the class I molecule HLA-A*0201. Effect on maturation and peptide

presentation. Hum. Immunol. 39, 261-271.

Weiss, G.A., Collins, E.J., Garboczi, D.N., Wiley, D.C. and Schreiber, S.L.

(1995) A tricyclic ring system replaces the variable regions of peptides

presented by three alleles of human MHC class I molecules. Chem. Biol.

2, 401-407.

Weiss, G.A., Valentekovich, R.J., Collins, E.J., Garboczi, D.N., Lane, W.S.,

Schreiber, S.L. and Wiley, D.C. (1996) Covalent HLA-B27/peptide

complex induced by specific recognition of an aziridine mimic of

arginine. Proc. Natl. Acad. Sei. USA 93, 10945-10948.

Wetlaufer, D.B., Branca, P.A. and Chen, G.X. (1987) The oxidative folding

of proteins by disulfide plus thiol does not correlate with redox potential.

Protein Eng. 1, 141-146.

Wiertz, E.J., Jones, T.R., Sun, L., Bogyo, M., Geuze, H.J. and Ploegh, H.L.

(1996) The human cytomegalovirus US 11 gene product dislocates MHC



54 1. Introduction

class I heavy chains from the endoplasmic reticulum to the cytosol. Cell

84, 769-779.

Wiertz, E.J., Mukherjee, S. and Ploegh, H.L. (1997) Viruses use stealth

technology to escape from the host immune system. Mol. Med. Today 3,

116-123.

Zinkemagel, R.M. and Doherty, P.C. (1974) Restriction of in vitro T cell-

mediated cytotoxicity in lymphocytic choriomeningitis within a syngeneic

or semiallogeneic system. Nature 248, 701-702.



2. Stability of MHC-peptide complexes 55

Chapter 2.

Thermodynamic Stability of HLA-

B*2 705/Peptide Complexes: Effect of

Peptide and MHC Protein mutations

Séverine Dédier*, Stefan Reinelt*, Thomas Reitinger, Gerd Folkers

and Didier Rognan

* Both authors contributed equally to this work

/. Biol. Chem. (2000) 275, 27055-27061.



56 2. Stability of MHC-peptide complexes

2.1. Summary

Designing synthetic vaccines from class I MHC-binding antigenic

peptides requires not only knowledge of the binding affinity of the designed

peptide but also predicting the stability of the formed MHC-peptide complex.

In order to better investigate structure-stability relationships, we have

determined by circular dichroism spectroscopy the thermal stability of a class

I MHC protein, HLA-B*2705, in complex with a set of 39 singly substituted

peptide analogues. The influence of two anchoring side chains (P3 and P9)

was studied by peptide mutation and appropriate site-directed mutagenesis of

the HLA-B*2705 binding groove. The side chain at P9 is clearly the one that

contributes the most to the thermal stability of the MHC-peptide complexes,

as destabilization up to 25°C are obtained after P9 mutation. Interestingly,

structure-stability relationships do not fully mirror structure-binding

relationships. As important as the C-terminal side chain are the terminal

ammonium and carboxylate groups. Removal of a single H-bond between

HLA-B27 and the terminal peptide moieties results in thermal destabilization

up to 10°C. Depending on the bound peptide and the location of the deleted

H-bond, the decrease in the thermal stability of the corresponding complex is

quantitatively different. The present study suggests that any peptidic amino

acid at positions 3 and 9 promotes refolding of the B27-peptide complex.

Once the complex is formed, the C-terminal side chain seems to play an

important role for maintaining a stable complex.
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2.2. Introduction

Class I MHC molecules play a key role in the intracellular recognition of

pathogens by continuously presenting antigenic peptides to CD8+ T cells

(Heemels and Ploegh, 1995). The molecular rules underlying peptide

recognition by class I MHC proteins have been fairly well elucidated by X-

ray diffraction of several MHC-peptide complexes (Batalia and Collins, 1997)

and determination of allele-specific binding motifs of MHC-bound self-

peptides (Falk et al., 1991; Rammensee et al., 1995). Most of the peptides

selected by class I molecules are nonapeptides and present anchoring

backbone atoms at both termini and MHC-binding side chains at positions 2

(P2) and at the C-terminus (P9). Auxiliary anchors at PI and P3 usually fine

tune peptide recognition (Ruppert et al., 1993). Each anchoring side chain

interacts with one of the 6 polymorphic MHC pockets (Saper et al., 1991),

whose locations have been conserved along evolution but whose

physicochemical properties are highly variable and thus ensure allele

specificity (Guo et al., 1993). As peptide-free class I MHC molecules are

unstable under physiological conditions, binding of the ligand is concomitant

to refolding of the MHC-peptide complex (Townsend et al., 1989). Therefore,

determining the exact binding affinity of a peptide to its host MHC receptor is

not an easy task. At least two different binding assays have been described in

the literature. The most commonly used is an epitope stabilization cell assay

(Elvin et al., 1993) in which peptide-free MHC molecules are artificially

produced at 26°C (Ljunggren et al., 1990) and then loaded with a peptide

ligand to promote assembly of the binary complex at the cell surface.

Subsequently, one can perform a classical displacement of a radiolabeled

peptide with a competitor to determine the inhibition constant of the
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competing ligand (Sette et al., 1994a). A second type of binding assay

involves refolding of recombinant ß2m and heavy chain (HC) (Garboczi et al.,

1992) in the presence of a peptide ligand and a competitor (Tanigaki et al.,

1993; Ottenhoff et al., 1997). The latter assay is likely to be closer to

physiological conditions since it better describes competition occurring in

vivo within a peptide pool. The way binding affinity is measured is important

for studying structure-binding relationships and determining rules governing

epitope selection and peptide immunogenicity. Most studies agree to conclude

that immunogenic peptides are generally found among the top binders (Sette

et al., 1994b) but several exceptions to this rule have already been reported

(Brooks et al., 1998; Lamas et al., 1998). Hence, the stability of the MHC-

peptide complex has been proposed to be a better descriptor of

immunogenicity than peptide binding affinity (van der Burg et al., 1996). As

only few structure-stability data are available (Morgan et al., 1997; Collins et

al., 1999; Kuhns et al., 1999), we have undertaken a study in which two

critical positions of a class I MHC-binding peptide have been systematically

modified and their influence on the stability of the resulting MHC-peptide

pairs evaluated. HLA-B*2705 was chosen as class I MHC protein because its

expression is highly associated to the triggering of autoimmune inflammatory

diseases with a still rather obscure mechanism (Lopez de Castro, 1998). An

HLA-B27-restricted epitope (GRAFVTIGK, one-letter code) from the HIV1

gpl20 protein (Jardetzky et al., 1991) was used as reference peptide. To

mirror as closely as possible physiological conditions, a refolding assay was

used to assemble HC-ß2m-peptide heterotrimers and their thermal stability

examined by CD spectroscopy. We present herein the effect of peptide and

HLA mutation on the thermal stability of the reconstituted heterotrimers.
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2.3. Experimental procedures

2.3.1. Peptide synthesis

Peptides were obtained by automated solid-phase peptide synthesis using

an automated multiple peptide synthesizer (Syro Multi-Syn-Tech, Bochum,

Germany) using a standard Fmoc (N-(9-fluorenyl)methoxycarbonyl)

protecting strategy. Peptides were analyzed and purified by analytical or

preparative reverse-phase high performance liquid chromatography on a

LiChrospher RP-18 column (Merck) and on a CI8 column (Waters),

respectively. The following gradients were used: from 10 to 60% A over 30

min or from 0 to 50% A over 30 min at the flow rate of 0.6 ml/min on the

analytical column and from 10 to 40% A over 30 min at the flow rate of 15

ml/min on the preparative column. The binary solvent system (A/B) was as

follows: 0.1% trifluoroacetic acid in acetonitrile (A) and 0.1% trifluoroacetic

acid in water (B). The absorbance was detected at 220 nm. Electrospray

ionization mass spectrometry was performed for all final peptides on a

Finnigan mass spectrometer.

2.3.2. Cloning, expression and purification of the HLA-B*270S

heavy chain

The region coding for amino acids 1 to 274 of the HLA-B*2705 heavy

chain was modified from pB27 (gift of Dr. K.C. Parker, National Institute of

Health, Bethesda, MD) by polymerase chain reaction (PCR) using the

oligonucleotides primers: forward 5'-

CGATATCATATGGGATCCCACTCCATGAGG-3' and reverse 5'-

CGCCGCCTCGAGCCATCTCAGGGTGAGGGGC-3' (all primers are from

Microsynth GmbH). Bold sequences are coding for the inserted Ndel and
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Xhol restriction sites flanking the B*2705 gene. The resulting fragments were

digested with Ndel and Xhol, and ligated into the expression plasmid pET-

24b(+) (Novagen). Selection was performed in Escherichia coli DH5ot and

the sequence confirmed by sequencing (ABI 310 PRISM).

For expression of the C-terminal polyhistidine tag fusion protein we used

E. coli BL21-Codonplus(DE3)-RIL strain (Stratagene). Bacteria were grown

at 37°C in LB broth containing 34 (Ig/ml chloramphenicol and 50 |lg/ml

kanamycin. Protein expression was induced with 0.24 mM isopropyl-ß-D-

thiogalactopyranoside and the cells harvested after 3.5 h. The protein was

overexpressed as inclusion bodies mainly. Bacterial pellets were resuspended

in 8 M urea, 20 mM Tris, 150 mM NaCl, pH 7.5 (8 M urea buffer) and

centrifuged to remove insoluble material. The crude extract was then filtered

and passed over a Ni2+-Nitrilotriacetate-agarose column (Qiagen), and after

washing with 8 M urea buffer containing 30 mM imidazole, the heavy chain

was eluted with the elution buffer (8 M urea buffer containing 250 mM

imidazole).

2.3.3. Cloning, expression and purification of human ß2-

microglobulin

ß2-microglobulin was cloned into pET-15b (Novagen), as a fusion protein

with a N-terminal polyhistidine tag. The gene coding for ß2-microglobulin

was modified from pGex-ß2m (Krebs et al., 1998b) by PCR with the

oligonucleotide primers: forward 5'-

CCAAGCCATATGATCCAGCGTACTCCAAAGATTC-3' and reverse 5-

CCAAGCGGATCCTCACATGTCTCGATCCCACTTAACTATC-3'. Bold

sequences code for Ndel and BamHl restriction sites. The fragment was
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digested with Ndel and BamHl, the insert ligated into the plasmid pET-15b

and transformed in E. coli DH5a for selection.

Expression was performed in the E. coli BL21-Codonplus(DE3)-RIL

strain. Bacteria were grown for 3.5 h after induction with 0.24 mM isopropyl-

ß-D-thiogalactopyranoside at 37°C in LB broth containing 34 \igfnol

chloramphenicol and 100 |ig/ml ampicillin. After harvesting the cells, the

bacterial pellets were resuspended in 8 M urea buffer and centrifuged. The

protein was purified on a Ni2+-Nitrilotriacetate-agarose column (Qiagen) with

8 M urea buffer containing 30 mM imidazole. The His-tag was cleaved by

thrombin (Serva, 80 units/liter cell culture) after successive dilutions of urea

and adduct of 2.5 mM CaCl2 to the buffer. After cleavage, ß2-microglobulin

was directly eluted with the same buffer.

2.3.4. Site-Directed Mutagenesis

All the mutations of the B*2705 heavy chain were introduced by point

mutation with the QuickChange Site-Directed Mutagenesis Kit (Stratagene).

The single mutants (Y7F, Y171F, Y84F, and T143A) were obtained by PCR,

starting from the wild type heavy chain in pET-24b. The double mutants were

obtained from the two single mutants Y171F and T143A (to be modified into

Y7F/Y171F and Y84F/T143A) in pET-24b. This method requires the use of

two complementary primers for the PCR reaction. The following pairs have

been used: Y7F-forward 5'-

CCCACTCCATGAGGTTTTTCCACACCTCCG-3' and Y7F-reverse 5'-

CGGAGGTGTGGAAAAACCTCATGGAGTGGG-3' ; Y171F-forward 5'-

GGCTCCGCAGATTCCTGGAGAACGGG-3' and Y171F-reverse 5'-

CCCGTTCTCCAGGAATCTGCGGAGCC-3' ; Y84F-forward 5'-

CCCTGCTCCGCTTCTACAACCAGAGCG-3' and Y84F-reverse 5'-

CGCTCTGGTTGTAGAAGCGGAGCAGGG-3' ; T143A-forward 5'-
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GCGGCTCAGATCGCCCAGCGCAAGTGG-3' and T143A-reverse 5'-

CCACTTGCGCTGGGCGATCTGAGCCGC-3'. The PCR products were

transformed after digestion with Dpnl into E. coli XL2-Blue strain

(Stratagene) for selection. All the mutations were confirmed by DNA

sequencing. Expression of all the mutants were performed in E. coli BL21-

Codonplus(DE3)-RIL strain as described previously for the wild type heavy

chain.

2.3.5. Protein identification

Protein concentration was determined using the Bradford protein assay

(Bio-Rad). The proteins were identified by N-terminal sequencing (Edman

degradation performed at the sequencing service of the ETH Zurich). Purity

was checked by SDS-polyacrylamide gel electrophoresis performed in 10%

acrylamide for heavy chains or in 15% acrylamide for ß2m and stained with

Coomassie Brilliant Blue R-250 (FTuka). The heavy chain has an apparent

mass of 34 kDa and ß2m of about 12 kDa.

2.3.6. HLA-B*2705/peptide complex refolding

Refolding of the MHC-peptide complex was performed by dialysis of 10

ml reconstitution-buffer (20 mM Tris, 150 mM NaCl, 2 mM EDTA, 3 mM ß-

mercaptoethanol, 0.3 mM 2,2'-dithiodiethanol, pH 8.0) containing HLA-

B*2705 (10 |iM), beta-2-microglobulin (20 |iM), peptide (100 LlM) and urea

(6 M) against 1 liter of reconstitution buffer. After 36 h at 4°C, the solution

was concentrated to 1 ml with an ultrafiltration unit (Ultrafree 15 MWCO: 10

kDa, Millipore). Purification was carried out on a gel-filtration column

(Superdex 75 16/60, Amersham Pharmacia Biotech) pre-equilibrated in

analysis-buffer (20 mM Tris, 150 mM NaCl pH 8.0). The purified complex

was concentrated on a Ni2+-agarose column and eluted with analysis buffer
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containing 250 mM imidazole. Imidazole was then removed from the samples

by gel filtration (P6-Gel, Bio-Rad) using an analysis buffer containing 0.5

mM imidazole to prevent aggregation due to the poly-His tag of the heavy

chain. The eluted fractions were immediately used for denaturation

experiments.

2.3.7. CD spectroscopy

Stability of the refolded complex was examined by thermal denaturation

experiments. Unfolding was monitored by CD spectroscopy at a wavelength

of 218 nm as the temperature was raised from 20 to 85 °C at a rate of 40 °C/h.

The experiments were performed on a Jasco J-720 Polarimeter using a water-

jacketed 5-mm sample cell. Samples were measured using the above-

described analysis buffer containing 0.5 mM imidazole. Concentration of the

complex was determined photometrically and was held at about 1 |LlM.

The unfolding of the complex was regarded as a two-state transition

(Bouvier and Wiley, 1994). Therefore, the melting points were determined

following a standard procedure for thermal denaturation experiments (Pace

and Scholtz, 1997). Due to the different level of cooperativity of thermal

unfolding, thermodynamic values (AHm and Acp) were not taken into account

for the comparison of different ligands. The melting points are averaged from

two or three independent refolding experiments and the error was estimated to

be lower than 1 °C.
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2.4. Results

The presence of a C-terminal polyhistidine tag on the B*2705 HC while

facilitating the purification of HC does not impair proper refolding of a

reference heterotrimer as (i) a peptide-dependent peak could be detected by

FPLC gel filtration (Fig. 2.1.A and B); (ii) the isolated peak when analyzed by

SDS-polyacrylamide gel electrophoresis is consistent with the presence of

heavy and light chains (Fig. 2.1.C), (iii) the heterotrimer formed with the

B27-restricted T cell epitope from the HIV1 gpl20 protein (GRAFVTIGK)

(Jardetzky et al., 1991) presents a midpoint of thermal unfolding (Tm = 60.1

°C, Fig. 2.1.D) at a temperature similar to that reported for the native B*2705-

GRAFVTIGK complex (Weiss et al., 1996).

2.4.1. Influence of P3 and P9 side chains on the thermal stability of

HLA-B27/peptide complexes

To study the influence of peptide side chains on the thermal stability of

B27-peptide complexes, a limited choice of positions is indeed possible.

