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Abstract

The aminopeptidase ERAP1 is crucial for processing peptides for presentation by
MHCclass | starting from sub-optimal N-terminally extended peptides MHC |

and ERAPIboth have genetic associationgith autoimmune diseasesand the
reasons arepoorly understood. Both proteinshave peptide length and sequence
preferences and which protein ultimately determinesthe antigenicpeptide
repertoire is unknown. Presented here arestudies throughNMR and Xray
crystallography which investigate theimportance of individual interactions
between MHC | and the peptideand how NMR can be used tprobe the
mechanism of ERAP1.

Qyystal structures of four single chain constructs based on MHC | allele Kb

with A pocket mutationswere solved.The mutations caised no difference to
structure or peptide binding with respect to the unmutated form, and
rearrangement of neighbouring side chains and water molecules in the A pocket
were apparent in response to the removal of hydrogen bonding side chains.
These structues enabled collaborators to perform assays and computational
analysis which showed impaired binding of the peptide in the mutants permitted
peptide trimming by ERAP1.

A peptidelibrary wasdevised andcharacterisedwith proton chemical shifts
assignments and the peptides were &pressedin E. coliwith 13C/15N isotope
labelling. HSQC spectra of an isotogdabelled peptide confirmed the proton
assignments and offers potential for future experimentation with ERAP1 and
MHC I.

From the peptide assignments, pton NMR reaction monitoring was used to
comprehensivdy assaythree ERAP1variants to uncover differencesin peptide
specificity. This method offers scope to examineultiple steps in an
aminopeptidase reactionwhich commonly usedERAPlassays do not preide. A
series of 1D proton NMR spectra obtained throughout the reaction were found to
be an effective way of interrogating ERAP1 aminopeptidase activity. Wild type
and 5SNPvariant ERAP1 appeared to show different substrate length
preferences. ERAP-peptide binding was analysed with saturation transfer
difference NMRand indicated the primary points of interaction were thepeptide
CGterminal and hydrophobic side chains. This matches findings on ERAP1
peptide preferences by other authors, but the interactins between peptide and
ERAP1 have never been directly investigated before and hageabledtentative
modelling of ERAP 1peptide binding.
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1 Introduction

1.1 Antigen Rocessing

Peptides are routinely created within the cell as part of the process of proteolytic
degradation. The majority of peptides created ar® O Adptiés and are short
fragments from unwanted proteins targeted fordestruction. In cases oinfection,
however, the presence of unusudbreign proteins within the cell must be used

to alert the immune system Destruction of virally infected or

abnormal/ cancerous cells is the role of cytotoxic T lymphocytes (CTLs), which
must be alerted to aberrant cell poperties by presentation of foreign and
unrecognised peptides on the outside surface of the cé¥oung, Nathenson, and
Sacchettini 1995)

Antigenic peptides within the cell are presented by the class | major
histocompatibility complex (MHC class I, or MHC |) to the T cell receptor (TCR) of
CD8+ CTLgYoung, Nathenson, and Sacchettini 1993j is crucial that this

process classicalantigen presentation, work s well for CTL recognition of foreign,
O1 I01AT £8 h adwBliEadiiodeAriSing from over-expressed proteins in
cancemus cells and for Gelffpeptides to be recognised as harmledsst they

trigger autoimmune responses.

1.2 An Overview of MHC class |

1.2.1 Structure

MHC | consists of the light chain, betd-microglobulin (1 2m), and the heavy
chain (HC), as well as the antigenic peptié without which the complexwill not

be stable(Young, Nathenson, and Sacchettini 1995)



Human heavy chains are human leukocyte antigen (HLA) moleculasd consist
of an) 3 domain with the membrane spanning region of the protein. Next to the
] 3 domain isf 2m, and above them are the 1 and{ 2 domains whichform the
two jaws around the peptide binding groove(Figure 1). Interestingly, there are
over 8000 HCallotypes of the three HLAA, HLAB and HLAC allelesgiving
potential for very diverse peptide repertoires(Rossjohn et al. 2015)The highly
polymorphic HCsare glycoproteins which exhibit huge flexibility in the
sequences opeptides they can bind, bushow length and sequencereferences.
Optimal peptidesbound to MHC | ofterhave a low offrate, and thus increase the
chance of sucessful presentation to CTL$hrough stable cell surface expression
A significant feature of peptides that display low off rates isgptide length, as
peptides which are too long or too short will not create a stablpMHC Icomplex.
Ideal peptides are 810 amino acids long, depending on the heavy chain variant

in question (Cresswell et al. 2005)



Peptide
B2m

Figure 1 - MHC class backbonestructure ribbon cartoon, showing peptide binding domain secondary
structure (top) and side views wit transparent surface representationoloured by domainAdapted from PDB
ID: 3P9L(Denton et al. 2011)

1.2.2 Peptide binding

Peptides of optimal length (810 amino acids) bind within the binding groove

£ O AA AAOxAAT OEA (# | p Alhdspegciicityahd AET 08 %
versatility of peptide bindings can be found in the structure of the binding

groove, with useful insights from those residues which aregr are not, conserved.