Intermediate residues (P4 to P8) are unsuited candidates for at least three

reasons: (i) they bulge out of the binding groove in most of known crystal

structures (Batalia and Collins, 1997); (ii) peptide binding motifs identified by

pool sequencing of naturally-bound peptides show pronounced variability at

these positions (Falk et al., 1991); (iii) they can be replaced by polyglycine

(Parker et al., 1994; Rognan et al., 1995) or organic fragments (Rognan et al.,

1995; Weiss et al., 1995; Bouvier and Wiley, 1996; Poenaru et al., 1999)

without significant changes in both affinity and complex stability. Auxiliary

anchors (PI, P3) are more interesting as they fine-tune the allele-specific

peptide selection (Lamas et al., 1999). We have chosen P3 as representative
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of auxiliary anchors because previous reports suggest an important role of this

side chain in B*2705 binding (Rovero et al., 1995; Krebs et al., 1998a).
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Fig. 2.1. Characterization of the HC-ß2m-peptide heterotrimer. The

reference peptide (GRAFVTIGK) is a B*2705-restricted viral epitope from

the HIV1 gp120 protein (Jardetzky et al., 1991). Fast protein liquid

chromatogram of refolded products without (A) and with the reference

peptide (B) Peaks 1-2 correspond to heavy chain aggregates, peak 3

represents the ß2m light chain, and peak 4 is only obtained upon refolding

in the presence of a B*2705-binding peptide; (C) SDS-polyacrylamide gel

showing ß2m (lane A), B*2705 heavy chain (lane B) and the contents of

FPLC peak 4 (lane C). Positions of molecular weight markers (in kDa, lane

D) are indicated in the right margin; (D) thermal denaturation by CD

spectroscopy of the heterotrimer eluted in peak 4 (Tm = 60.1 °C).
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Among the remaining two strong anchors (P2, P9), we selected P9 for a

systematic modification. B27 binding requires the presence of an arginine

side chain at P2 (Falk et al., 1991; Madden et al., 1991; Madden et al., 1992).

Gin is the only other residue that is tolerated for B*2705 but at the cost of a

reduced stability of the MHC-peptide complex (Parker et al., 1994;

ViUadangos et al., 1995). Most of the P2 variants will probably not induce

any detectable refolding of the HC-ß2m-peptide heterotrimer. Therefore, we

decided to choose P9 for further investigation.

The auxiliary anchor at P3 was first systematically varied and its influence

on the thermal stability of the resulting B*2705-peptide complexes studied

(Fig. 2.2.A). Most of the complexes obtained were equally stable (averaged

Tm = 56.4 ± 3.65 °C) with a very narrow distribution range of melting

temperatures (from 48.9 to 61.0 °C). Only 4 residues (Pro, Asp, Glu and Arg)

are relatively disfavored at P3 resulting in complexes with Tm values about 50

°C. The 16 remaining amino acids lead to comparable melting temperatures

(about 57 °C) and no clear structure-stability relationships can be derived

from the present data. From glycine to lysine, a vast array of physicochemical

properties has been scanned without significantly influencing the thermal

stability of the B*2705 HC. Small (Ala and Ser) as well as large side chains

(Met) are equally preferred. The polarity of the P3 residue does not seem to

play a major role in establishing thermally stable complexes (compare He and

Thr, for example).

In opposition to P3 changes, mutation of the main P9 anchor drastically

affects the stability of the MHC-peptide pair (Fig. 2.2.B). Tm values are

distributed over a much broader range (from 36.7 to 60.1 °C) than for the

above described P3 mutation. The mean Tm value, averaged over the 20

possible residues (averaged Tm = 47.5 ± 7.4 °C) is lower than that observed

for P3 variants.
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Fig. 2.2. Influence of two peptide anchoring side chains on the thermal

stability of B*2705 in complex with 20 singly-substituted peptide

analogues. Thermal denaturation is monitored by CD spectroscopy of the

complex at 218 nm, pH 8.0 (see Experimental Procedures) A. Stabilizing

role of the P3 position (GRXFVTIGK, X: any natural a-amino acid); B.

Stabilizing role of the P9 position (GRAFVTIGX, X: any natural a-amino

acid). The residue occurring in the parent peptide are underlined.

The 20 natural amino acids at P9 can be clustered into four groups

corresponding to B*2705-peptide complexes of decreasing thermal stabilities:
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(i) class A: positively-charged residues (Lys and Arg) with Tm about 60 °C;

(ii) class B: bulky aliphatic (Val, Ile, Leu and Met) and aromatic residues (Tyr

and His) with Tm about 53-55°C; (iii) class C: small aliphatic (Ala), bulky

aromatic (Trp) and polar uncharged residues (Ser, Thr, Cys and Gin) with Tm

about 43 °C; (iv) Class D: negatively charged (Asp and Glu),

conformationally peculiar amino acids (Gly and Pro) and Asn, with Tm about

37 °C. For the last peptide group, the stability of the resulting complex is

slightly lower than that reported for other peptide-free class I MHC heavy

chains (Tm about 40 °C) (Fahnestock et al., 1994; Collins et al., 1999)

although a HC-ß2m-peptide heterotrimer could be detected for each of the

latter peptides.

2.4.2. Role of the N-and C-terminal peptide atoms

To check the importance of peptide N- and C-terminal ends, we

selectively mutated four MHC side chains that anchor, in the known B*2705

crystal structure (Madden et al., 1992), the peptide ammonium and

carboxylate moieties (Tyr 7, Tyr 171 and Tyr 84, Thr 143, respectively; see

Fig. 2.3.A). Mutations were chosen to be as conservative as possible (Tyr to

Phe, Thr to Ala) and result only in the loss of one MHC-peptide hydrogen

bond for each individual change. The influence of the four mutations was

observed for three peptides inducing MHC-peptide complexes of decreasing

stabilities (the reference GRAFVTIGK peptide or A3, GRAFVTIGI or 19,

GRAFVTIGS or S9, recall Fig. 2.2.A and B).
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Fig. 2.3. Structure of a HLA-B*2705/peptide complex. A, intermolecular

interactions between HLA-B*2705 and peptide terminal atoms in the x-ray

structure of a HLA-B*2705/peptide complex (Madden et al., 1992) (Protein

Data Bank entry, 1hsa) Only the hydrogen bonds (white broken lines)

between the peptide (cyan) N- and C-terminal ends and the MHC binding

groove (yellow) are displayed The protein backbone is displayed as

cylinder (a-helices), arrows (ß-strands) and tubes (random coils). A

disulfide bridge is displayed in green and a bound water molecule as a

blue ball. The figure has been prepared using PREPI (Islam and Sternberg,

1998) and rendered with PovRay (Young, 1999). B, electrostatic potential

in kt/e of the HLA-B*2705 crystal structure displayed at the molecular

surface, by the GRASP package (Nicholls et al., 1991). The reference

GRAFVTIGK peptide has been modeled in the binding groove by homology

to the x-ray structure of the B*2705-bound ARAAAAAAA peptide (Protein

Data Bank entry: Ihsa). Green arrows indicate putative T cell receptor

anchors. Peptide positions and MHC pockets are indicated, excepted for

peptide position 1 (P1) and its respective pocket A, which are both masked

by the protein surface
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Each mutation was detrimental to the thermal stability of all investigated

complexes (Fig. 2.4.A). Depending on the peptide loaded, the loss of a single

H-bond resulted in a decrease of the stability up to 10 °C. Interestingly, the

mutation effect depends on the location of the mutated residue and on the

bound peptide (Fig. 2.4.A). For the class A peptide (A3), three mutations

(Y7F, T143A and Y171F) are destabilizing (more than 5 °C) and the last one

(Y84F) almost negligible. In contradiction with this observation, all mutations

are very destabilizing for the 19 peptide (class B) with rather similar effects

(ATm about 10 °C) except for the Y84F change for which only a 5 °C

destabilization effect is observed. For the class C peptide (S9), the

destabilization seems to mainly occur after pocket A mutations (Y7F and

Y171F, A Tm about 5 °C) whereas pocket F mutations (Y84F and T143A) are

less detrimental (Fig. 2.4.A).

However, the consequence of a single mutation at each end of the binding

groove could be compensated by a slight conformational change of the

B*2705 heavy chain allowing the building of new H-bonds, especially with

the neighboring Tyr 59 and Lys 146 side chains, see Fig. 2.3.A) To determine

whether the B*2705 protein may conformationally adapt to the proposed

individual mutations, double changes (Y7F/Y171F and Y84F/T143A) were

performed and their effect on the stability of the resulting complexes

investigated with two peptides (A3,19) investigated (Fig. 2.4.B). Note that the

S9 peptide was not used here for loading as the double mutations would

probably lead to complexes of low stability and poor refolding.
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groups on the thermal stability of B*2705 in complex with three HIV1

gp120 peptide analogues (GRAFVTIG[, GRAFVTIGK, and GRAFVTIGS).

Thermal denaturation is monitored by CD spectroscopy of the complex at

218 nm, pH 8.0 (see Experimental Procedures). ATm = Tm(wild type) - Tm

(mutant). A, influence of single pocket mutations (pocket A: Y7F, Y171F;

pocket F: Y84F, T143A) B, influence of double mutations Y7F/Y171F and

Y84A/T143A.
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The double mutants could be refolded in presence of the two selected

peptides and the resulting complexes presented wavelength CD spectra

similar to that of the corresponding wild type and single mutant complexes

(data not shown) indicating that double mutations did not affect the

conformation of the refolded heterotrimer. As for the single mutations, the

double changes affect more the thermal stability of the resulting complexes

with the 19 peptide than with the A3 peptide. Interestingly, the effect of the

double mutation at pocket F on MHC-A3 complexes are nearly synergistic

with respect to the individual changes. For the MHC-I9 complex, 80% of the

summed contributions of individual changes are recovered upon double

mutations.

2.S. Discussion

In contradiction with a recent report (Allen et al., 1999), we succeed in

refolding a recombinant B*2705 HC in presence of ß2m and a B*2705-

restricted peptide. Two peptide positions (P3 and P9) were selected for

systematic modification as they have recently been shown to play a major role

in B*2705 binding (Lamas et al., 1999). The invariant Arg 2 could not been

varied as this modification will lead to heterotrimer assemblies that are almost

impossible to refold and purify. For example the switch of the Arg 2 side

chain from the Ca to the backbone N atom (peptide to peptoid) totally impairs

heterotrimer assembly (unpublished data).

Only a few side chains at position 3 (Asp, Glu, Arg and Pro) significantly

destabilize the MHC-peptide pair. This observation is in full agreement with

already described epitope stabilization binding data (Lamas et al., 1999). Pro

3 is likely to limit the conformational freedom of the N-terminal P1-P3
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tripeptide and probably impairs proper binding of Arg 2 to pocket B. The

detrimental effect of negatively charged residues at P3 can be easily explained

by looking at the crystal structure of HLA-B*2705 (Madden et al., 1991), as

the corresponding pocket D interacting with the P3 side chain presents a

strong negative electrostatic potential at its upper surface (Fig. 2.3.B).

Furthermore, the pocket D is probably not deep enough to accommodate the

bulky Arg side chain. However, structure-stability relationships observed for

this peptide series do not fully mirror known structure-binding data (Rognan

et al., 1995; Rovero et al., 1995; Lamas et al., 1999) especially for

hydrophobic and aromatic residues which are not preferred over Ala at P3,

although pocket D is very hydrophobic in its deeper part. In the current

stability study, aromatic (Phe, Tyr and Tip) and small side chains (Ala, Ser

and Thr) at P3 induce similar thermal stabilities of the resulting complexes,

whereas epitope stabilization assays rank aromatic residues far before small

amino acids (Lamas et al., 1999). Three reasons may explain this discrepancy.

First, full occupancy of pocket D may be required for a strong binding but not

to maintain a stable MHC-peptide binary complex. In favor of this hypothesis,

one observes that electron density arising from the peptide pool co-

crystallized with HLA-B*2705 does not entirely fill pocket D (Madden et al.,

1991). Another plausible explanation for these peculiar structure-activity

relationships is the possible interplay between P3 and Val 5 side chains in the

current peptide series, that might both point towards the same pocket D if P3

is a small residue (Fig. 2.3.B). An A3F change should induce a stabilization

effect in the light of known binding data. However, this would require a

conformational change of the peptide backbone at position 5 in order to

prevent steric repulsion between P3 and P5 side chains. Hence, the net

stabilizing effect of a Phe 3 side chain (with a Val 5 side chain pointing

outwards the binding cleft) would be similar to that of Ala 3 with a Val 5 side
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chain pointing toward the binding groove. This would explain why small-

sized polar side chains (Ser, Thr and Cys) are also compatible in the current

series with a stable MHC-peptide assembly (Fig. 2.2.A). Similar

interdependence of anchor side chains have been reported by x-ray diffraction

of human (HLA-A2) (Madden et al., 1993) and murine (H-2Kb) (Fremont et

al., 1995) class I MHC molecules. A last possible explanation is that peptides

bearing a very strong P9 anchor (e.g. Lysine) are less sensitive to P3 changes.

Compensating effects between P3 and P9 anchors have recently been

described for HLA-B27-binding peptides (Lamas et al., 1999).

Systematic variation of the P9 residue shows that the overall stability of

B*2705-peptide complexes is highly dependent on the C-terminal side chain.

The two basic residues (Lys and Arg) are intrinsically the best amino acids at

the C terminus. Hydrophobic aliphatic residues are also favored at P9 which

is in total agreement with known binding data. Surprisingly, we found that

Phe is also ranked among the top amino acids at P9 in contradiction with

epitope stabilization assays (Lamas et al., 1999) but in agreement to another

refolding study (Fruci et al., 1994). As the P9 side chain is deeply bound to

pocket F and almost entirely buried upon binding, side chain interdepence

cannot be invoked here. A logical explanation to these discrepancies is that a

Phe/Arg P9 side chain contributes to the refolding and stability of the

heterotrimer but does not readily enter the F pocket of a peptide-free B27

binding groove. As expected from previous binding data, Gly, Pro as well as

acidic and polar side chains are clearly disfavored at P9 which interacts with a

negatively-charged pocket F (Fig. 2.3.B).

The wide variation found between the two extremes (Lys and Asn, Arm

about 25 °C) demonstrates that the P9 side chain may control in part the

overall stability of the B27-peptide complexes. As P9 can be considered as an

isolated anchor, far from the N-terminal tripeptide part, we wondered whether
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peptide release might systematically start at the C terminus. Hence, a peptide

with a dissociated C-terminal residue would present about two-thirds of its

total surface (from P4 to P9) out of the binding groove and its full release

from the MHC groove would be consequently facilitated. However, P9 side

chain release might probably require disruption of the conserved H-bonds

between the C-terminal carboxylate atoms and the B27 binding groove (Tyr

84 and Thr 143; see Fig. 2.2.A). Therefore, we engineered a couple of

B*2705 mutants for which side chains interacting with both peptide termini

have been mutated. Thus, we can compare thermal destabilization upon

selective H-bond removal at either the N- or the C-terminal peptide end. The

obtained results suggest that both termini are similarly important for B*2705

stabilization. The removal of a single H-bond out of the 4 that anchor peptide

terminal atoms to the MHC molecule corresponds in term of thermal

destabilization (5 to 10 °C) to the mutation of a top class P9 side chain (Lys

and Arg) to a second or third-class residue (Ser, Cys and Thr for example).

This result is in agreement with a previous report on HLA-A2-binding

peptides for which the terminal ammonium and carboxylate atoms had been

replaced by methyl groups (Bouvier and Wiley, 1994). However, our study

presents the advantage to determine the effect of single H-bond removal at

both ends of the binding groove. This effect is dependent on the bound

peptide and on the location of the lost interaction. A class A peptide (A3

analogue) is less sensitive than a class B ligand (19 analogue, Fig. 2.4.A).

Surprisingly, the consequence of a single mutation was less dramatic for the

class C peptide (S9 peptide) especially upon pocket F mutation. It must be

noted that the S9 peptide already induces a wild type complex of low stability.

Taken together, it is, however somewhat difficult to explain all individual

changes. Tyr 84 seems to be the MHC side chain that generally contributes

least to the stability of the MHC-peptide complex, whereas Tyr 7 and Tyr 171
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are important in all cases. For the Y7F mutation, the destabilization is

probably enhanced by the destruction of a water-mediated pentagonal H-bond

network (Fig. 2.3.A). Interestingly, the mutation effects are cumulative as the

effect of double mutation at both ends of the binding groove corresponds

roughly to the summed contribution of individual changes. For the 19 peptide,

the 20 °C destabilization observed upon Y7F/Y171F mutation (rm = 37 °C) is

analogous to that observed after modification of the terminal amino group by

a methyl moiety for HLA-A2-binding peptides (Bouvier and Wiley, 1994)

and corresponds to the loss of two intramolecular H-bonds.

These findings raise the question why the effects of protein mutations

depend on the bound peptide? It is straightforward to understand that a class

A peptide (A3) is least affected as it bears a strong Lys 9 anchoring side

chain. Suppression of H-bonding at the rim of pocket F do not impair a deep

anchoring of the side chain in the same pocket. As expected, far away

mutations at pocket A only partially destabilize the corresponding complex.

For a weaker binder (19), all mutations are much more destabilizing even for

mutations in pocket A. This observation would suggest that P9-pocket F

interactions control for a major part of the overall stability of the MHC-

peptide pair. However, this hypothesis would be contradicted when

comparing the mutation effects on complexes with S9 and 19 peptides. If Ser

9 is less suited than lie 9 for pocket F stabilization (Fig. 2.2.B) and if P9-

pocket F interactions control the whole complex stability, why are mutation

effects lower for the B*2705-S9 complex than for the B*2705-I9 complex?

To reconcile our stability hypothesis and the observed results, one might

argue that the stability of all complexes between B*2705 mutants and the two

peptides (19 and S9) are nearly identical (about 43 °C for 19 and 39 °C for S9,

whatever the mutation). Thus, such complexes have reached the lowest

stability compatible with refolding of the heterotrimer. One should not forget
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that peptide-free class I MHC heavy chains unfolds at a rather similar

temperature (from 39 to 45 °C) (Fahnestock et al., 1994; Collins et al., 1999).

Thus there is a lower Tm limit for unstable MHC-peptide pairs. For the

weakest binder (S9), the C-terminal Ser residue is only weakly bound to the

wild type pocket F and already gives a complex of very weak stability (Tm =

43 °C). Then, further mutation of this subsite has no dramatic consequences

as long as the lowest stability threshold has not been reached. From our

studies, this lower limit is at least 36 °C, the lowest stability observed with a

wild type HLA-B*2705 (Fig. 2.2.A).

That even double B*2705 mutants refold in the presence of a weak

binding peptide suggests that all residues at P3 and P9 are probably

compatible with B*2705 refolding at the condition that the P2 anchor is an

arginine. Once refolded, the nature of the C-terminal side chain probably

controls the overall stability of the MHC-peptide complex. The crucial

importance of the P9 anchor for promoting stable MHC-peptide complexes

should be similar for other peptides subsets with a different HLA specificity

but sharing a similar location of anchor residues (P2, P3 and P9) with B27-

restricted peptides. From the lowest melting temperature observed in this

peptide series, we can conclude that a peptide-free B*2705 heavy chain is less

stable than two class I MHC heavy chains (H-2Kd, HLA-Aw68) and as stable

as HLA-A2.1 for which low stability complexes (unfolding at 35 °C) have

been recently described (Kuhns et al., 1999).

A better understanding of molecular rules governing MHC-peptide

stability is essential for designing modified ligands (agonists or antagonists)

targeted to interfere with the CTL recognition. Our study suggests that a

special care should be given to the C-terminal peptide residue of most class I

MHC-restricted peptide vaccines for ensuring an optimal stability and

immunogenicity of the resulting MHC-peptide pair.
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3.1. Summary

The B pocket of the class I Major Histocompatibility complex-encoded

protein HLA-B*2705 has recently been suggested to be responsible for the

misfolding of this HLA haplotype and thus to induce susceptibility to

autoimmune inflammatory diseases. Four mutants of the B*2705 heavy chain

were refolded in the presence of three control peptides. The monitoring of the

thermal unfolding of the B*2705-peptide complexes by circular dichroism

spectroscopy showed that all heterotrimeric mutants were markedly less

stable than the corresponding complexes with the wild type heavy chain.

Among the four heavy chain mutations, the C67S change was investigated for

unfolding and peptide binding properties because this position may mediate

disulfide pair bridging and alter T-cell recognition of HLA-B*2705. Wild-

type heterotrimers completely unfold in a single transition at mild acidic pH

whereas increase of the pH to mild basic conditions induce only a partial

biphasic unfolding. Cys 67 seems to play a crucial role in controlling the

thermodynamic stability of the B*2705-peptide complexes as the C67S

mutant unfolds faster and with a single transition, independent of pH.

Fluorescence polarization and size exclusion chromatography of unfolding

intermediates suggest that the peculiar unfolding of the B*2705 wild-type

heavy chain cannot be explained by modified peptide binding properties but

more likely by the formation of high molecular weight species.
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3.2. Introduction

There is a striking association between susceptibility to

spondyloarthropathies (e.g. ankylosing spondylitis or AS) and expression of

the class I MHC HLA-B27 allele (Brewerton et al, 1973; Schlosstein et al,

1973). Despite intensive research over the last decade, the pathogenic

mechanism of the association is still unknown (Lopez de Castro, 1998;

Colbert, 2000). One of the most favored models for disease association

postulates the binding to HLA-B27 of autoantigenic peptides, thus mimicking

foreign antigens (Benjamin and Parham, 1990). This hypothesis is also

supported by a recent finding for a specific T-cell reactivity to a self-peptide

for AS patients (Fiorillo et al., 2000). However, it cannot account for the

differential susceptibility to several HLA-B27 alleles even though they select

very similar peptide repertoires (Allen et al., 1999a). Recent studies on

transgenic mice seem to contradict the arthritogenic hypothesis. Mice lacking

ß2m and thus a functional antigen presentation pathway can develop a

spontaneous inflammatory arthritis (Khare et al, 1995). Moreover, this is also

observed in the absence of MHC Class II genes (Khare et al, 1998),

indicating that B27-derived peptides might not be responsible for the disease

association. This evidence has led to an increased number of alternative

hypotheses that have been presented over the last few years (Colbert, 2000;

Khan, 2000).

The B pocket of the HLA-B27 protein is considered to be the domain with

the most influence on peptide selection. HLA-B27 shows a high specificity

for Arg (position 2 of the peptide) in the B pocket of the binding site (Colbert

et al., 1993). In addition to the role played by the B pocket in peptide

selection, this subsite is also believed to play a predominant role in protein
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misfolding. Mear et al. (Mear et al., 1999) recently showed that the

replacement of the HLA-B27 B pocket with one from HLA-A2 could totally

impair the misfolding phenotype of the protein. They proposed that

misfolding and its consequences are a basis for susceptibility to

spondyloarthropathies rather than allele-specific peptide presentation. The

misfolding behavior of the protein could cause endoplasmic reticulum stress

responses (Gething and Sambrook, 1992; Kopito, 1997) and therefore

influence intracellular signaling pathways. HLA-B27 presents specific

features because of a free Cys 67 at the top of the B pocket. This free Cys 67

has been shown to be highly chemically reactive (Weiss et al, 1996),

probably because of polarization from a neighboring Lys 70 (Whelan and

Archer, 1993). It has also been hypothesized that oxidative modification of

this residue may play a role in B27-related disease (Gao et al., 1996).

Recently Allen et. al. (Allen et al., 1999b) showed that a B*2705 heavy chain

(HC) homodimer can form and be presented at the cell surface, which is

dependent on Cys 67. The recognition of the HLA-B*2705 0Ci helix by the

ME1 mAb is impaired by the formation of homodimers, consistent with a

partial unwinding of the helix that could be caused by a disulfide bonding.

The presentation of such a non-classical homodimer on the cell surface could

induce altered T-cell responses, while potentially mimicking a MHC Class II

binding site, and lead to recognition by CD4 lymphocytes and autoimmunity.

Peptides longer than 9 amino acids characteristic of MHC Class II ligands

have already been eluted from B27, which supports this theory (Urban et al,

1994).

However, it is still unknown which amino acids of the B pocket controls

the peculiar misfolding properties of HLA-B*2705. Therefore, we engineered

a series of four pocket B mutants of the B*2705 HC and investigated peptide

binding properties as well as thermal unfolding of the corresponding
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complexes with three peptides. Circular dichroism-monitored thermal

unfolding, fluorescence polarization spectroscopy, and size exclusion

chromatography suggest that the thermodynamic stability of the B*2705

heavy chain is significantly decreased upon mutation of any of the pocket B

residues. Cys 67 seems to play a major role in promoting unfolding to high

molecular weight species while not affecting peptide binding properties.

3.3. Experimental procedures

3.3.1. Cloning of the HLA-A*020I Heavy Chain

The heavy chain was cloned into pET-24b plasmid (Novagen) using the

same protocol as described previously (Dédier et al, 2000) for HLA-B*2705.

Briefly, the gene was amplified by PCR starting from pQE-30 (Qiagen)

containing the A*0201 heavy chain (D. Rognan, and S. Krebs, unpublished

results). The same primers that were used for B*2705 were used to introduce

the two restriction sites Ndél and Xhol flanking the gene. After restriction, the

fragment was ligated into the expression plasmid, which was then

transformed into Escherichia coli DH5oc strain for selection.

3.3.2. B pocket mutants of the HLA-B*2705 Heavy chain

All the mutations of HLA-B*2705 heavy chain were introduced by the

QuickChange Site-directed Mutagenesis Kit (Stratagene) because it required

only the change of a maximum of three neighboring base pairs. For this

purpose, we amplified the pET-24b plasmid (Novagen) containing the

B*2705 wild-type heavy chain with PCR. The corresponding primer pairs

(forward and reverse) used for the four reactions are listed in Table 3.1. The
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PCR products were then digested with Dpnl and transformed into E. coli

XL2-Blue strain (Stratagene) for selection. The sequence was confirmed by

DNA sequencing (ABI 310 PRISM, Perkin Elmer).

Table 3.1. Primers used for the mutagenesis of HLA-B*2705 or HLA-

A*0201.

Mutation Sense Sequence

T24V Forward 5'-GCCCCGCTTCATCGTCGTGGGCTACGTGG-3'

HLA-B*2705 Reverse 5'-CCACGTAGCCACGACGATGAAGCGGGGC-3'

E45M Forward 5'-GCGAGTCCGAGAATGGAGCCGCGGGCG-3'

HLA-B*2705 Reverse 5'-CGCCCGCGGCTCCATTCTCGGACTCGC-3'

C67S Forward 5'-GGGAGACACAGATCTCCAAGGCCAAG-3'

HLA-B*2705 Reverse 5'-CTTGGCCTTGGAGATCTGTGTCTCCC-3'

Y99F Forward 5'-CCCTCCAGAATATGTTTGGCTGCGACGTGG-3'

HLA-B*2705 Reverse 5'-CCACGTCGCAGCCAAACATATTCTGGAGGG-3'

V67C Forward 5'-CGGGGAGACACGGAAATGCAAGGCCCACTCACAG-3'

HLA-A*0201 Reverse 5'-CTGTGAGTGGGCCTTGCATTTCCGTGTCTCCCCG-3'

3.3.3. V67C mutant of HLA-A*0201

This mutation was introduced by the same method using the pET-24b-

A0201 plasmid as template. The primers used are listed in Table 3.1. The

mutation was confirmed by DNA sequencing.
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3.3.4. Protein expression and purification

The expression of the HLA-B*2705 or HLA-A*0201 heavy chains and of

the relative mutants were performed in E. coli BL21-Codonplus(DE3)-RIL

strain (Stratagene). The proteins were purified on a Ni2+-nitrilotriacetate-

agarose column (Qiagen) as previously described (Dédier et al., 2000). ß2-

microglobulin was expressed and purified using the protocol described in the

same report.

3.3.5. Peptide Synthesis

Peptides were obtained by automated solid-phase peptide synthesis on an

automated multiple peptide synthesizer (Syro Multi-Syn-Tech, Bochum,

Germany) using the standard Fmoc (N-(9-fluorenyl)-methoxycarbonyl)

protecting strategy. For synthesis of the fluorescein-labeled peptide

GRAFVTIK*K (* is the fluorescein label), a lysine with a Dde-protected

side-chain was inserted at position 8. After synthesis and selective

deprotection, Lys 8 was coupled to fluorescein isothiocyanate. Complete

deprotection and cleavage from the resin was achieved by trifluoroacetic acid.

Peptides were analyzed and purified by mass spectrometry and HPLC as

previously described (Dédier et al., 2000).

3.3.6. Thermal denaturation

The thermal denaturation CD experiments were performed as previously

described (Dédier et al, 2000). Briefly, the HLA-B*2705/peptide complex

was refolded upon dialysis of 10 ml of reconstitution buffer (20 mM Tris, 150

mM NaCl, 2 mM EDTA, 3 mM ß-mercaptoethanol, 0.3 mM 2,2'-

dithiodiethanol, pH 8.0) containing HLA-B*2705 HC (10 uM), ß2m (20 \xM),

peptide (100 (iM) and urea (6 M) against 1 liter of reconstitution buffer. After

purification and concentration, the complex was used immediately for
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denaturation experiments. The stability of the complex was examined by

thermal denaturation, unfolding was monitored by CD-spectroscopy at a

wavelength of 218 nm. The temperature was raised from 20°C to 85°C by a

rate of 40°C/h. The concentration of the complex was held constant at 1 \xM.

The melting points were determined following a standard protocol for thermal

denaturation experiments (Pace and Scholtz, 1997). The melting points were

averaged from at least two independent refolding experiments. Experimental

error was estimated to be lower than 1°C.

3.3.7. Competition experiments

The HLA-B*2705/peptide complex was refolded by dilution of HC (1

|lM), ß2m (2 |jM), labeled peptide (8 nM) and various amounts of competitor

(typically 1 nM to 100 |lM) into 1 ml of dilution buffer (20 mM Tris, 150 mM

NaCl, 2 mM EDTA, 0.1 mM CHAPS, 0.3 mM 2,2'-dithiodiethanol, pH 8.0).

After 36h of incubation at room temperature, complex formation was

confirmed according to a size-exclusion HPLC assay (Ottenhoff et al., 1997).

The ratio between bound and unbound labeled ligand was determined using

fluorescence polarization. Polarization values were measured on a Polarion

fluorescence-polarization system (Tecan, Austria) using 200 [i\ of sample in a

96-well black quartz microtiter plate (Hellma, Germany). The number of

flashes was set to 200, total intensity was held at 65000 rfu. Concentrations at

half-maximal inhibition (IC50 values) were obtained by fitting polarization

values versus total concentration of competitor to a dose-response model. The

IC50 values were averaged from three independent experiments.

3.3.8. Size exclusion chromatography

Size exclusion chromatography was performed using a Superdex 200 HR

10/30 FPLC column (Amersham Pharmacia Biotech) pre-equilibrated in TBS
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containing 20 mM Tris, 150 mM NaCl, pH 8.0. Experiments were performed

at 25°C and concentrations were held at 1 (iM. 100 |nl of sample was loaded

onto the column and eluted at 0.7 ml/min in TBS. Elution profiles of the

proteins were monitored by UV-absorbance at 280 nm and 220 nm. Molecular

weight was calculated by comparison of the elution retention times of MHC

samples to those of marker proteins (data not shown).

3.3.9. Peptide dissociation from the MHC/peptide complex

Details of these experiments will be described elsewhere (S. Dédier, S.

Reinelt, S. Rion, G. Folkers, and D. Rognan, manuscript in preparation).

Briefly, the complexes were refolded following the dialysis protocol

previously described (Dédier et al, 2000) of 1 ml of protein-containing buffer

against 100 ml buffer. We used the fluorescent-labeled peptide

GRAFVTIK*K as ligand. FPLC chromatography was performed for

purification, without prior concentration step. After addition of a large excess

of unlabeled competitor, the time course of peptide dissociation from the

complex was monitored at 26°C. All measurements were duplicates of

independent experiments.

3.4. Results

3.4.1. Mutation of any pocket B amino acid decreases the thermal

stability of HLA-B*2705/peptide complexes

To determine the stabilizing properties of B pocket amino acids, we first

mutated separately the following four residues of the HLA-B*2705 HC: Thr

24 to Val, Glu 45 to Met, Tyr 99 to Phe, and Cys 67 to Ser. T24V and Y99F

changes were chosen to be as conservative as possible. Met 45 is present in
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the HLA-A*0201 B pocket, which when substituting the wild type B*2705 B

pocket impairs misfolding of this allele (Mear et al., 1999). Furthermore,

position 45 is known to control allele-specific peptide binding (Buxton et al.,

1992). Last, the C67S mutation was chosen to be as conservative as possible

while removing the free Cys.