There are six identified binding pockets named AotF in the binding groove of

MHCI (Figure 2). The peptide Nterminal region is bound within the A pocket,

and the Gterminal region bindswithin the F pocket. A feature of note is thatte
3



structures of pockets A and F are well conserved throughotHCI molecules
but B to E displaymuch more variation (Matsumura et al. 1992) This
observation is also seen when coparing murine and human MHQ alleles.
Matsumura et al. (1992) describedespecial similarity between thej 1 and 2
domains of H2KP and HLAA2 over the rest of the protein, withthese similar
binding regions having an RMSD value ohly 0.66 A. Involved in the hydrogen
bonding of peptide N and Gtermini are 8 invariant residues: Y7, Y59, Y159 and
Y171 at the Nterminal, and Y84, T143, K146 and W147 at the-términal
(Mitaksov and Fremont 2006)

Figure 2 7z H-2Kb peptide binding grooveA) Diagram of pockets A to F within the Kb binding groovewith

SEVO peptideA A A E A T poskiong(glosed circle) andside chan positions(numbered open circlesshown.
Taken fom Matsumura et al.(1992). B) SEV9 peptideshown within transparent surface representation of-H
2Kb binding groove with pocket positions labelle8tructure from Matsumura et al.(1992), PDB ID: 2VAB

The structure of the murine MHC | HE-2KP has been extensively studied.
Several structures exist oH-2Kb with peptides, including to the viral peptides
RGYVYQG(VSV8), andFAPGNYPAISEV9)(Fremont et al. 1992)and the
ovalbumin-derived peptide SIINFEKL (SL8)Denton et al. 2011; Fremont et al.
1995). Thus commonality may be observed between these similar structures
with different peptides bound. Within the H-2Kb binding groove,the N-terminal
region of the peptideis described as forming hydrogen bonds to the conserved
tyrosines at positions 7, 159 and 171, and also tté lessconserved E63, K66

and N70positions (Matsumura et al. 1992) Interestingly the terminal amine
4



group is the hydragen-bonding part of this pocketpeptide interaction, and the
side chain is directed upwards away from the binding groove and towards the
solvent. This allows the N-terminal residue to benon-specific.By contrast, he F
pocket has the carboxyterminal pointing towards the top of the pocket, and the
side chain pointing downwards. This imposes steric preference, although still
permits long residues of varying lydrophobicity and has preferenceflexibility
(Matsumura et al. 1992)

The thermal stability produced by theseA and F pockeinteractions with the
peptide termini was examined by Bouvier et al. (1994by substituting methyl
groups in place of the hydrogen bonding groups at eackrminus of an antigenic
peptide, GILGFVFTLfrom influenza virus. By this, Bouvier et al., demonstrad
that hydrogen bonding of either the N or Gterminus alone with the MHC |
binding sites was adequate for formation of a stable complealthough less
stable than with both ends forming hydrogen bondsThisis unsurprising given
that very short or extended peptides of a noxdeal length can still bind to the

classl complex in some case@ouvier and Wiley 1994).

Much of the peptide preferences of various class | alleles is, therefore, a
consequence opockets B, C, D and E, and pége-binding residues that are less
conserved between alleles than those in the A and F pockéBouvier and Wiley
1994; Elliott and Williams 2005). These non-conserved pocket residuesallow
affinity for different peptide side chains(Bouvier and Wiley 1994). The natures
of the six different pockets has permittedViIHCI to possess peptidesequence
affinities that lie between specific and indifferent varying from one residue to
the next. Therefore, they can form stable complexes with peptides of preferred
and optimal sequences whilst still retaining the ability to bind a broad range of

antigenic peptides.



1.3 Origin of peptide antigens

The initial stages of antigen processing occun the cytosol when thepeptides
are first generated in their crudest form through proteolytic degradation. Most
proteolytic cleavage in the cytosol is carried out by the6Sproteasome(Blum,
Wearsch, and Cresswell 20135 large tubular structure containing a 20S core
cappedwith 19S complexesat each end which acas regulatory domairs. These
19S subunitsenact ATRdependent unfolding of proteins and recognise
ubiquitin -conjugated targets. Sandwiched between them iti¢ 20Score of this
protein, comprised of 4 rings (7 subunits each) whils make a cylindrical
structure. This has| -subunits at the ends and centrat -subunits. Three of the -
subunits,1 1,1 2 andr 5, have proteolytic activity. Stimulation with IFN-r causes
replacement of these threesubunits with their counterparts, 1 1i, 1 2i and 5i
(also known asPSMB9/LMP2 PSMB10LMP10 and PSMB8/LMP7 leading to
the formation of the immunoproteasome(Blum, Wearsch, and Cresswell 2013)
The presenceof the immunoproteasome rather than the proteasome may
improve response to patlogens by CD8+ T cellgy increasing epitope generation
efficiency (Sijts and Kloetzel 2011)