For refolding HC-ß2m-peptide heterotrimers, we used a peptide from the

B27-restricted T cell epitope from the HIVl gpl20 protein GRAFVTIGK

(K9) (Jardetzky et al., 1991) and two analogs (GRAFVTIGI or 19 and

GRAFVTIGS or S9). The mutant-peptide complexes were assembled by a

refolding assay starting from the recombinant proteins and were analyzed for

their thermal stability by means of CD spectroscopy. The wild-type HLA-

B*2705/peptide complexes represent a wide range of thermal stabilities, with

values varying from a high melting point of unfolding Tm (60.1 °C for K9),

through medium (53.3 °C for 19) and to low values (43.4 °C for S9) (Dédier et

al., 2000). Each mutation appeared to be prejudicial to the thermal stability of

the mutant-peptide complex with a detrimental effect ranging from about -2.8

to -22.6°C in comparison to the wild-type complexes (Fig. 3.1.). The

strongest effects were observed for 19 and K9 complexes for which the

destabilization values ranged from -8.1 °C to a maximum of -22.6 °C. The

T24V or E45M mutations seemed to be extremely detrimental for the

complexes loaded with K9 (16.1 to 22.6 °C destabilization) and less so for the

complexes with 19 peptide (around -12°C). Interestingly, the E45M mutant

could still be refolded in the presence of Arg 2-containing peptides. The Y99F

and C67S mutations destabilized more the complexes with 19 (-18.1 and -

12.4°C respectively) than with K9 (-11.7 and -8.1). The smallest

destabilization was observed for the complexes with S9. For all mutant/S9

complexes, only a modest destabilization ranging from 3-6 °C could be

observed.
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T24V E45M Y99F C67S

Fig. 3.1. Influence of the mutation of B pocket amino acids on the

thermal stability of HLA-B*2705 in complex with three peptides from the

HIV1 gp120 parent sequence GRAFVTIGK (K9), GRAFVTIGI (19),

GRAFVTIGS (S9). The thermal denaturation of the complexes is monitored

by CD spectroscopy at 218 nm, pH 8.2. ATm = Tm (wild type) - Tm (mutant).

3.4.2. Thermal denaturation of HLA-B*270S is dependent on the pH

and residue at position 67

The profile of thermal denaturation curves of HLA B*2705/peptide

complexes was strongly dependent on pH value but independent of the nature

of the complexed peptide. The complex of HLA-B*2705 with a reference

peptide (19) (Dédier et al, 2000) was therefore denaturated under mild

alkaline, neutral and mild acidic conditions (Fig. 3.2.). Changes of the second

transition are more easily monitored if the first transition is below 60°C;

therefore the 19 peptide was chosen as ligand. Under mild alkaline conditions

(pH 8.3) a single transition was observed, which led to partial unfolding,
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reflected by the loss of only a third of the original CD signal (Fig. 3.2.A).

Under neutral conditions, an additional step of unfolding was evident that

resulted in an almost complete unfolding. Interestingly, the first transition,

which is clearly peptide-dependent (data not shown), was unaffected by a pH

modification; neither midpoint of transition nor degree of unfolding was

changed. The novel intermediate state can be destabilized by lowering the pH

to mild acidic conditions (pH 6.4) where both transitions seem to be merged

(Fig. 3.2.A). Only a single unfolding step was apparent with an almost

complete degree of unfolding that was observed under neutral conditions.

The observation of the strong influence of pH on unfolding raised the

question of whether this effect is common to other HLA alleles or if it is a

specific property of the B*2705 subtype. Thus, we investigated the unfolding

of HLA-A*0201, an allele for which no misfolding has been described (Mear

et al, 1999). The thermal denaturation curves of HLA-A*0201 proteins

complexed with the natural epitope ILMEHIHKL (Rammensee et al, 1999)

are presented in Figure 3.2.B. Under neutral conditions (pH 7.3) unfolding

occurred in a single step with the degree of unfolding (~ 65%) significantly

decreased compared with that observed for the reference HLA-

B*2705/peptide complex under acidic conditions (~ 85%). Moreover, for

HLA-A*0201, an increase of pH induced a two-step unfolding process. But in

contrast to HLA B*2705, the second step led to only minor additional

unfolding of the complex with a total degree of unfolding of ~ 33%. For

HLA-B*2705, the intermediate state could be stabilized by increasing pH. At

pH 9.4, the second transition was still observed but was shifted toward a

higher Tm value.
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Fig. 3.2. Influence of pH and Cys 67 on the unfolding of HLA-B*2705

and HLA-A*0201 heavy chains. HLA-B*2705 (A) and HLA-B*2705 C67S (C)

are loaded with 19 peptide, of HLA-A*0201 (B) and HLA-A*0201 V67C (D)
are loaded with a known epitope (ILMEHIHKL). Percentage of unfolding,

monitored by CD-spectroscopy, is plotted against temperature (°C).

Among the amino acids differing between HLA-B*2705 and HLA-

A*0201 HC, Cys 67 was thought to have a major influence on the

physiological properties of HLA-B*2705. We hypothesized that the observed

differences in unfolding between HLA-B*2705 and HLA-A*0201 might be

related to this unpaired cysteine. Thus, we engineered two HLA mutants for

which a single point mutation had been introduced (C67S HLA-B*2705,

V67C HLA-A*0201). As anticipated, these mutations induced a dramatic

change in the unfolding process of the related HLA-peptide complexes. HLA-



98 3. Biophysical studies of HLA-B*2705/peptide complexes

B*2705 C67S complexed with the 19 peptide now showed a single transition

under neutral conditions (pH 7.3) resulting in about 65% unfolding (Fig.

3.2.C). As for HLA-B*2705 WT complex, an increase of pH value led to a

two-step unfolding process, but similar to the HLA-A*0201 WT complex,

with only a minor contribution by the second step toward the final degree of

unfolding of about 40%. No completed unfolding similar to that observed for

the wild-type B*2705 HC (Fig. 3.2.A) could be recorded for the C67S HC.

The unfolding of HLA-A*0201 V67C complexes under neutral conditions

seemed to be unaffected by the mutation (Fig. 3.2.D). However Cys 67 had a

strong influence on the second unfolding step under alkaline condition. The

final degree of unfolding was significantly increased (to ~ 50%) at pH 8.4 and

9.4 compared with the HLA-A*0201 WT complex (~ 30%), thus shifting

toward the unfolding characteristics of HLA-B*2705 WT complexes.

3.4.3. Cys 67 promotes unfolding of 6*2705 toward high molecular

weight species

To gain further insight into the consequences of B*2705 unfolding, we

characterized B*2705 WT and C67S folding intermediates. HLA-B*2705 WT

and HLA-B*2705 C67S complexes were subjected to thermal denaturation

under mild alkaline conditions (pH 8.0) to obtain the different unfolded states

observed by CD spectroscopy and then subjected to SEC and native gel

electrophoresis. Under native conditions, both the WT and the mutant HLA-I9

peptide complexes had identical elution times, indicating that both heavy

chains form similarly folded complexes (data not shown). After heating to

73°C, a difference between WT and mutant can again be observed (Fig. 3.3.).

For the WT protein, a peak at 11.1 min (corresponding to a mass of >500

kDa) reflects formation of high molecular mass aggregates. No peak
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corresponding to the heterotrimer, peptide-free B*2705 or HC could be

detected and only a small ß2m peak was observed.
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Fig. 3.3. Size-exclusion chromatography of HC intermediates obtained

after thermal unfolding. Upon heating to 73°C at pH 8.0, the complexes of

the GRAFVTIGI peptide with HLA-B*2705 WT (dotted line) and C67S

(straight line) form species of high molecular mass. Retention of WT

aggregates (peak A) indicates significantly higher molecular mass (>500

kDa) than aggregated species formed by the C67S mutant (peak B, ~ 100

kDa). Peak C corresponds to native or peptide-free complex; peak D and

E, respectively, correspond to ß2m.

For the C67S complex, aggregation also takes place, but the aggregates

formed have a significant lower apparent molecular mass (~ 100 kDa). The

peak at 20.8 min corresponds to 39 kDa, representing either native complex or

peptide-free HC-ß2m complex. Upon denaturation to 95°C, precipitation

occurred for the WT and mutant proteins, and only minor peaks indicating the

native or peptide-free complex and ß2m were observed. No peak
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corresponding to the recently described B*2705 HC dimer (Allen et al,

1999b) could be identified in our experiments. Analysis of thermal unfolding

by native-polyacrylamide gel electrophoresis confirmed these observations

(data not shown).

3.4.4. The C67S mutation does not affect peptide binding

properties of B*270S

To determine whether destabilization of B*2705-peptide complexes upon

C67S mutation was correlated with peptide binding affinity, we measured the

affinity of a series of four related peptides (Table 3.2.) to either the WT or

C67S B*2705 mutant by a fluorescence polarization-based assay using a

fluorescein-labeled reference peptide (GRAFVTIK*K). Analysis of binding

data revealed no significant difference in binding between the WT and mutant

(data not shown). For this reason, the IC50 values of the peptides can be

compared directly between WT and mutant complexes.

Table 3.2. Affinity (IC50 in p.M) of four related peptides for HLA-B*2705

WT or C67S mutant and the midpoint of unfolding (Tm in °C) of the

corresponding heterotrimers. The experimental errors are about 4% and

less than 5% for Tm and IC50 values, respectively.

GRAFVTIGK GRFFVTIGK GRAFVTIGI GRAFVTIGS

WT ICso
0.50 0.17 1.90 >10

Tm
60 57 54 43

C67S IC50
0.67 0.22 2.90 >10

Tm
52 49 41 37

A typical dose-response curve is shown in Figure 3.4. The IC50 values

obtained by fitting the experimental curve to a dose-response model are listed
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in Table 3.2. As expected, the higher affinity (in the submicromolar range)

was observed for the natural epitope (GRAFVTIGK) and its F3 analog.

Replacement of Lys by He and Ser at P9 significantly decreased affinity by 1

and up to 2 orders of magnitude, respectively (Table 3.2.).
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Fig. 3.4. Determination of peptide binding affinity for HLA-B*2705 IC50

values. Competition between a fluorescent peptide (GRAFVTIK*K; *,

fluorescein) and a peptide competitor for refolding the HC-peptide-ß2m
heterotrimer is monitored by fluorescence polarization. A typical titration

curve is shown for the F3 peptide (GRFFVTIGK, Table 3.2.). The

experimental error of a single data point is 5% or less.

Because of the low affinity of the S9 peptide, no complete competition

could be observed in the concentration range used for this assay. Therefore,

IC50 values for the S9 analog are given as an approximation only. It can be

noted that the changes in peptide binding affinity are related to the melting

temperatures of the corresponding B*2705/peptide complexes.
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Surprisingly, the thermal destabilization recorded upon C67S mutation

was not mirrored by a decrease in peptide binding affinities (Table 3.2.). Very

similar IC50 values are observed for all four peptides to either the WT or the

C67S B*2705 mutant. It can be noted that IC50 and Tm values are only related

when a series of protein-peptide complexes containing identical HC are taken

into account.

3.4.5. The C67S mutation fastens peptide dissociation from the HC-

ß2m-peptide heterotrimer at 26°C

The data from these experiments refer only to the dissociation of the

labeled peptide from the MHC complex, as confirmed by complementary

FPLC experiments (data not shown). Monitoring fluorescence polarization

(FP) versus time is particularly well suited for studying peptide dissociation

from B*2705 because FP is directly dependent on changes in molecular

weights, and this technique does not require any washing or separation step

(Nasir and Jolley, 1999). Thus, any release of the labeled peptide from the

heterotrimer can be recorded and immediately translated into lower FP values.

The complex between the fluorescent peptide (GRAFVTIK*K) and B*2705

is remarkably stable at 26°C as shown by the FP time course of the

corresponding complex at 26°C (Fig. 3.5.). Upon C67S mutation, the same

labeled peptide dissociates faster. This result is in agreement with the thermal

denaturation experiments, again showing a higher stability for the HLA-

B*2705 WT complex.
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Fig. 3.5. Measurement of MHC-peptide complex stability at 26°C by

fluorescence polarization. For comparison of HLA-B*2705 WT and C67S,

the labeled GRAFVTIK*K peptide was used. The peptide dissociation

kinetics was monitored in solution after addition of a large excess of the

same unlabeled peptide to prevent peptide re-association. FP values (in

mP units) decreases with release of the fluorescent peptide from the

heterotrimer.

3.5. Discussion

In the current study we investigated the influence of the amino acids of the

B pocket (Thr 24, Glu 45, Cys 67, Tyr 99) that are relevant for peptide

binding (Colbert et al., 1993) on the thermodynamic stability of several

MHC-peptide complexes. Mutation of any of these amino acids resulted in

loss of stability of up to 22°C, which reflects an extreme influence of even a

single amino acid mutation. There are no evident relationships between the

number of intermolecular hydrogen bonds lost upon mutation and the
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observed destabilization. For example, the most destabilizing change (T24V)

is the consequence of a single H-bond loss, according to the crystal structure

of HLA-B*2705 (Madden et al, 1992). The Y99F mutation resulting in the

loss of one direct and two water-mediated H-bonds is also very destabilizing

and illustrates the importance of a bound water molecule in the B pocket

(Madden et al, 1992). Surprisingly, modification of the polarity of the B

pocket upon E45M mutation did not alter refolding of the B*2705 HC in the

presence of Arg 2-containing peptides, although Arg 2 has been shown by X-

ray diffraction to make a salt bridge to Glu 45, and despite the lack of

evidence for an Arg 2 motif after pool sequencing, the peptide pool naturally

bound to this mutant (Villadangos et al, 1995). Among the three peptides

evaluated, the S9 complex was always the one that induced the least stable

complexes. It has to be noted that the WT complexes loaded with S9 already

have a low stability (Dédier et al., 2000). It has been proposed that until a

certain threshold of stability (Tm of ~ 36°C) has been reached, the mutation of

such weakly stable complexes will have little influence on their

thermodynamic properties. However, it should be stated that lower in vitro

thermodynamic stability might not always be related to lower in vivo stability,

because some potentially weakly stable complexes are not refolded in vivo, or

the corresponding peptide is presented in very low amounts.

Interestingly, the C67S mutant destabilized the complex less drastically

than the other three mutants of the B pocket. Some recent publications give

great importance to Cys 67, because this residue is implicated in the

formation of heavy chain homodimers. For this reason, we decided to focus

our experiments on the C67S mutant. Our data show a significant difference

between thermal unfolding of HLA-B*2705 and HLA-A*0201 complexes

with regard to response to variation of pH. Shifting the pH toward alkaline

conditions induces a two-step thermal unfolding. The first one is clearly
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peptide-dependent and is probably the consequence of peptide release from

the heterotrimer. The second one, which appears at basic pH, is significantly

increased for MHC proteins bearing a free cysteine (HLA-B*2705 WT, HLA-

A*0201 V67C mutant). A simple explanation for these different unfolding

processes can be clearly attributed to the amino acid at position 67 of HC with

Cys 67 responsible for an increased final degree of unfolding after the second

transition. Mutation of the amino acid at position 67 of the HC is reflected by

almost complete interchange of the unfolding profiles of HLA-B*2705 and

HLA-A*0201/peptide complexes. It is already known that Cys 67 is more

acidic than expected, because it can be alkylated by an aziridine-containing

peptide ligand whereas free Cys in solution cannot (Weiss et al, 1996). Thus,

any increase in the pH would favor the existence of Cys 67 as a very

nucleophilic thiolate anion promoting oligomerization of the B*2705 HC.

Our hypothesis is supported by size exclusion chromatography of

unfolded intermediates of B*2705 and its C67S mutant, obtained at basic pH.

It clearly indicates that the mutation of Cys 67 results in the loss of high

molecular weight unfolded states that characterize the unfolded B*2705 WT

heavy chain. Surprisingly, the observed destabilization of the heterotrimer

upon Cys 67 mutation is not reflected by a decreased affinity of peptide

ligands to the mutant (Table 3.2.). We have shown that IC50 values for three

analogous peptides are not significantly affected by mutation of Cys 67 to

Ser. These data are contradictory to previous results (Morgan et al, 1997) for

which a correlation between the equilibrium dissociation constant (KD) and

thermal stability (Tm) of the complex is described. They can however easily

be explained by the different experimental protocols used in both studies.

Whereas Morgan et al. correlates KD values obtained from equilibrium

dialysis experiments using a refolded peptide-free HC (Morgan et al, 1997),

our assay includes the refolding of the heterotrimer in the presence of the
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peptide and therefore does not lack the important contributions of protein-

peptide interactions for complex refolding. Furthermore, as peptide loading of

class I MHC complexes occurs in vivo during folding of the proteins in the

endoplasmic reticulum (Pamer and Cresswell, 1998), our assay is more likely

to mirror physiological conditions and therefore is more suited to compare

peptide selection of complexes containing different heavy chains subtypes.

The different contributions of Cys 67 to thermal stability and peptide

binding suggest that Cys 67 is not directly involved in MHC-peptide

interactions participating in the refolding of the HC-p2m-peptide heterotrimer.

However, once the MHC-peptide complex has been formed, Cys 67, as well

as any amino acid of the B pocket, plays an important role in maintaining a

stable heterotrimer. Regarding these findings, our study strongly suggests that

the nature of the selected peptide repertoire is not sufficient to explain the

different associations of HC subtypes with autoimmune diseases (Alvarez and

Lopez de Castro, 2000). Whereas the unfolding behavior of HLA-B*2705 is

clearly different from that of HLA-A*0201 because of the presence of a free

cysteine, it is still not clear why the expression of several alleles has not been

associated with high susceptibility to autoimmune disorders, Cys 67 being

conserved in all 20 HLA-B27 alleles reported to date (Khan, 2000).

Furthermore, the results presented here confirm the important role of Cys

67 for in vitro properties of HLA-B*2705 complexes. This observation is an

interesting example of the enormous influence of a single amino acid on the

unfolding process of a protein. This finding is even more important in regard

to the recently reported theory that postulates that misfolded MHC-proteins

are causative for the association of HLA-B*2705 and autoimmune diseases

(Allen et al., 1999a; Alvarez and Lopez de Castro, 2000). Our data show that

HLA-B*2705 complex unfolds in a subtype-specific manner upon thermal

denaturation. This observation suggests that not only heavy chain dimers
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(Allen et al., 1999b) but also abnormally unfolded complexes may be the

species responsible for autoimmune disease. Dimerization of class IMHC-HC

seems to be a general property of HC containing unpaired Cys-residues

(Capps et al, 1993) and therefore it cannot explain the peculiar association of

B*2705 expression with autoimmune diseases. Triggering could either occur

by altered TCR recognition or endoplasmic reticulum stress due to an

increased level of protein aggregation (Aridor and Balch, 1999; Colbert,

2000). It will be important to evaluate whether these specific properties of the

complex are relevant for activation of CTL resulting in autoreactivity.

However, the peculiar structural influence of Cys 67 on the thermodynamic

property of HLA-B*2705 does not explain why the expression of a few B27

alleles is not associated with autoimmune disorders (Khan, 2000) even though

Cys 67 is conserved for all B27 alleles. Rats transgenic for the C67S HLA-

B*2705 mutant still develop arthritis, albeit with less severity than WT

B*2705 rats (Taurog et al, 1999). Furthermore, it remains to be determined

whether only Cys 67 has the described influence or if mutation of further B

pocket amino acids specific for HLA-B*2705 can induce similar effects.
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4.1. Abstract

We describe here fluorescence polarization-based methods to investigate

Class I MHC-peptide interactions in solution. Fluorescein-labeled peptides

were used to determine MHC/peptide complex association and dissociation

constants as well as the equilibrium binding constant (KD). Furthermore, we

developed a competition assay for the determination of IC50 values of

nonlabeled compounds. Both kinetic and equilibrium parameters are of prime

importance for the development of immunomodulating compounds. The

assays described here show a good reproducibility and require only picomolar

amounts of labeled tracers. A high ratio between the experimental values

obtained for bound and free labeled ligand as well as a low standard

deviation, permits the detection of class I MHC ligands with low affinity.

Fluorescence polarization allows the direct measurement of the ratio between

free and bound labeled ligand in solution without any separation step. Thus, in

combination with microtiter-plates, the time for analysis is significantly

decreased to 10 s per sample. Our assays represent versatile tools for

characterizing the binding of single ligands as well as for rapid screening of

large numbers of compounds.
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4.2. Introduction

The presentation of peptide antigens by MHC-encoded proteins plays a

key role for the regulation of the immune system. It is involved in triggering

an immune response against nonself or, in the case of autoimmune disease,

against self epitopes (Heemels and Ploegh, 1995). Therefore, much effort has

been directed towards investigating the interactions between MHC proteins

and their respective peptide ligands. Many different methods have been

reported for the biophysical characterization of equilibrium and kinetic

parameters of these interactions. The first assays that were reported in the

literature described the incubation of radiolabeled peptides with prefolded

peptide-free MHC-complexes, produced either by TAP-deficient cell lines or

by acidic elution of bound peptides from MHC/peptide complexes on cell

surfaces (Townsend et al, 1989; Schumacher et al, 1990; Storkus et al,

1993). The successful expression of recombinant proteins in Escherichia coli

allowed the cell-free in vitro refolding of MHC-peptide complexes by dialysis

or dilution (Silver et ai, 1991). Further studies focused mainly on alternatives

to radioactive labeling. Several assays used a fluorophore either attached to

the protein or the ligand (Hochman et al, 1991; Ojcius et al, 1993), or

applied enzyme-coupled reactions for quantification (Sigal et al, 1994).

Among the different assays, several techniques have been described for the

separation of bound and free species. Earlier studies reported the use of

equilibrium dialysis (Fahnestock et al, 1992) or immunoprecipitation by

monoclonal antibodies (Elvin et al, 1991), which were later completed by

application of various chromatographic methods (Nag et al, 1991; Parker et

al, 1992; Ottenhoff et al, 1997). In addition to these developments, the use
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of surface plasmon resonance has also been reported for the determination of

kinetic constants (Khilko et al, 1993; Khilko et al, 1995).

However, the above methods are rather time consuming and thus allow

only the analysis of a few selected compounds. A method for the rapid

screening of large numbers of compounds would be highly desirable ensuring

the high-throughput screening of random, combinatorial or virtual libraries

(Hiemstra et al, 2000; Rognan et al, 2000). The introduction of automated

HPLC and microtiter-plate-based assays increased the speed of analysis

(Ottenhoff et al, 1997), but the time-consuming separation of bound and free

species remained a major problem. Early attempts to circumvent this step

were based on the change in fluorescence intensity upon ligand binding

(Ojcius et al, 1993). However, this method remains inappropriate for

extensive screening due to a poor ratio between the signals corresponding to

the bound and unbound ligands.

Methods based on fluorescence polarization (FP) are able to overcome

such limitations. FP was first described in 1926 (Perrin, 1926), but

applications of the procedures have increased tremendously in the recent

years (Nasir and Jolley, 1999). This technique is based on the fact that if

excited with plane polarized light, the light emitted by a fluorophore is

polarized as well. The angle between the planes of exciting and emitted light

is highly dependent on the molecular motion of the fluorophore. FP values (P)

are calculated by the equation:

P = (Iylh) / (Iv+Ih)

where Iv and Ih are the vertical and horizontal fluorescence intensities.

Thus, P reflects the distribution of all angles between the optical planes. If

a fluorescent probe binds to a molecule with a higher molecular weight, this
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average angle will decrease due to the slower molecular rotation of the bound

probe. Therefore, the ratio between the bound and free probe can be measured

by FP directly in solution without any separation step. This advantage makes

FP an excellent tool for the fast and precise determination of molecular

interactions, and it has already been utilized in a large variety of applications,

e.g. protein-DNA interactions (Aucouturier et al, 1983), enzyme-activity

assays (Levine et al, 1997), protein-protein (Jameson and Seifried, 1999) and

protein-ligand interactions (Lynch et al, 1997).

Here, we describe FP-based methods for the investigation of association

and dissociation constants of MHC/peptide complexes, and the rapid

determination of both the equilibrium dissociation constant (KD) and the

binding affinities (IC50).

4.3. Materials and methods

4.3.1. Protein expression and purification

The HLA-B*2705 heavy chain (HC) and the ß2-microglobulin (ß2m) were

cloned, expressed and purified as described previously (Dédier et al, 2000).

Briefly, the proteins were expressed separately in E. coli BL21-

Codonplus(DE3)-RIL (Stratagene) as polyHis-Tag fusion proteins and

purified by Ni2+-affinity chromatography (Qiagen). The polyHis-Tag of ß2m

was cleaved by thrombin after purification. Thrombin was not removed from

the stock ß2m solution as it does not cleave any of the proteins/peptides used

in the current study. The concentration was determined photometrically

(BioRad Protein assay) and the purity assessed by SDS-PAGE before use.
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4.3.2. Peptide synthesis

Peptides were obtained by automated solid-phase peptide synthesis using

an automated multiple peptide synthesizer (Syro Multi-Syn-Tech, Bochum,

Germany) using a standard Fmoc protecting strategy. For synthesis of the

fluorescein-labeled peptide (GRAFVTIK*K, *:fluorescein) a lysine with Dde-

protected side chain was used for position 8, whereas the N-terminal residue

was Boc-protected. After synthesis and removal of Dde-protection by 2%

hydrazine in DMF, lysine 8 was coupled overnight to fluorescein

isothiocyanate. Complete deprotection and cleavage from the resin was

achieved by TFA/thiocresole/thioanisole (20:1:1). Peptides were analyzed and

purified by analytical or preparative reverse-phase HPLC on a LiChrospher

RP-18 column (Merck) and on a C18 column (Waters), respectively, as

previously described (Dédier et al, 2000). All peptides were submitted to

electrospray ionization mass spectrometry analysis on a Finnigan mass

spectrometer. The peptides GRAFVTIK*I and GRAFVTIK*S were

purchased from Primm (Milan, Italy). The purity of all the peptides, as

assessed by HPLC measurements, was higher than 95%.

4.3.3. Calibration and use of the fluorescence polarizer

The fluorescence polarizer was first calibrated using a 1 nM fluorescein

solution in 0.01 M NaOH, which typically gives FP values of 20 mP at 37 °C.

A quality control was then performed using the commercially available FP

standardization kit (Panvera Part #P2581, PanVera, Madison, WI 53711

USA). Mean limits for the low and high polarization standards were below 8

mP, and 420 ± 40 mP, respectively. The whole procedure (calibration and

quality control) takes about 1 h and is typically repeated every 6 months in the

lab. For each measurement of the current study, black quartz microliter plates

(Hellma, Germany) were used, as preliminary results clearly indicated a
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significant amount of non-specific binding on polystyrene and polypropylene

disposable plates (data not shown).

4.3.4. Dissociation and association kinetics

For the dissociation assay, the protein/ligand complex was refolded by

dialysis (Dédier et al, 2000) in a 1 ml assay, using a fluorescein-labeled

peptide. Purification was performed by FPLC on a Superdex 75 16/60

(Amersham Pharmacia Biotech) in 20 mM Tris, 150 raM NaCl, pH 8.0, and 5

ml corresponding to the heterotrimer were collected. At time 0, a large excess

(50 |iM) of the corresponding unlabeled peptide was added to the collected

fraction. The time course of the fluorescence polarization value was

monitored at 26°C.

The association assay was performed in 2 ml refolding buffer (20 mM

Tris, 150 mM NaCl, 2 mM EDTA, 0.1 mM CHAPS, 0.3 mM EtSSEt, pH

8.0), containing HLA-B*2705 heavy chain (1 uM), ß2m (3 uM) and the

fluorescent-labeled peptide (GRAFVTIK*K, 10 nM). Fluorescence

polarization was monitored starting directly after addition of the peptide (time

0), until equilibrium was reached. For measurement, a stock solution was

placed at 26°C, and two wells of a 96-well black quartz microtiter plate

(Hellma, Germany) filled with 200 jllI just before measurement.

Measurements were performed on the Polarion-fluorescence polarization

system (Tecan, Austria), with the following settings: excitation wavelength =

485 nm, emission wavelength = 535 nm, with 100 flashes. Data were fitted

either according to a bi-exponential decay model, or to a mono-exponential

association model.
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4.3.5. FPLC analysis

To analyze the species in solution during the kinetic measurement, an

FPLC-based method was developed using fluorescence detection. For this

purpose, 80 |il of the samples were injected on a Superdex 200 HR 10/30

column (Amersham Pharmacia Biotech). The column was equilibrated with

20 mM Tris, 150 mM NaCl at pH 8.0 at a flow rate of 0.7 ml/min. The

fluorescence was monitored at a wavelength of 585 nm, with an excitation

wavelength of 485 nm.

4.3.6. Determination of equilibrium dissociation constant (KD)

HC (1 jxM), ß2m (2 jiM) and the labeled peptide were incubated in

dilution buffer (20 mM Tris, 150 mM NaCl, 2 mM EDTA, 0.1 mM CHAPS,

0.3 mM 2,2'-dithiodiethanol, pH 8.0). The concentration of the peptide was

varied from 0.57 nM to 57 (J,M. The solution was incubated for 36 h at room

temperature. The ratio between bound and unbound labeled ligand was

determined by fluorescence polarization. Polarization values were measured

on a Polarion fluorescence-polarization system (Tecan, Austria) using 200 (il

of sample in a 96-well black quartz microtiter plate (Hellma, Germany). The

number of flashes was set to 200 and the total intensity was held at 65000 rfu.

KD values were obtained by fitting polarization values vs. total concentration

of ligand to a dose-response model. The KD values are averaged from four

independent experiments.

4.3.7. Competition experiments

For competition experiments, the HLA-B*2705/peptide complex was

refolded by dilution of HC (1 uM), ß2m (2 uM), labeled peptide (8 nM) and

various amounts of competitor (typically 0.1 nM - 100 (iM) into 1 ml of
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dilution buffer described above. After 36 h at room temperature, complex

formation was confirmed by a size-exclusion HPLC assay. Measurement of

FP values was performed as described for KD determination. The IC50 values

were obtained by fitting polarization values vs. total concentration of

competitor to a dose-response model. The given values were averaged from

three independent measurements.

4.3.8. HPLC assay

To verify the results obtained by FP, a previously described HPLC assay

(Ottenhoff et al, 1997) was modified. A sample of 30 (il was applied to a

size-exclusion HPLC column (Synchropak GPC 100, 250 x 4.6 mm;

Synchrom, Lafayette, IN). The HPLC was run isocratically (75 mM NaCl,

150 mM sodium phosphate, 5 % acetonitrile (v/v) pH 8.0) at a flow rate of 0.7

ml/min. A wavelength of 218 nm was used for UV detection and fluorescence

was monitored at 585 nm with an excitation wavelength of 485 nm.

4.4. Results

4.4.1. Kinetics of peptide dissociation

The dissociation of three fluorescent peptides (GRAFVTIK*K,

GRAFVTIK*I, and GRAFVTIK*S) from a Class I MHC protein (HLA-

B*2705) was monitored over three months in duplicate. Typical kinetic

dissociation curves of all three complexes are shown in Fig. 4.1. The starting

fluorescence polarization (FP) value of about 360 mP corresponds to the

100% pure HLA-B*2705/peptide complex obtained directly after FPLC

purification, and shown to be independent of the MHC-bound peptide.
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Fig. 4.1. Comparison of the dissociation of GRAFVTIK*K, GRAFVTIK*!

and GRAFVTIK*S from HLA-B*2705 complexes at 26°C. The decay of the

fluorescence polarization value was monitored over 90 days after addition

of a large excess of the corresponding unlabeled peptide (50 pM). The

total intensity remained constant during the measurement. Each of the

points resulted from a mean value for two wells.

After three months of measurement, complete dissociation of the peptide

was only observed for GRAFVTIK*S. After steadily decreasing for about

forty days, the fluorescence polarization remained constant around 50 mP

over fifty more days. This value corresponds to that of a totally free peptide in

solution (data not shown). For the other two peptides, GRAFVTIK*I and

GRAFVTIK*K, the dissociation was not completed during the time of

measurement, as indicated by higher and nonstabilized FP values around 160

mP and 240 mP, respectively. No change of the total fluorescence intensity

was observed during the measurement, which excludes quenching or

precipitation of the labeled species.
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To observe the species present in solution during the dissociation, FPLC

analysis of all samples was performed. A typical fluorescence chromatogram

time-overlay for the dissociation of GRAFVTIK*S is illustrated in Fig. 4.2.
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Fig. 4.2. Dissociation of GRAFVTIK*S from the MHC complex at 26°C

monitored by FPLC with fluorescence detection. This graph represents an

overlay of the chromatograms obtained on a Superdex 200 10/30 HR at

different times of dissociation. 1s' day (black), 2nd day (dark gray), 5th day

(gray), 15th day (middle gray), 44th day (light gray). In each case, peak A

corresponded to MHC bound peptide, whereas peak C represented free

peptide. Peaks B and D reflected minor peptide aggregation and

degradation, respectively. Fluorescence was monitored at 585 nm, with an

excitation wavelength of 485 nm, and is represented in relative units.