Known MHC tpresentedpeptide antigens can be generated by either the
proteasome or imnmoproteasome,but intriguingly the immunoproteasome
generates longer peptide products in comparison to those from the proteasome
(Sijts and Kloetzel2011; Cascio et al. 2001)Cascio et akevealedthat the final
SIINFEKL peptide was extended by-7 amino acids at theN-terminus after
degradation of ovalbumin by the immunoproteasome. By comparison, the
production of N-terminally extended SIINFEKL vas up to4 timeslower when
ovalbumin was degraded by the proteasoméCascio et al. 2001) The result of
this proteolytic degradation, whether by the proteasome or immunoproteasome,
is a range of Nterminally extended peptides whichrequire further processing to
stably bind to MHC | and be presented at the cell surfadénessing of this
peptide selectionand peptide processingoccurs within the endoplasmic

reticulum (ER) by the peptide loading complex and related proteins.



1.3.1 Presentation of bound peptides

MHC | exits the ER and egresses to the cell surface via thiggsecretory

pathway (Spiliotis et al. 2000). Once at the cell surface it is available for
recognition by CD8+ T cells. The heterodimeric T cell receptor, comprised of an
andy chain, is responsible for recognition of the celsurface pMHC | complexes.
A number of TCROMHC | complexes have been b@d and are uniform in their
arrangement, with the TCR sitting diagonally across the binding cleft of MHC |
(Rossjohn et al. 2015) The lowvariability germline CDR1 and CDR2 loops make
contacts to MHC | itself and the variable CDR3 loops makeptide contacts
(Garboczi et al. 1996) The TCR Y-chain is orientated overj 2 helix of MHC |,
and] ¢ AAIT T x @nail (Rdsgchn eal. 2015). This provides the
mechanism for diverse antigen recognition within the same MHC allele. The
affinity (~35 pM) is considered low, which is unsurprising as the interface
between the two complexes is not a close f{fRossjohn et al. 201%. In order to
generate stable pMHC | complexes for cell surface presentation, a process of

folding and selection takes place within the ER.

ER lumen
&

Cytosol

Figure 3 - Antigen processing and the MHC class | assembly path&=iended peptids/proteins (red) are
degraded by proteasomes in cytosol to smaller peptide fragments which can enter thalEReviations:
Ow2!1 08€%2! 0ovfoh O#.88€AAl 1 ABET h O(#686€- (# ATakedO

from Cresswell, Ackerman, Giodini, Peaper, & Wearsch, 2005
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1.3.2Components of the Peptide Loading Complex

The peptide loading complex (PLCy primarily responsible for assemblyof
peptide-MHC | complexes in the ER and shows a degree of conservation across
higher vertebrates (Hinz et al. 2014) The proces®sof folding and loading MHC |
are linked, and to form a stable interaction betweem 2m and the heavy chain,
peptide binding is required (Williams, Au Peh, and Elliott 2002)Components of
the PLC, showrnn Figure3,AOA 41! 0h O AEF®dd3), ERpET4am Ol 6
A A1 OA OE Ai®Fidtie 3) psQu¢l?ad the MHC | molecule itsefHC andf 2m).
The complex structure has been modelled from electron microscopiata by

Blees et al., showingrrangementof two MHG-editing units (Figure 4C) which sit
atop TAP in the ER membranéBlees et al. 2017)

A Proteln disulphide

isomerase A3

HLA-A3
heavy chain

B2m Tapasin

MHC
editing unit

Figure4 - PLC structure from EM datéPDB ID 6ENYj by Blees et al(2017). A)MHGCediting unit B) EM data
(EMDB 3904) contoured at0.022 C) Top view of BC EM data showing rotational symmetry

8



1.3.21TAP

Transport of precursor peptides into the ER is executed through the transporter
associated with antigen processing (TARR heterodimeric complexcomprised of
TAP1 and TAP2 thaspans the ER membranéSadasivan et al. 1996)Because
TAP isan ATRBIinding Cassette (ABC) transporterboth TAP1 and TAP2
monomers possess nucleotidéinding domains within the cytoplasm which
carry ATP molealles (Grossmann et al. 2014)Crucially, TAP possesses a
transmembrane domain through which peptides are translocatedand
preferentially translocates peptides of 8 to 13 residues, although peptides
outside this range can be transported with less efficiencfParcej and Tampe
2010). TAP also seems partially responsibléor some peptide selection, with
murine TAP beingobserved to have preference for aromatic or hydrophobic-C

termini (Neisig, Roelse, and Sijts 1995)

1.3.2.2 Tapasin

Tapasin is an important chaperone of stable pMHC | generatidBoth TAP1 and
TAP2 bind to tapasin, which stabilizesTAPandthe PLC around ifRaghuraman,
Lapinski, and Raghavan 2002; Leonhardt et al. 2005)hese two fapasin
molecules of the PLC hava crucial role inoptimising peptide selection by MHC |
(Grandea et al. 2000; Williams et al. 2002However the dependency upon
tapasin function varies widely between MHC | alleles, with some more
dependent on itfor peptide editing than others(Hermann, Trowsdale, and Boyle
2015).

1.32.3 ERp57

ERp57 is a thiol oxidoreductase chaperone, capable of formidgsulphide bonds
with tapasin,enablingthem function togetheras a stable heterodimerDick et al.
2002). The Cys57 residue usually forms transient interactions with substrate

proteins but in the case of tapasin thatrength of the disulphide bond allows
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longer lastingcomplex formation. Crystal structures showthat tapasin interacts
wit h the a (through the disulphide bridge) and A domains of ERp57, blocking the
ERp57 active sites and retaining the disulphide bond to tapasin residue/€95
(Dong et al. 2009) The interaction between ERp57 and tapasin is crucial for
generation of optimal and stable pMHC | complexes. Absence of tBRp57
tapasin dimer results in poorly foldedand unstablepMHC | as well as impaired
recruitment of MHC | for peptide loading in cells lacking ERp57 expressi¢bick
et al. 2002) (Wearsch and Cresswell 2007)

1.3.24 Calreticulinand calnexin

Calnexin and calréiculin are ER resident molecular chaperones that aid MHC |
folding and assemblyCalnexin unlike calreticulin, is not thought to be part of
the PLG howeverthese two proteins arefunctionally similar chaperones which
collaborate with ERp57 tofold MHC I(Hermann, Trowsdak, and Boyle 2015)
Calnexin, a membrane proteinperforms the first heavy chain folding, after which
the HCassociates withr m and the rest of the PLCincluding calreticulin
(Hermann, Trowsdale, and Boyle 2015)Calreticulin is a soluble protein which
does not bind to the free heavy chaibut acts as a chaperone when MHC | is in
the PLC and loading can commend®Villiams, Au Peh, and Elliott 2002)

1.4 An Overview ofendoplasmic reticulum aminopeptidases

In 2001, length differences were observedbetween peptides enteringthe ER
through TAP and tlosepeptides presented by MHC &t the cell surface
indicating arole for an unknown aminopeptidase within the ERSerwold, Gaw,
and Shastri 2001) The proteosomes and immunoproteosome produce a low
proportion of optimal length peptides suitable for MHC binding, with many
precursors entering the ERhaving ideal Gterminal residues for MHC | binding,
but N-terminally extending amino acidgCascio et al. 2001)In 2002, the ER

resident trimming enzyme was isolated fron murine tissues and named&ER
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Aminopeptidase associated with Antigen Rocessing(ERAAP)as well as being
identified in humans as Endoplasmic Reticulum AminoPeptidase 1 (ERAP1)
(Serwold et al. 2002) ERAR had afeady been identified asadipocyte-derived
leucine aminopeptidase(A-LAP) (Hattori et al. 1999), puromycin-insensitive
leucine aminopeptidase(PILSAB (Schomburg et al. 2000and aminopeptidase
regulator of TNFR1 sheddindARTSY (Cui et al. 2002)depending on its different

reported cellular functions (Serwold et al. 2002; Saric et al. 2002)

ERAP1belongs to theM1 aminopeptidase family, and specifically téthe M1
oxytocinase subfamilyand contains botha conserved zinc bindingagnd GAMEN
motif within the active site. Other members of this subfamilyof aminopeptidases
include Insulin Regulated AminoPeptidaselRAP) and ERAPZ2 andboth have
approximately 50% sequence homologyo ERAP1(Stratikos and Stern 2013)
The three proteinsall exhibit intracellular localisation, ER localistion in the
cases of ERAP(for its role in antigen processingland ERAP2andin vesicles
and the cell membranefor the membraneprotein IRAP(Tsujimoto and Hattori
2005). ERAP1/2have a key role in endogenousantigen processingwhereas
IRAP has a rolen generating peptides for crosspresentation (Stratikos and
Stern 2013). ERAP2 is not present in micehowever thein humansit appears to
work in concert with ERAP1 to povide complementary substrate specificities
(Lorente et al. 2013; Saveanu et al. 20059)leterodimers of ERAP1/2, stable
enoughfor purification , have been identifiedalthough sadly no crystal structure
of these dimers existaand how they dimerise iscurrently unknown
(Evnouchidou et al. 2014) The absence of ERAP2 imice together with the
strong links between ERAP1 andlisease(see section 1.4.3(D. M. Evans et al.

2011) have naturally resulted indeeper investigation of ERAP1

1.4.1 ERAP1 structure

The structure of human ERAPJsolved first by Kachan et al. in 2011was
followed soon after by Nguyen et al. in the same yeéseeFigure 5). These

crystal structures revealboth closed and operconformations of ERAP1,shown
11



in Figure 6, which crystallised in space groups P622 and P212121 respectively
as well as ERAPL1 ia semiopen form (Figure 5) crystallised in space group P21.
The structuresshow substantial similarity to other M1 aminopeptidase family
members.Interestingly, athird structure paper was published in the same year,
but presented solely domains Il and IV, from reside529 onwards, and

AGAT ET AA OEA AET-GEOICHihiEedon GDADGRAA #
enabled through crystal packingGandhi et al. 2011)