The peak at 21.2 min (A) corresponds to the MHC/peptide complex,

whereas the fluorescent peptide elutes at 30.5 min (peak C). The B and D

peaks probably represent aggregation and degradation products arising from

the fluorescent peptide. This overlay shows a diminution over time of the
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bound peptide peak, approaching total disappearance, and a parallel increase

of the free peptide peak. A good correlation between the area of the FPLC

peaks and the FP values was found for this experiment (r2=0.921, n=4).

Similar chromatograms have been obtained for the other two peptides

showing a decrease of the bound fraction and a concomitant increase of the

free moiety. At the end of the measurement, a bound peptide peak of about

45% of the total area was still observed, which correlates with the higher FP

values. No fluorescent peak corresponding to the high molecular weight

species has been observed for any of the samples.

To determine the half-lives of the peptide dissociation, the curves can be

fitted to a bi-exponential decay model using the formula:

y(t) = y0+Ale-"T*+A2e-"T>

where y0 is the minimum FP value, Ai and A2 the amplitudes corresponding

to the half-lives T\ and t2, respectively. For this purpose we fitted one of the

typical dissociation curves obtained for GRAFVTIK*S (Fig. 4.3.). As the

dissociation of the two other peptides was not completed during the time of

measurement, no fit were performed for these curves. The half-lives

determined for GRAFVTIK*S peptide were xl=1.01 ± 0.10 days and

x2=l 1.41 ± 1.05 days. The residues of the fit did not exceed 12 mP.

4.4.2. Kinetics of heterotrimer association

The association of the class I MHC /peptide complex was monitored using

a fluorescent labeled peptide GRAFVTIK*K, as shown in Fig. 4.4. An

association takes place in about 2-3 days at 26°C, starting from 50-60 mP,

which corresponds to totally free peptide conditions. The fluorescence
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polarization value increased mostly during the first 36 hours of the

experiment. After this period, it reached a plateau around 170 mP. No further

increase was monitored during the next 6 days, indicating that equilibrium has

been reached.

40 60

Time, days

100

Fig. 4.3. Fit of the dissociation of GRAFVTIK*S from HLA-B*2705

complex monitored by FP at 26°C. The data were fitted according to a bi-

exponential decay model, with residues not exceeding 12 mP. The half-

lives obtained were r^l.01 ± 0.10 days and t2=11.41 ± 1.05 days.

To monitor which species were present in solution during the association,

control experiments using FPLC were performed (Fig. 4.5.). At time 0, only a

peak for the free labeled peptide at 30.8 min (B) was observed. After 17

hours, a significant diminution of the area of the free peptide peak was

observed, as well as a simultaneous appearance of the MHC/peptide peak at

21.2 min (A).
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Fig. 4.4. Association of HLA-B*2705/GRAFVTIK*K heterotrimer in

solution at 26°C monitored by fluorescence polarization. Association was

typically completed after 36 hours. The data were fitted to a mono-

exponential association model, where the binding time constant tj was

11.18 ± 0.81 hours. The residues of the fit did not exceed 8 mP.

The later increased over the next days, in parallel with the further

diminution of the free peptide peak, and the increase in the FP value. After 8-

9 days, no further change was observed, as seen also by fluorescence

polarization. Furthermore, there was no formation of additional labeled

species. The data were fitted to a mono-exponential association model using

the formula:

y(t) = y0+Al(\-e-tl^)

where y0 was the FP value at time 0, Ai the amplitude corresponding to the

binding time constant Tj. The binding time constant X\ calculated for the
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association of the heterotrimer with GRAFVTIK*K peptide was 11.18 ± 0.81

hours. The residues of the fit did not exceed 8 mP.

Fig. 4.5. Association of HLA-B*2705/GRAFVTIK*K heterotrimer

monitored by FPLC with fluorescence detection. This represents an overlay

of the chromatograms obtained on a Superdex 200 10/30 HR at different

experiment times. 1s' hour (black), 17th hour (dark gray), 68th hour (gray),

209th hour (light gray). In each case, peak A represented the heterotrimer,

and peak B the unbound labeled peptide. Wavelengths of excitation and

emission were, respectively, 485 nm and 585 nm. Fluorescence is

represented in relative units.

4.4.3. Determination of peptide binding

In addition to kinetic experiments, FP can also be applied for the

characterization of MHC-peptide complexes under equilibrium conditions.

First, the specificity of peptide binding to HLA-B*2705 was evaluated using
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the labeled peptide K9. The peptide was incubated in the absence of HC or

ß2m or both, which is known to exclude the formation of folded MHC/peptide

complexes. Furthermore, the HLA-B*2705-HC was exchanged for HLA-

A*0201-HC, which is reported to bind a different ligand repertoire (Falk et

al, 1991). No complex formation was indicated by FP or HPLC analysis in

any of these experiments (data not shown). To determine the equilibrium

dissociation constant (KD) of the HLA-B*2705/GRAFVTIK*K complex, the

ligand was incubated with HC and ß2m until equilibrium was reached, as

determined by the association experiments described above. Due to the

limited solubility of the proteins, the concentrations of HC and ß2m were held

constant, whereas the ligand concentration was varied from 57 jxM to 0.57

nM. Over the entire concentration range used for the titration, the

concentration of peptide-bound MHC is much lower than that of the free

protein. Therefore, free ligand concentration can be approximated by the total

ligand concentration and the KD value can be directly derived from the curve

obtained by plotting the FP values against the total ligand concentration

(Dandliker et al, 1981; PanVera, 1995). A typical titration curve is presented

in Fig. 4.6.A. For the determination of the KD value the results of four

independent titration experiments were averaged and resulted in a KD of 58 ±

14 nM. The averaged titration curve shown in Fig. 4.6.B indicates the

reproducibility not only of the KD values but also of the maximum and

minimum FP values. These values were typically around 320 mP for the

bound and approximately 55 mP for the unbound states, which represents an

increase of signal up to 600% upon binding.
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Fig. 4.6. Determination of the equilibrium dissociation constant (KD) of

GRAFVTIK*K. KD values were obtained by fiting of a dose-response model

to the data of single titration experiments. Experimental errors were 3 mP

or less (A). Averaging the values from four independent measurements

suggested good reproducibility (B).

The affinity of unlabeled ligands for B*2705 can be evaluated by an FP-

based competition assay using GRAFVTIK*K as labeled tracer. For the

determination of IC50 values, constant concentrations of HC, ß2m and labeled

peptide were incubated in the presence of different concentrations of

competitor, typically ranging from 0.1 nM to 100 u.M. For verification, the

competition assays were analyzed by HPLC measurements. With an increase

in the competitor concentration, the peak of bound labeled peptide decreased

and the peak of free labeled peptide increased simultaneously (data not

shown). The degree of competition obtained by HPLC correlated well with

the FP data (slope 0.94, r=0.98, n=5). The competition of binding induced no

significant change in the total fluorescence intensity, and therefore no
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correction of these values was necessary. Fig 4.7. shows a typical titration

curve obtained with the nonlabeled RRFFPYYV peptide.
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Fig. 4.7. Determination of the IC50 value for the peptide RRFFPYYV.

IC50 values were derived from the curve obtained by plotting FP values

against total concentration of competitor. The experimental error of single

data points is 3 mP or less, IC50 values were calculated by fit of a dose-

response model.

The minimum value, which is comparable to the values for free labeled

peptide, indicates almost complete competition for higher concentrations of

the competitor. The IC50 values determined for different competitors ranged

from 0.5 \xM for good binders to 10 |iM or above for weak binders (Table

4.1.). No complete competition was observed for the weak binder

GRAFVTIKS peptide over the concentration range used and, therefore, the

IC50 values are given as an approximation. A low standard deviation of IC50

values and a high ratio between the maximum and minimum signals were

observed for all competition experiments.
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Table 4.1. IC50 (nM) values of HLA-B*2705-binding peptides. The

experimental errors were less than 5% for IC50 values.

Peptide GRAFVTIGK GRFFVTIGK GRAFVTIGI GRAFVTIGS RRFFPYYV

ICso
0.50 0.17 1.90 >10 3.9

4.5. Discussion

In this report, we describe novel assays for the biophysical

characterization of class I MHC/peptide complexes by use of fluorescence

polarization. Whereas the half life of the MHC-peptide complex has been

reported to be a good indicator of the in vivo immunogenicity of the complex

(van der Burg et al, 1996), the affinity of peptide ligands to the MHC protein

are of prime importance for the rational design of synthetic vaccines. We first

developed here a reproducible and very sensitive method for studying the

half-lives of MHC-peptide complexes. The FP values obtained have been

shown to be in good agreement with the bound and unbound ligand ratio

determined by FPLC measurements (Figs. 4.2. and 4.3.), and shown to refer

only to the dissociation of peptide from either the HC-ß2in-peptide

heterotrimer or the HC-peptide heterodimer. In this context, three complexes

of HLA-B*2705 with GRAFVTIK*K, GRAFVTIK*I, or GRAFVTIK*S

were examined for their dissociation kinetic. The data show very different

stabilities for the complexes that correlate with the CD-monitored thermal

stability (midpoint of thermal unfolding) of the unlabeled complexes (Dédier

et al, 2000). The bi-exponential dissociation model obtained by this method

appears to be in good agreement with earlier studies (Gakamsky et al, 1996;

Gakamsky et al, 1999; Gakamsky et al, 2000) on other class I MHC alleles.
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We have also described here an assay to study the refolding of the HC-

ß2m/peptide heterotrimer starting from HC, ß2m and labeled peptide. This

again was shown to be in good agreement with FPLC measurement (Figs. 4.4.

and 4.5.), indicating formation only of the expected heterotrimer. The final

value of 170 mP observed in the association study corresponded to about 35%

of MHC-bound peptide. The association was monitored as monophasic, in

contrast to previous reports on other class I MHC alleles (Gakamsky et al,

1996; Gakamsky et al, 2000). Furthermore, we developed assays which

permit the determination of ligand affinity for labeled and unlabeled

compounds. The equilibrium dissociation constant (KD) determined for

GRAFVTIK*K was in the nanomolar range, which is characteristic of good

binding (Sette et al, 1994) and consistent with the values obtained by other

methods for the parent unlabeled peptide. This indicates that the labeling at

position 8 of the side-chain of MHC-restricted peptides does not interfere

significantly with ligand binding. IC50 values were evaluated for a broad

variety of binders, ranging from weak, through medium to good. The results

also suggest that the binding of compounds with low affinity can be detected

by this assay.

The use of fluorescence labeling is not only a cheap and safe alternative to

radioactive tracers, but it is also characterized by a low detection limit. Only

minimal amounts of tracer (pmol range) are required for measurement in

these assays. The use of fluorescence polarization detection offers numerous

significant advantages: (i) the direct measurement of the ratio between bound

and labeled ligand circumvents any separation step, which allows direct

measurement in solution under native conditions; (ii) a high ratio between

signals corresponding to bound and free ligand, as well as a low standard

deviation of measured values have been obtained for these assays; (iii) the

possible coupling to microtiter-plates reduces significantly the time required
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for measurement to less than four minutes per 96-well plate; (iv) protein-

ligand interactions in solution can be studied without the possible disturbance

of specific adhesion to the quartz microliter plate; (v) it is a nondestructive

technique and the same sample can be used over long time periods; (vi) in the

context of MHC-ligand interactions, it is applicable to any type of ligand

(peptidic or not) under the conditions at which ligands specifically binds to

the host MHC protein.

The results obtained by the assays presented here proved to be in good

agreement with previous studies, and show that the application of

fluorescence polarization is advantageous not only for the characterization of

single ligands, but also for the high-throughput screening of class I MHC

nonpeptidic ligands. Such applications could now be considerably simplified

and accelerated.
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Chapter 5.

Human leukocyte antigen HLA-B27 single-

chains can fold with a partially intact

peptide-binding groove
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5.1. Abstract

Soluble recombinant MHC/peptide complexes are valuable tools to study

functional and structural characteristics as well as to design

immunodiagnostic or immunotherapy approaches. In the aim of producing

these complexes in sufficient amounts and purity, and circumventing

misfolding tendency of class I MHC proteins, we designed here recombinant

single-chains that can be refolded with a single peptide. Human ß2-

microglobulin and HLA-B*2705 heavy chain were therefore connected

together by a 15 amino acid long linker in either direction. Both constructs,

obtained in high purity and good yield from E. coli, were denatured, and

refolded with a peptide by dialysis. Preliminary results showed that they were

both able to bind B27-restricted T cell epitope from the HIV1 gpl20 protein

GRAFVTIGK. However, only the single-chain with the B*2705 heavy chain

at the amino-terminus presented the same secondary structure and recognition

patterns for W6/32 and ME1 antibobies, as the wild-type heterotrimer.

However, the fact that this construct was unable to bind to the fluorescent-

labeled epitope may be an hinge that the conformations of native heterotrimer

and single-chain are similar but not totally identical. We therefore suggest that

this single-chain has only a partially intact binding groove, that may be

narrower than that of the wild-type heterotrimer.
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5.2. Introduction

Major histocompatibility complex (MHC) class I molecules present

antigenic peptides to CD8+ T cell receptor (TCR) for immune surveillance.

This has implications in the control of many diseases, including cancer,

autoimmune diseases or AIDS. Therefore, many efforts have been made in

the past years to produce pure and stable MHC Class I molecules in sufficient

amounts for functional and structural investigations.

Early studies reporting the recombinant production of soluble MHC Class

I molecules, followed the principle of expressing separately the components

in E. coli, and subsequently refolding in vitro in the presence of an antigenic

peptide (Garboczi et al., 1992). However, the efficiency of generation of

recombinant MHC class I molecules is low (up to 10-15%), especially for the

HLA-B*2705 subtype, for which refolding have been reported to be

particularly hampered by misfolding processes (Allen et al., 1999; Mear et al.,

1999).

Since then, many attempts have been made to facilitate the in vitro

refolding of these molecules and enhance their stability. In this perspective,

single-chain molecules were engineered, for which ß2-microglobulin (ß2m)

and heavy chain (HC) are fused together by means of a peptide linker, in each

direction. These constructs proved to be functional and were used as valuable

tools for studying the peptide-binding properties of class I MHC molecules, as

described for murine H-2Kd (Mottez et al., 1991; Godeau et al., 1992; Ojcius

étal., 1993).

More recently, other single-chain types were engineered by also

connecting peptides to the HC and ß2m molecules, in the design of peptide-

based vaccines. As many CTL epitopes of clinical relevance, particularly
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those derived from tumor antigens, display relatively poor MHC binding

affinity and stability, their in vivo immunogenicity could be improved by such

single-chain constructs. Studies reported that in vitro, as well as in vivo

induction of specific CTLs could be efficiently achieved using single-chains

MHC constructs in complex with known tumor or virus antigens (Mage et al.,

1992; Toshitani et al., 1996; Lone et al., 1998). However, one study reported

a partially correctly refolded MHC-I that could not display all the specific

epitopes (Sylvester-Hvid et al., 1999).

Enhanced stabilities were reported as well by the use of other single-chain

types, with ß2m (Uger and Barber, 1998; Uger et al., 1999; White et al.,

1999)-or HC (Kang et al., 1997)-linked epitopes, and particularly tumor

epitopes, that were functional and could activate in vitro T cell lines. Another

attempt was the engineering of higher affinity variants of ß2m, that generated

an increased efficiency of peptide loading (Shields et al., 1998a; Shields et al.,

1998b), and therefore present higher cell surface antigen densities. As

reported for peptide/SC-Kd coated beads (Motta et al., 1998), induction of

cytotoxic T lymphocytes by MHC class I molecules require sufficient cell

surface antigen densities, to allow cell-mediated immune responses to viruses

and tumors with subdominant or marginally antigenic peptides.

To address the low avidity problem obtained with monovalent

MHC/peptide complexes, another approach have recently been used where

the MHC complexes are used as tetramers. The first report (Altman et al.,

1996) described the biotinylation method used for the oligomerization, and

the efficacy of these oligomers in staining antigen-specific CD8+ T cells in an

immunodiagnostic approach. The use of single-chain MHC-peptide tetramers

(HLA-A2) was reported to be able to activate secretion of IFN-y in a peptide-

specific CTL clone and stain specifically CTL lines (Denkberg et al., 2000).
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Such multimers may be able to bind more than one TCR at the same time, and

thus have slower dissociation rates and enable stronger T cell activation. They

may also prove useful in immunotherapy, for inducing T cell

unresponsiveness or deletion of self-reactive CTLs (Howard et al., 1999;

Burrows et al., 2000) in the case of autoimmune diseases.

Single-chains were also reported to be used in the identification and

sorting of antigen-specific CD8+ T cells with low affinity to MHC class I, that

could be used in immunodiagnostic or immunotherapy approaches. This is

often hampered by the low frequency of the cells and the low affinity between

TCR and MHC, but can be circumvented in an immunomagnetic sorting assay

using single-chain molecules (Luxembourg et al., 1998; Bodinier et al., 2000).

Recently also, the engineering of phages displaying single-chain peptide-

MHC complexes (Le Doussal et al., 2000) was reported to be useful for such

selection.

Here we describe the construction and characterization of two single-chain

HLA-B*2705 molecules, that may facilitate in vitro refolding and enhance the

stability of the complexes. Such constructs may moreover have implications

for the development of peptide-based immunotherapeutics. Both were

engineered by linking the C-terminus of ß2m and the N-terminus of HC or

conversely by a 15 amino acid long linker and expressed in E. coli. The two

constructs were then refolded in vitro with a peptide and submitted to

structural and functional analysis.
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S.3. Materials and methods

5.3.1. Peptides

Peptides were obtained by automated solid-phase peptide synthesis using

an automated multiple peptide synthesizer (Syro Multi-Syn-Tech, Bochum,

Germany) using a standard Fmoc protecting strategy. For synthesis of the

fluorescein-labeled peptide (GRAFVTIK*K, *:fluorescein) a lysin with Dde-

protected side chain was used for position 8. After synthesis and deprotection

lysin 8 was coupled to fluorescein isothiocyanate. Complete deprotection and

cleavage from the resin was achieved by TFA. Peptides were analyzed and

purified by analytical or preparative reverse-phase HPLC on a LiChrospher

RP-18 column (Merck) and on a CI8 column (Waters) respectively.

Electrospray ionization mass spectrometry was performed for all the peptides

on a Finnigan mass spectrometer.

5.3.2. Construction of the single-chains

Two single chain constructs were prepared by recombining the three

B*2705-HC extracellular domains (ai, oc2, «3) to ß2m by a linker, in which

the 3' end of HC was connected to the 5' end of ß2m (scHC-ß2m) or inversely

(scß2m-HC). The linker was designed as a 15 amino acid long flexible

sequence (GGGGS)3 (Mage et al., 1992; Toshitani et al., 1996). The 'splicing

by overlap extension' (SOE) approach (Horton et al., 1989; Horton, 1997) was

used to construct the two recombinant single chains in a two step PCR, as

shown in Fig. 5.1. For both constructs, the outer primers (1-4; 5-8) were

designed to add a Ndel or Xhol restriction site at the N- or C-terminus,

respectively, to allow cloning into the pET-24b vector (Novagen). The inner
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primers (2-3; 6-7) were containing part of the linker sequence, with a

sufficient overlapping region to enable the reciprocal priming of the two

fragments. Primers are listed in Table 5.1.

Table 5.1. Primers used for construction of the two single chains. The

underlined sequences represent the restriction sites Ndel and Xhol on the

outer primers. The italic domains represent the linker part of the inner

primers, and the underlined and italic parts of the linker that overlap.

Primer Sequence

1 outer 5'-CCAAGCCATATGATCCAGCGTACTCCAAATATTC-3'

2 inner 5'-GCCGGATCCGCCACCGCCCGAACCGCCACCTCCCATCTCTCGATCCCACTTAAC-y

3 inner 5'-GGCGGTGGCGGATCCGGCGGAGGCGGATCTGGATCCCACTCCATGAGGTAT-3'

4 outer 5'-CGCCGCCTCGAGCCATCTCAGGGTGAGGGGC-3'

5 outer 5'-CGAGTGCATATGGGATCCCACTCCATGAGGTATTTC-3'

6 inner 5'-GCCCGAACCGCCACCGCCCGAACCGCCACCTCCCCATCTCAGGGTGAGGGGCTT-y

7 inner S'-GGCGGTGGCGGTTCGGGCGGAGGCGGATCTATCCAGCGTACTCCAAAGATT-y

8 outer 5'-CGCCGCCTCGAGCATGTCTCGATCCCACTTAACTATC-3'

In the first PCR step, two third of the linker sequence were introduced into

either gene starting from pET-24b-B*2705 or from pET-15b-ß2m (Dédier et al,

2000). For scß2m-HC (Fig. 5.LA), the modifications on ß2m were introduced

by primers 1-2, and 3-4 for HC. For scHC-ß2m (Fig. 5.1.B), the HC gene was

amplified by the primers 5-6, and ß2m by the primers 7-8. In a second

assembly step, the two PCR products are combined together using the outer

primers (1-4 for scß2m-HC, and 5-8 for scHC-ß2m), using each others

overlapping 3' ends as primers.
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Fig. 5.1. PCR by overlap extension of the two single-chain constructs. (A)

for scß2m-HC and (B) for scHC-ß2m. HC and ß2m are first amplified

separately (step 1), while adding the Ndel and Xhol restriction sites as

well as part of the linker. The amplified fragments are then spliced

together (step 2) by SOE PCR. After digestion (step 3), the single-chain

fragment is ligated into pET-24b piasmid, thus incorporating a C-terminal

His-tag encoding sequence (step 4).
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The amplified single chain fragments were then digested with Ndel and

Xhol, ligated into the pET-24b vector, so that both single chains bear a C-

terminal His-tag, and transformed into DH5a for selection. The constructs

were identified by complete sequencing, and retransformed into the E. coli

expression strain BL21-Codonplus(DE3)-RIL (Stratagene).
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5.3.3. Expression and purification of the single chains

BL21-Codonplus(DE3)-RIL E. coli were grown for 4 hours at 37°C after

induction with 0.24 mM IPTG of 1 liter culture in LB broth containing 34

p,g/ml chloramphenicol and 50 (J-g/ml kanamycin. The bacteria were harvested

by centrifugation, resuspended in 40 ml 8 M urea, 20 mM Tris, 150 mM

NaCl, pH 7.5 buffer and incubated on ice 30 min. Insoluble material was

centrifuged and the lysate filtrated. Proteins were purified on Ni2+-NTA

column equilibrated with lysis buffer containing 10 mM imidazole. The

fusion proteins were then eluted with the same buffer containing 250 mM

imidazole. Protein concentrations were assessed by the Bradford protein

assay.

5.3.4. SDS and Native-PAGE

SDS-PAGE were performed using a Polyacrylamide gel discontinuous

system, with stacking gel of 4% and separation gel of 12% (Laemmli, 1970).

The samples were reduced, and denatured by heating prior to loading on the

stacking gel. For native-PAGE, the 8% gels were prepared as for SDS-PAGE,

except that no SDS was used and that the samples were not denatured. The

gels were either stained with coomassie blue, silver stain, or used for western

blotting.

5.3.5. Refolding of the single-chains

Refolding was performed following a previously described dialysis

protocol (Dédier et al., 2000) with some modifications. Briefly, the refolding

was carried out by dialysis for 36 hours at 4°C of 10 ml of single-chain (10

uM) and peptide (100 uM) in 6M urea, TBS buffer (20 mM Tris, 150 mM

NaCl, pH 8.0) against urea-free TBS buffer. Additionally, 1 mM ß-

mercaptoethanol, 0.1 mM 2,2'-dithiodiethanol, 1 mM phenylmethylsulfonyl
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fluoride (PMSF) were added and the pH set to 8.5. Preparative purifications

were performed by ultrafiltration with Ultrafree membranes (Millipore), and

on-gel filtration on a Superdex 200 16/60 column (Amersham Pharmacia

Biotech) equilibrated in TBS buffer.

5.3.6. Western Blot

The protein samples were first submitted to electrophoresis on 8% native-

PAGE and electroblot on a PVDF (polyvinylidene fluoride) membrane, using

a semi-dry transfer apparatus (Biorad) with 2.5 mA per cm2. The efficiency of

the transfer was checked by blotting a pre-stained molecular weight marker.

After blocking the membrane with low fat milk, immunostaining was carried

out with W6/32 (Maziarz et al., 1986; Ladasky et al., 1999) and ME1

(Benjamin and Parham, 1990) antibodies (gift of Lopez de Castro, Madrid,

Spain), as primary antibodies, and with anti-mouse IgG alkaline phosphatase-

conjugated (Sigma-Aldrich) as secondary antibodies. After subsequent

washing steps, the blots were developed using BCIP (5-bromo-4-chloro-3-

indolyl phosphate) and NBT (nitro blue tetrazolium). The reaction was

stopped mostly after 20 min by washing the membrane. All steps were

performed in TBST buffer (20 mM Tris, HCl pH 7.5, 150 mM NaCl, 0.1%

Tween 20) except the last washing steps where no Tween 20 was used.

5.3.7. CD spectroscopy

The stability of the refolded molecules were examined by denaturation

experiments, raising the temperature from 20 to 90°C and measuring the

ellipticity at 218 nm (Dédier et al, 2000). The experiments were performed

on a Jasco J-720 Polarimeter using a water-jacketed sample cell. For

wavelength spectra, the ellipticity were measured in the range of 195 to 250

nm and the temperature held constant to 20°C or 90°C. Measurements were
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carried out in 20 mM Tris, 150 mM NaCl, pH 8.0, and the concentration of

the samples were held to 13 |nM.

5.3.8. HPLC binding assay

For this purpose, the reconstitution of the complex was performed as

described above using a fluorescence labeled peptide GRAFVTIK*K in a 1

ml assay. Analysis of the ratio between bound and free peptide (Ottenhoff et

al., 1997) was carried out directly after refolding by submitting 30 fil

refolding sample on a HPLC gel filtration column (Synchropak GPC 100, 250

x 4.6 mm; Synchrom, Lafayette, IN) using the D-7000 HPLC system

(Merck). The HPLC was run isocratically using 5% acetonitrile in 75 mM

NaH2P04, 75 mM Na2HP04, 75 mM NaCl, pH 8.0 at a flow rate of 0.7

ml/min. The excitation was carried out at a wavelength of 485 nm and signal

monitored at 585 nm.

5.3.9. MS of the single-chains

Samples were prepared by a normal refolding assay of the single-chains

with a reference peptide (GRAFVTIGK, one-letter-code) (Jardetzky et al.,

1991) and subsequent purification steps. The final samples were held to a

concentration of 2-5 uM in TBS buffer containing 0.5 mM imidazole and

submitted to MALDI-TOF. Mass spectrometry of the single chains were

performed on MALDI-TOF using a Biflex III (Bruker).
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SA. Results

SA. I. Expression and purification of the recombinant single chains

Expression of the single-chain constructs was optimized in a first time, by

inducing the bacteria cultures, and harvesting them after different time

periods. Fig. 5.2.A shows the samples before induction (lane 1) and after 2, 3

and 4h expression (lanes 2, 3, 4) for scß2m-HC. The lanes 2 to 4 show an

increase of overexpression of a band at 45 kDa, corresponding to the expected

size of the single-chain. The lane 1 showed no overexpressed band for the

same electrophoretic mobility.
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Fig. 5.2. 12% reducing and denaturing SDS-PAGE of the scß2m-HC. (A)
The lane 1 represents the E. coli culture sample before induction. Lanes 2

to 4 show overexpression 2, 3 and 4 hours after induction with IPTG. Lane

5 shows the low-range molecular weight marker (Biorad). (B) Lane 1 shows

the purified scß2m-HC, and lane 2 the purified scHC-ß2m at the level of the

45kDa band of the protein marker (lane 3).
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As expression was not improved between 4 and 5 hours (not shown),

expression was performed during 4 hours for further experiments. scHC-ß2m

showed the same overexpression pattern and was also chosen to be expressed

for 4 hours for further needs.

A great majority of the proteins was found in inclusion bodies of E. coli

(data not shown). Proteins were therefore extracted from inclusion bodies by

lysis with a 8 M urea-containing buffer. After lysis, centrifugation and

filtration, the lysates were loaded on a Ni2+-NTA column, that retain His-

tagged fusion proteins. A good purity of the single-chains could be achieved

in both cases by washing the loaded column with 10 mM imidazole. Elution

was obtained by increasing the imidazole concentration to 250 mM in a 8 M

urea, 20 mM Tris, 150 mM NaCl, pH 7.5 buffer. Purity of the proteins was

assessed by reducing-denaturing SDS-PAGE as shown in Fig. 5.2.B for

scß2m-HC in lane 1, and for scHC-ß2m in lane 2. The average yield of highly

purified protein per 11 culture was 25 mg.

5.4.2. Refolding of single-chain proteins by dialysis

The refolding of both single-chain proteins was optimized for maximal

yield starting from the renaturation conditions of the wild-type protein. For

this purpose, the proteins were first completely denatured and reduced, and

the GRAFVTIGK peptide added. FPLC profiles showed non well resolved

higher molecular weight species peaks that were > 97.4 kDa, as confirmed by

SDS-PAGE. A typical chromatographic profile is shown on Fig. 5.3. for the

refolded scHC-ß2m. The peak eluting at 110 min (peak C) was identified as a

45 kDa band on the SDS-PAGE analysis. Different refolding conditions were

tested and optimized, and found to be slightly different than for the wild-type

protein renaturation. For both single chains, additional 1 mM PMSF was

added to the buffer to prevent enzymatic protein degradation, and the
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concentration of the redox couple (ß-mercaptoethanol / 2,2'-dithiodiethanol)

reduced to 1 mM / 0.1 raM, respectively. Moreover pH was preferably set to

8.5 for the single-chain molecules.
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Fig. 5.3. Typical FPLC chromatogram of the refolding products of sctiC-

ß2m on a Superdex 200 16/60 column. Peak C represents the single-chain

molecule, whereas the two peaks A and B are aggregates.

5.4.3. scHC-ß2m present a very similar conformation to the wild-

type but not scß2m-HC

For purification purposes, 10 ml refolding assays were carried out, and

concentrated by ultrafiltration prior to purification on FPLC. The

concentration by ultrafiltration with a 10 kDa cut-off significantly reduced the

recovery of the proteins, as assessed by comparing FPLC profiles before and

after concentration (data not shown). However the refolding efficiency of

both single-chains were found to be around 5-6% after this concentration step,

which is much lower than that of the native protein (up to 17%).

The secondary structure of the refolded single-chains were examined and

compared to wild-type by use of CD spectroscopy. Wavelength spectra were
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taken between 195 and 250 nm. For scHC-ß2m, the comparison of the

wavelength spectra shows that refolded scHC-ß2m has a similar folding than

the wild-type native heterotrimer with a well defined minimum at 218 nm,

whereas unfolded scHC-ß2m, and scHC-ß2m refolded without peptide show

different folds (Fig. 5.4.A). In contrast to that, the refolded scß2m-HC spectra

does not overlap with the wild-type spectra, but is closer to the one of scß2m-

HC refolded without peptide (Fig. 5.4.B).

In addition, the refolded and eluted fractions of both proteins were

submitted to conformational-specific analysis by means of mAb recognition.

W6/32 (Maziarz et al, 1986; Ladasky et al., 1999) and MEl (Benjamin and

Parham, 1990) antibodies are conformation specific for native HLA-B27, and

are directed against a2 and ai regions, respectively. Analysis were performed

by submitting the proteins to native-PAGE and electroblot on a PVDF

membrane. Immunostaining was then carried out using W6/32 or MEl as

primary antibodies, and an anti-mouse IgG AP-conjugated as secondary

antiboby. As shown on Table 5.2., both peptide-bound single chains were

stained by W6/32, with similar intensities as for the wild-type protein. MEl

was able to stain scHC-ß2m very strongly in comparison to the wild-type, but

not scß2m-HC. None of the not refolded single-chains could be detected by

any of the two antibodies.

Table 5.2. Antibody recognition of the single chain protein in comparison

with WT heterotrimer and peptide-free single chains, as detected by W6/32

or ME1.

Antibody native

heterotrimer

scHC-ß2m

+ peptide

peptide free

scHC-ß2m

sc-ß2m-HC

+ peptide

peptide free

scß2m-HC

W6/32 + + - + -

MEl + + - - -
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Fig. 5.4. CD wavelength spectra at 20°C of single-chains refolded with

GRAFVTIGK (solid line), refolded without peptide (dots), heated at 90°C

(dashes and dots), or from the WT heterotrimer refolded with GRAFVTIGK

(dashes). (A) is for the single-chain scHC-ß2m, and (B) for scß2m-HC.