As with other members of the Mlaminopeptidasefamily, ERAP1 possesses four
domains. Domain | (residues €@54) is likely to dock the peptide Nterminal and

is comprised of a saddleshaped 8strand beta sheet (beta 1, 2, 4, 5, 8 and 11, 13,
14) which abuts beta sheets 3, 6 and 7 at one end, and 9, 10, 12 and 15 at the
other. This latter region interacts with domain M by means of the loop between
beta strands 9 and 10Domain | provides a crucial steric block above the
catalytic site which is necessary for strict exopeptidase activitfKochan et al.
2011; Nguyen et al. 2011)

Domain Il (residues 255529) is the catalytic region of the protein. A subdomain
at the N-terminal carries several crucial residues: Tyr438, a conserved residue
throughout the M1 family, uses its hydroxyl group to stabilize intermediates.
Y438Fmutations are known to cause 99.5%eduction in enzymatic activity,
though in ERAPL1 it igpositioned further from the other catalytic residues than
M1 family members with olved structures(Nguyen et al. 2011)Beta strands
16-20 form abeta sheet which carries the GMEN (often GAMEN, as in ERAP1)
motif conserved through the M1 family.The AsrB21 residue ofthe motif is
suggested to stabilize loops in the regioand GIlw20 is crucial for enzymatic

activity and mutants of this residueare thus inactive (Nguyen et al. 2011)

Within domain Il a catalytic zinc residue is bound by a conserved-H-X-X-H-Xis-
E motif. The floor of the channel around the catalytic sé is helix 6, which also
has Hs353 and Hs357 of the zinc-binding motif. Coordination of the zinc ion is
by His353, Hs357 and GIB76. The nearby G854 and GIuB20 hydrogen bond to
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a water moleculewhich is utilised for nucleophilic attack on the peptidg(Nguyen
et al. 2011; Kochan et al. 2011)

Domain 1l (residues 530614) is a smallregion of seven beta strands which form
two facing beta sheets. This joins the much largerodhain IV which is made up of
sixteenalphahelices.Domain IV (residues 615940) is a regulatory domain
which is suggested to interact with the peptide substrate @rminal (Chang et al.
2005). The substrate Gterminal interacting interior face of this domain consists
of the evenrnumbered helices of the eight antiparallel helixurn -helix repeats
structure (Nguyen et al. 2011) This region contains several common SNPs (see
Figure 8), some of which have been identified asaving a genetic linkage to
Ankylosing Spondylitis (AS). Two examples of SNPs in this domain are’/R5Q
and Q730E, both suggested to confer protective effect with regards to AS but
which differ in activity, with Q730E causindittle change to activity but altering
amino acidspecificity, while R725Qis suggested to eithedecreaseactivity
(Garciamedel et al. 2012)or increase it in combination with other SNP¢Reeves
et al. 2014)

The internal cavity of the closed structureof ERAP1 largely accommodated
within the shape of domain 1V, is unusually large for an aminopeptidase of this
family, possibly because of the length of the peptide substratesachan et al.
reported the cavity size as 292083, larger than that of ePepN or LTA4H (2203
and 1130A3 respectively).

The two published full-length ERAP1 crystal structures reported slightly
different N-glycosylation sites.Kochan et al. reported electron density for
glycosylation at Asn70, Asn154 and Asn41#&ochan et al. 2011)whereas
Nguyen et al. reportedglycosylation at Asn760 rather than Asn414Figure 5).
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PDB:3MDJ

" E320
& E354 ' A318

H357 . %

E376 &

H353

theorised peptide binding position

Figure5 - The structure of human ERAR@ an openconformationwith transparent suface representation
over ribbon cartoon. Coloured by domar{denoted by Roman numeralg)ith ball-and-stick representations of
glycosylation sitesExpanded view shows active site residues and zinc abB ID: 3MDJ structure solved by
Nguyen et al(2011).
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Closed
2YDO

Figure 6 - Closed and open forms of ERIARIth transparent surface representation over ribbon cartoon.

Coloured by domairms inFig. 5 Structures fromKochan et al(2011) and Nguyen et al(2011).

1.4.2 The M1 family and mechanism of action

To date, ro substrate:ERAP1 precatalysis structures have thus far been
published, which is likely a result ofthe substantialtechnical challenges of
crystallising such a complexHowever, ERAP1 has been crystallised with the
inhibitor bestatin (more amenable than a cleavable peptide) in the closed
structure 2YDObut not the concomitantly solved open structure 3QNFEshown in
Figure 6) (Kochan et al. 2011)and the published structure 3SMDJNguyen et al.
2011). Thesecrystal structures suggest thdocation of peptide bindingwit hin
the active site. A cartoon of the theorized peptide #&rminal pre-catalysis
binding is shown in the magnified active site oFigure 5. Additionally, other
members of the M1 family are well studied with multiple M1 aminopeptidase
structures published with bound bestatin(Ito et al. 2006; Thunnissen, Nordlund,

and Haeggstrom 2001)and other peptide analoguegMcgowan et al. 2009) Also
15



published areLTA4H structures with substrate tripeptides in the active site

(Tholander et al. 2008)and a crystal structure of HumanAminopeptidase N with

the 6-mer angiotensin 1V in the active sitdWong, Zhou, and Rini 2012)

Collectively, these studies suggest extensive investigation into the structural

properties of this family of metalloproteasesThe mechanism by which these

enzymes work has beertonvincingly detailedalongside the widespread

structur al analysis of the actre site.

Zn?* O—H

5
E354—(e
_<0 H/O\I/
T325
Michaelis complex

H R

N 8\"/]\ H

H/ \H"" N/@
. 0 NNy «
i i H

0.0

Zn? 0.2.0
E354

Product state

g H/O :
08,07 ™,
L O,
\r o OYO
E354

E320
Transition state I

Figure 7 - Probable mechanism of ERAP1 catiityactivity, adapted fromJones et al(2011).
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Only the closed form oERAPL is believed to be activand the protein opens to
facilitate the binding or release of the substratéproducts (Kochan et al. 2011)
The reaction is thought to utilise a water molecule which hydrogen bonds to the
side chain of E320 and E354 prior to the reaction beginning substrate peptide
interacts with the zincatom by its carbonyl group and E320 with its terminal
amine group.Thereaction (shown in Figure 7) begins with the zinc interacting
with the carbonyl of the peptide Nterminal residue, which polarises.This
enables a nucleophilic attackrom the water moleculewhich is facilitated by
E354 acting as a base and accepting a hydrogen from the water molecdige
unstable transition state then becomes a newf&rminus and free amino acid
(Tholander et al. 2008; Jones et al. 2011} hrough this process pepides are
cleaved at the Nterminal residue, although whether ERAP1 releases peptides

between trimming events is unclear.

1.4.3 ERAPZIngle nucleotide polymorphisms andiseaseassociation

Many studies have identified the presence of single nucleotide polymorphisms
(SNPs) within ERAP1. Genomeide association studies (GWAS) have identified
that ERAP1SNPscarry the secondstrongest genetic linkage tahe inflammatory
disease of the spineankylosing spondylitis (AS) after the MHCI allele HLAB27.
Evans et al. gave the AS association from combined studies between HB2Y
and rs3018 (which is R528) asP= 7.3 x 1066 (D. M. Evans et al. 2011Notably,
however, these diseasassociated SNPs in ERARIy increasethe chance of AS
onset inthose individuals expressing the HLAB27 allele(D. M. Evans et al.
2011). Overall, ERAP1 accounts for 26% of tlggenetic riskfor AS and the
combination of both ERAP1SNPsand HLAB27 accounts for 70%(Seregin et al.
2013). A GWAS study of A®. M. Evans et al. 201lipdicated 102 SNPSNP
interactions linked to the disease, although this was later reduced to 8 significant
interactions amongst several genefBessonov, Gusareva, and Van Steen 2015)
Interestingly, 6 out of 8 pairs contain an ERAP1 SNP, with the interacting SNP
being in either HLAB or MICB.
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Q730E Q730E

Figure 8 7 Locations of akylosing spondylitisinked mutations in ERAP{shown in orange)(Harvey et al.
2009; Kochan et al. 2011; Nguyen et al. 2011)

ASERAP1 association SNPs includelR7P, M349\ K528R, D575N, V6471,
R725Q,Q730E andC736R shown inFigure 8 (Kochan et al. 2011; Nguyen et al.
2011). These are not exclusely limited to a single area of the protein andheir
diseasecausingmechanism isunclear.Position 349 is close enough to the active
site to suggest it plays a role in binding and trimming the peptide substrates.
Residues liningthe internal peptide-binding face of domain 1Y such as 725, 730
and 736, might bind a peptide Gterminus, or residues within hinge regions could
mediate the ability of the enzyme to close around the substrat®127,on a
domain | loop,might be involved in interactionswhich close the protein

although this is not apparent inthe 2YDO structure. 5 of the mutation sites are on
the exterior surface of ERAP1 iiits closed formand this suggests something

beyond the peptide processing ability of ERAP1 is linked to AS for these
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In addition to AS the mutations shown inFigure 8 are also known to be factors

in other autoimmune diseasesThe most widely documented SNP position, 528,

is associated with a number of diseasekK528 is a contributory factor to multiple
sclerosis, as well agpsoriasis whenMHC allele HLACw*0602 isalso being
expressed whereasR528 is linked toan increased risk ofhypertension

(Stratikos et al. 2014) Another SNPQ725, conveys arincreased risk of BelgA 06 O
disease, along with the=xpression of theHLA-B51 allele(Stratikos et al. 2014)

Table1 z Residue substitutions iERAPfunctional variants presented by Reeves et al. (20249 not aready
predictor for variant activity. Variants are classed by their peptide trimminmgtes (seecolour key and amino

acids at eachposition given by singléetter code

Position/amino acid
allotype | 82 | 102 | 115 | 127 | 199 | 349 | 528 | 575 | 581 | 725 | 727 | 730 | 737 | 752 | 874