5.4.4. Detection of antigenic peptide bound to the single-chains

Two different experiments were performed to detect if the peptides were

bound specifically into the binding site of the refolded single-chains. First, a



156 5. HLA-B27 single-chain engineering and characterization

preliminary mass spectrometnc determination using MALDI-TOF was

carried out with samples of refolded and purified single-chain proteins. For

both single chains, a peptide could be detected with a mass of 948.7 or 948.8

Mr, conesponding to our reference epitope GRAFVTIGK (Fig. 5.5.).
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Fig. 5.5. MALDI-TOF mass spectrometers of scHC-ß2m (A) and scß2m-HC

(B) refolded in the presence of GRAFVTIGK. Both spectra show the

expected ion mass for GRAFVTIGK peptide: M+H+ = 948.7 ± 0.1.
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Second, refolding of the single chains in presence of a fluorescent labeled

peptide GRAFVTIK*K was performed, and the refolding sample submitted to

gel filtration HPLC with fluorescence detection for separation of bound and

unbound species. Only unbound peptide could be observed for both single-

chains. The chromatogram showed no peak corresponding to MHC-bound

peptides, as seen for WT heterotrimer (data not shown).

S.S. Discussion

The design of a covalent linker between both HLA-B*2705 chains was

restricted by various properties (i) it should be flexible enough to allow

conformational adaptation of one chain to the other, (ii) it should be long

enough to link the chains in either direction, (iii) it should be relatively

hydrophilic to be soluble enough in an aqueous milieu. From the crystal

structure of HLA-B*2705 (Madden et al., 1992), the gap between ß2m C-

o

terminus and HC N-terminus is about 49 A, whereas a shorter distance (about

30 Â) separates the ß2m N-terminus from the HC C-terminus. The (GGGGS)3

sequence was thus selected as connecting spacer as (i) this type of spacer has

successfully been used for producing single-chain antibodies (Mage et al.,

1992; Toshitani et al., 1996), (ii) it should be stretched enough to allow the

covalent linkage of both chains in the two possible directions.

The single chains were chosen to be expressed as His-tag fusion proteins,

to enable easy purification on Ni2+-NTA columns even in a denatured state.

The hexahistidine tag was placed preferably at the C-terminus of the fusion

protein, to allow only full length proteins to bind on the affinity purification

column. The single-chains were therefore cloned into the pET-24b(+) vector,

as it meets all this conditions, and showed moreover to have a high expression
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efficiency for HLA-B*2705 heavy chain in our laboratory (Dédier et al.,

2000). Both single chains were constructed by SOE PCR reactions, and the

sequences of the obtained constructs proved to be correct. Expression in E.

coli BL21-Codonplus(DE3)-RIL was optimized to similar conditions than for

the native HC, and showed to be efficient after 4 hours induction for both

single-chains. Highly purified proteins were obtained after affinity

purification column, and the average yield per liter culture of 25 mg was

satisfactory.

Refolding of the single-chains was performed by dialysis of urea under

optimized conditions, slightly different than for the WT heterotrimer, notably

under pH 8.5. PMSF was also added to prevent proteolytic cleavage of the

single-chain, and especially of the linker. The chromatogram profiles obtained

for purification, and the non-reducing SDS-PAGE analysis showed that a

great majority of the proteins aggregated during the refolding process. This

propensity to aggregate seems to be even more important than for the WT

proteins, as the refolding yield obtained was only around 5% (up to 17% for

WT).

After refolding, structural analysis studies were performed to investigate

whether the single-chains show a MHC-like structure. The secondary

structure of the molecules were first examined by CD spectroscopy, with

wavelength spectra in the far UV domain. These analysis suggest that scHC-

ß2m has the same folding as the native WT heterotrimer, in contrary to scß2m-

HC, which has a structure closer to that of single-chain refolded without

peptide. This suggest that only scHC-ß2m is able to fold in a similar way than

the WT heterotrimer.

To complete the structural analysis, the conformation of the complexes

was analyzed in a second time with two conformationally-dependent

antibodies ME1 and W6/32, directed against two different regions of the
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protein. For the refolded proteins, scHC-ß2m was recognized by both

antibodies, as the WT heterotrimer. In contrary, scß2m-HC was recognized by

W6/32 mAb, but no band could be detected for the staining with ME1. As this

antibody is directed towards the oci domain of the HC (Benjamin and Parham,

1990), and more precisely next to the Cys 67 residue, this lack of recognition

may be due to a difference in conformation in this region, suggesting that

scß2m-HC may not be folded in the same way than the WT heterotrimer. It is

moreover known from crystallographic studies (Garboczi et al., 1996), that oc2

and oci are part of the peptide-binding site of the MHC in close interaction

with the peptide residues and moreover contact directly the TCR.

Modifications in these regions can therefore affect dramatically the binding

capacities, or the peptide repertoire bound from these molecules, but also alter

the response of the CTL. The results from mAb recognition matching the one

from secondary structure analysis, strongly suggest that only scHC-ß2m is

able to fold in a conformationally correct way, and may be similar to WT

protein.

On the other hand, the preliminary MALDI-TOF experiments revealed

that both single-chains are able to bind the GRAFVTIGK peptide. This shows

that, even if the conformation is not identical to that of WT protein, both

single-chains are capable of binding HLA-B27 restricted epitopes. However,

refolding experiments with fluorescent labeled peptide showed that none of

the single-chains bound the labeled peptide GRAFVTIK*K, as revealed by

the lack of peak for MHC-bound fluorescent peptide. A possible reason for

that may be that the label at peptide position 8 precludes for binding because

of steric hindrance with the single-chain binding cleft. Labeling the reference

peptide at other non MHC-binding positions should be undertaken to

unambiguously evidence peptide binding in the single chain binding groove.
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Therefore, both single-chains seem to be folded in a slightly different way

than the WT heterotrimer. Whereas scHC-ß2m presents very similar

secondary structure and recognition patterns with ME1 and W6/32 to WT,

scß2m-HC may have retained only a very partial structure. However, these

studies need further investigations to confirm their structure and their ability

of binding peptides specifically.

As the distance between the carboxy terminus of ß2m and the amino

terminus of HC is 19 Â longer in the crystal structure than between the C-

terminus of HC and the N-terminus of ß2m, the linker may be too short in the

case of scß2m-HC. The 15 amino acid long linker may cause tensions while

spanning between the two termini, that probably alter the conformation of the

molecule. A longer spacer could be designed in further experiments to enable

the protein to take the right conformation.

The repertoire of natural peptides of scHC-ß2m should be studied in more

detail, and the capacity of this construct to stimulate CTL responses should be

analyzed. In later investigation phases, different epitopes could also be linked

to this single-chain protein, and may serve for immunotherapies.
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6.1 Conclusion

The task of Class I MHC molecules in the immune system is to

continuously present antigenic peptides to CD8+ T cells for scrutiny (Heemels

and Ploegh, 1995). A detailed analysis of the molecular interactions

underlying this process are of primary importance in the development of

specific immunomodulating agents. The main objective of this work consisted

in contributing to the general understanding of the peptide-MHC interactions,

through detailed studies of the HLA-B*2705 protein.

The basis of this work was the establishment of a reproducible test system

for in vitro analysis. This was achieved by using recombinant protein

production methods, coupled to a dialysis refolding. However, the yield of the

refolding step, in spite of a long optimization process, is still far from

satisfactory. Alternative protocols may be envisaged in the future to improve

the recovery, while minimizing aggregation, as matrix-assisted folding, or use

of chaperones as already described for other proteins (Altamirano et al,

1999).

As stability of MHC complexes is correlated to immunogenicity (van der

Burg et al, 1996), thermal stability of the complex was investigated by

circular dichroism (chapter 2). Detailed analysis of the influence of peptide

and protein mutations on the thermal stability lead to the conclusion that the

side chain at position 9 of the peptide contributes stronger to the stability of

the complex than the side chain at position 3, whereas both peptide termini

contributions seem similarly important. Such findings suggest that a special

care should be given to the C-terminal peptide residue in the design of

peptide-based immunomodulatory agents, to ensure a good stability at the cell

surface. However one should envisage that dissociation kinetics measured
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either by fluorescence polarization (see chapter 4 of this study) or by surface

plasmon resonance (Khilko et al, 1995) at a given temperature are likely to

better mirror the in vivo dissociation processes than thermal denaturation

experiments.

Although structure/stability relationships are important to ensure a good

immunogenicity, structure/binding relationships are the basis of epitope

selection and should therefore be taken into account in the rational design of

immunotherapeutics. New techniques based on fluorescence polarization and

the use of fluorescein-labeled peptides were therefore developed in this study,

that facilitate determination of binding affinities or equilibrium dissociation

constants (recall chapter 4).

However, to complete the picture, TCR recognition and activation assays

should be envisaged in future investigations. Among the techniques that could

be employed to monitor the interactions, surface plasmon resonance may

offer a good variety of possibilities as well as reliable kinetics data (Khilko et

al, 1995). Such binding studies of reactions involving the Class I MHC

molecules could moreover offer insight into the mechanisms responsible for

the initial specific events required for stimulation of T cells, which is up to

now not fully understood.

Several hypotheses based on the native antigenic structure of HLA-B27,

the peptides it presents and mimicry with bacterial epitopes, have been

proposed to explain the association between expression of HLA-B*2705

allele and susceptibility to spondyloarthropathies. As these potential

mechanisms remain largely unsupported by human studies and transgenic

animal models, novel alternative hypothesis based on recent work

demonstrating that HLA-B27 tends to misfold (Allen et al, 1999) have been

proposed (Colbert, 2000). In this perspective, a part of this work concentrated

on the influence of the Cys 67 residue on the characteristics of the protein.
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This residue was shown to play a role in the formation of higher molecular

weight species, whereas no affectation of the binding properties could be

observed upon mutation. However, it remains to determine if other B pocket

residues can affect the properties of the protein the same way as Cys 67 does.

This hypothesis, however, does not fully explain why other alleles bearing the

same free Cys 67 residue are not associated with autoimmune diseases (Khan,

2000). Moreover proofs should still be given, that such misfolded proteins can

activate CTL to result in autoreactivity. In conclusion, no real proof exists for

one or the other hypothesis, and other investigations must be undertaken to

clear the mechanism of this association.

Finally, two single-chain molecules were engineered during this work in

order to improve refolding yield and to set the basis of new

immunotherapeutic agents. Only one, however, proved to have similar

structural properties as the wild-type protein, except that the binding groove

was suggested to be narrower. Further investigations, as binding assays with

peptides fluorescently labeled at different positions may give a clue to which

extend the two structures are different and to which extend the binding

properties have been modified. The repertoire of peptides bound to this

construct should be studied in detail, as well as its capacity to activate or not

T cells. In future developments, different epitopes may also be linked to this

molecule, as already described for the HLA-A2 subtype (Denkberg et al,

2000). Such constructs might bring interesting and functional

immunotherapeutics, as vaccines, or tolerizing agents.

In conclusion, it remains to be cleared which of the hypothesis that

associate HLA-B*2705 and autoimmune disorders is closer to the reality.

This work, however, could bring some insight into detailed MHC-peptide

interactions, and may therefore help in the rational design of future peptide-

based drugs.
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Appendix A

DNA and amino acid sequence of HLA-B*2705 as expressed by pET-24b in E.

coli

pET24b plasmid

/ndex /
CATATG

M

Domain ai

BAMHI /
10

GGATCCCACT

G S H S

4

60

CGGGGAGCCC

G E P

20

110

TGAGGTTCGA

R F D

37

160

TGGATAGAGC

W I E Q

54

210

CAAGGCCAAG

K A K

70

260

ACTACAACCA

Y N Q

87

20

CCATGAGGTA

M R Y

7

70

CGCTTCATCA

R F I T

24

120

CAGCGACGCC

S D A

40

170

AGGAGGGGCC

E G P

57

220

GCACAGACTG

A Q T D

74

270

GAGCGAGGCC

SEA

90

30

TTTCCACACC

FHT

10

80

CCGTGGGCTA

V G Y

27

130

GCGAGTCCGA

A S P R

44

180

GGAGTATTGG

E Y W

60

230

ACCGAGAGGA

RED

77

271

G

G

40

TCCGTGTCCC

S V S R

14

90

CGTGGACGAC

V D D

30

140

GAGAGGAGCC

E E P

47

190

GACCGGGAGA

D R E T

64

240

CCTGCGGACC

L R T

80

50

GGCCCGGCCG

P G R

17

100

ACGCTGTTCG

T L F V

34

150

GCGGGCGCCG

RAP

50

200

CACAGATCTG

QIC

67

250

CTGCTCCGCT

L L R Y

84
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Domain oc2

281 291 301 311 321

GGTCTCACAC CCTCCAGAAT ATGTATGGCT GCGACGTGGG GCCGGACGGG

S H T L Q N M Y G C D V G PDG

94 97 101 104 107

331 341 351 361 371

CGCCTCCTCC GCGGGTACCA CCAGGACGCC TACGACGGCA AGGATTACAT

R Ij Ij R G Y H Q D A Y D G K D Y I

111 114 117 121 124

381 391 401 411 421

CGCCCTGAAC GAGGACCTGA GCTCCTGGAC CGCCGCGGAC ACGGCGGCTC

A Ij N E D Ii S S W T A A D T A A Q

127 131 134 137 141

431 441 451 461 471

AGATCACCCA GCGCAAGTGG GAGGCGGCCC GTGTGGCGGA GCAGCTGAGA

I T Q R K W E A A R VAE Q L R

144 147 151 154 157

481 491 501 511 521

GCCTACCTGG AGGGCGAGTG CGTGGAGTGG CTCCGCAGAT ACCTGGAGAA

A Y L E G E C V E W L R R Y L E N

161 164 167 171 174

531 541 547

CGGGAAGGAG ACGCTGCAGC GCGCGG

G K E T L Q R A D

177 181

Domain 0C3

557 567 577 587 597

ACCCCCCAAA GACACACGTG ACCCACCACC CCATCTCTGA CCATGAGGCC

P P K THV THHP ISD HEA

186 189 193 196 199

607 617 627 637 647

ACCCTGAGGT GCTGGGCCCT GGGCTTCTAC CCTGCGGAGA TCACACTGAC

TLRC WAL GFY PAEI TLT

203 206 209 213 216

657 667 677 687 697

CTGGCAGCGG GATGGCGAGG ACCAAACTCA GGACACTGAG CTTGTGGAGA

WQR DGED QTQ DTE LVET

219 223 226 229 233
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707

CCAGACCAGC

R P A

236

757

CCTTCTGGAG

P S G E

253

807

GCCGAAGCCC

P K P

269

/XHOXI
CTCGAGCACC

Ii E H H

717

AGGAGATAGA

G D R

239

767

AAGAGCAGAG

E Q R

256

817

CTCACCCTGA

L T L R

273

ACCACCACCA

H H H

HIS-TAG

111

ACCTTCCAGA

T F Q K

243

777

ATACACATGC

Y T C

259

822

GATGG

W

274

CCACTGAGAT

H STOP

>

737

AGTGGGCAGC

W A A

246

787

CATGTACAGC

H V Q H

263

747

TGTGGTGGTG

V V V

249

797

ATGAGGGGCT

E G L

266

pET24b plasmid
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Appendix ß

DNA and amino acid sequence of ß2-microg\obu\in as expressed by pET-l5b in

E. coli

pET15b plasmid

Inco iI
CCATGGGCAG CAGCCATCAT CATCATCATC ACAGCAGCGG CCTGGTGCCG

MGS S H H H H H H SSG L V P

< HIS-TAG > <

/ NDE1I
CGCGGCAGCC ATATG

R G//S H M

THROMBIN>

ß2-microglobulin

10 20 30 40 50

ATCCAGCGTA CTCCAAAGAT TCAGGTTTAC TCACGTCATC CAGCAGAGAA

IQRT PKI QVY SRHP AEN

4 7 10 14 17

60 70 80 90 100

TGGAAAGTCA AATTTCCTGA ATTGCTATGT GTCTGGGTTT CATCCATCCG

GKS N F L N CYV SGF HPSD

20 24 27 30 34

110 120 130 140 150

ACATTGAAGT TGACTTACTG AAGAATGGAG AGAGAATTGA AAAAGTGGAG

IEV DLL KNGE RIE K V E

37 40 44 47 50

160 170 180 190 200

CATTCAGACT TGTCTTTCAG CAAGGACTGG TCTTTCTATC TCTTGTATTA

H S D L SFS KDW SFYL LYY

54 57 60 64 67

210 220 230 240 250

TACTGAATTC ACCCCCACTG AAAAAGATGA GTATGCCTGC CGTGTGAACC

TEF TPTE KDE YAC RVNH

70 74 77 80 84
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297

AGACATG

D M

99

pET15b plasmid

/bamhtI
TGAGGATCCG

STOP

260 270 280 290

ACGTGACTTT GTCACAGCCC AAGATAGTTA AGTGGGATCG

VTL SQP KIVK WDR

87 90 94 97
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