[ oo4 || ] Pl R|SsIM|K[D]|]S]R|]AIQ|A]RI[V]

008 | | P R S M R D ) R L E A R Vv
009 ) L L P F Vv R D 5 R L Q A R \
011 Vv | L R F M R D L R L E Vv R Vv
012 | | P R S V K D 5 R L Q A R V
013 | | P P S M K D S R A Q A R vV

Hypertrimmer:ll  Hypotrimmer:l intermediate trimmer:
efficient trimmer: unknown activity:

Further investigation into ERAP1 SNP variants revealed that imputed
combinations of SNPsvithin an ERAP1 genare known to act as A$rotective
or causative haplotypeshowever the reasons for this are not fully aar. K528,
D575 and E730are suggested to be an AS risk haplotype, aRd 27,1276 and
R528 might be protective(Stratikos et al. 2014) Reeves et alidentified multiple
ERAP1 SNP combinations from individuals anithked distinct ERAP1 alloypes
to substantially different trimming activities: variants were divided by overall

trimming behaviour, whether efficient, hyperfunctional, hypo-functional,
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intermediate or unknown (Table 1) (Reeves et al. 2014)This suggested the
overall trimming activity of ERAP1 drives thalisease mechanism, with
hypofunctional variants failing to generate a pool of peptideshort enough for
optimal MHC | tobind strongly. Hyper-functional variants would, by contrast,
over-trim the peptides, destroying the repertoire for MHC | binding. This would
result in a sub-optimal range of peptideswith in the ER resulting in aberrant

HLA-B27 surface presentation

1.5 The deciding factor for peptide trimming

A subject ofdiscussion is whether ERAP1 or MHCdetermines the final selection
of antigenic peptides in the EREvidence of peptide specificity of both exists, and
perhaps the nost controversial idea within the debate is whether or not ERAP1

can trim apeptide bound within the MHC complex.

MHC class | template ERAP1 molecular ruler

ERAP1 A4 ERaPT
X f x>

MHC MHC

Figure9 - Template and ruler theories of peptide length and sequence determinatReptidesin turquoise.
Templae theory:MHC Iprotects optimal peptidesrom degradation.Suboptimal peptides are degraded.
Molecular rulertheory: Peptide specificity of ERAP1 causg@eferential degradation of peptides suboptimal

for presentation Optimal presentationpeptides are suloptimal for ERAP1 and therefore released to MHC I.

20



1.5.1 ERAP1f K Soledi¥r rulehypothesis

An aspect of ERAPfrimming mechanismwhich has piqued interest for many is

theAT AOI AT OAA Oi 11 A A OihAsheed éhbefedthat MHCE A OET 008
need not be present fotthe correct epitopes to be generatedYork et al. 2002)
4EA OAOI OiT1AAOI AO OO1I AO8 1 OECET AOGAO &EOI I

activity for <8 residue peptides(Chang et al. 2005; Nguyen et al. 201I)his
makes ERAP1vell adapted to generating optimallength 8 or 9 residuepeptides
for MHC | however ERAPhas been shown talestroy the peptide supply by
trimming peptides beyond the optimal length(Kanaseki et al. 2006)Without
ERAP1 present the peptides presented are substantially different, although this

IS unsurprising given the importance of its role.

Perhaps the most unusual feature of EAP1 isthe reported ability to select
substrate peptides not merelyby the N-terminal residue, but also by internal
residues(Evnouchidou et al. 2008) This is unusual in an aminopeptidase, and
suggests it is uniquely qualifiedo select the final range of antigens available to
MHC [.The surface of the cavity within ERAP1, where the middle andt€minal
of the peptide are presumed to bind, carries an overall negativeharge, which
correlates with the preference of ERAPIfor positive residues(Evnouchidou et al.
2008; Nguyen et al2011). Several shallow hydrophobic pockets at varying
distances from the catalytic site are suggested ast€@minal binding sites for

peptides of different lengths(Nguyen et al. 2011)

1.5.1.1 Substrate peptide preferences of ERAP1

ERAP1 iknown to have asubstrate preference forN-terminal hydrophobic
residues,with methionine being the most readily trimmedand proline the
poorest trimmed (Reeves et al. 2013)Hydrophobic residues such as leucine and
methionine are also rapidly cleaved from singl@mino acidlinked fluorogenic
substrates(Hattori et al. 1999). ERAPL1 specificity fopeptides, compared to
short fluorogenic substrates, isdifferent and more complex as aesult of the
length and internal residue preferencegEvnouchidou et al. 2014)
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No carboxyl group is actuallyrequired at the peptide Gterminus for ERAP1
activity (Chang et al. 2005)ERAP1 does however favour aromatic or
hydrophobic Gtermini and thisis similar to MHC | preferencesin terms of
peptide length, ERAP1 shows highest activity for 204 residue peptides, with
activity dropping sharply from 9 residues and belowActivity is extremely low
for peptides longer than 18 residues10-residue peptides containing prolines
towards the N-terminal will be degraded at similar rates to 8/9-mers, which
correlates with MHC | and TAP preferences, and the increased difficulty of

trimming a proline residue for ERAP1(Chang et al. 2005)

1.5.2 ERAP1IMHCI as an antigen4emplateCfor trimming

'T Al OAOT AOCEOGA OEATIONO GaypordBesis thatxpiciop 111 AAO
acts as a template, protectindpigh affinity peptides from degradation.It has also
been postulated that ERAP1 trims peptides which are partially bound to MHC 1.
Evidence of this happening has been reported byeeves, Edwards, Elliott, &
James(2013) and Papakyriakou et al. (2018) whereadetection of N-terminal
cleaving on a @erminally disulphide trapped O B A b @dioh &f én artificial

single chain trimer form MHC lindicated ERAP1 could access peptides bound by
MHC | Another study, this time usingHLA-B*0801 complexed with 14 and 15
mer peptides, showed trimming by ERAP1 and ERARZhen et al. 2016using
mass spectrometryto analyse fragments. In the MH@ee experiment peptides
were trimmed to a range of short peptieges down to 4mers. By contrast the MHE
bound peptides were trimmed to either 8 or 9-mers, depending on the peptide

usedand no further peptide degradation was observedChen et al. 2016)

Beyondthese observations, evidence of direct trimming of an MHGound
peptide by ERAP1 is scan@although it is known tha MHC | protecs optimal
peptides from destruction by ERAP1(Kanaseki et al. 2006)Little explanation of
how ERAP1 could approach MHC 1 is readily forthcoming: molecular modelling
indicated that an extension of 6 Nlerminal residues would be required for an

MHGbound peptide to approach the ERAP1 catalytic sif@guyen et al. 2011)
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These docking experiments showte closest approach would still leave a
distance of 20A (Nguyen et al. 2011)It has been suggested that another thufar
unobservedsuper-open conformation would exist to facilitate thisby permitting

close approachto a pMHC [Stratikos and Stern 2013)

1.5.3 The reltionship between ERAP1 and MHC

3O00A0EET O AT A 30A0T AEOAOOO OEA Oi11AAOIAO

their review of ERAP1 structural work(Stratikos and Stern 2013) Several
investigations into either ruler and template theories are mentioned.Although
theyOAEA O O1 - ( #7 %2 ! 0 ptdiedlypdxdotehd GeadfE AU Al
competition between the two. This might perhapsbe close to one of several

hypothesespresented by Falk et al. before the discovery of ERAP1:

Or 4EA 1T AAT Y AOOOI Adegrédedhyspediticknd@pbptiddeA DOEAA

independent of MHC. The resulting peptides are rapidly degraded by exopeptidases
OT 1 AGO DOIT OAA OA AFalk RotzadhKe, /andIR@mmenisee-199®) 8 6

This did not take into account the location of antigen processing in the Hat
nonetheless holdsrue. Prior to trafficking into the ER, suboptimal peptides are
generated by the (immuno)proteasomgmuch of which is endopeptidase
activity) but the exopeptidase ERAPL is also known to possess peptide
specificity. It could be considered possible for ERAP1 (and ERAP2 in a lesser
capacity) to adopt both the specificity required to generate the epitope and the
role of degrading unprotected peptidesindeed ERAP1 habeen shown to
destroy unprotected peptidesof optimal length as well as having some length

preference(York et al. 2002) Ashas been suggested, what may occur is:

@A AAT AT AA AAOxAAT %w2!'0uv AT A -(# ) A O
(Reeves et al. 2013)

Considered in a systems context anas competing entities, the ERARfuler and

MHGtemplate ideas ceexist well. Here they becomgsimultaneously,both trivial
23

DADC



and crucial: neither the ERAPtruler or MHC-template are solely respongble
within the systemfor the peptides which are presentedBut as the length of a
peptide decreasesits off-rate for ruler-behaviour ERAP1 increases, aking it
more available forcompetitive MHCI. Converselypeptides poorly bound by MHC
due to unfavourable length or sequencare more accessible to ERAPUnlike an
in vitro situation, within antigen processing MHC | acts as a sink for optimal

peptides, trafficking them to the cell surface and away from ERAPL1.

MHC ER peptides ERAP1

Figure 10 - Overviewof concertedMHC | and ERAP1 peptide preferences. Optileagth peptides for
presentation(green)are bound by MHCWith low off-rateswhereas sukoptimal peptides(too long/short) are
ultimately degraded by ERAPQther factors such as peptide sequemreferenceand MHC | egresmake the

situation more complex in reality

This provides an explanation for thereported observations of ERAP1 trimming
MHGbound peptides suggesting these peptidesught not be thought of as
irreversibly attached to MHC I, bufas entities with on- and off-rates, which
indicate the extent to which theyare available to ERAP1They mighteven
perhaps undergo partial unbinding, where a free Merminus but bound G
terminus of a suboptimal peptide allows ERAP1 to approach anttim, since
stable complexeswith impaired N- or Gterminal binding have been reported in
the past(Bouvier and Wiley 1994). Whether or not this occurs, ERAP1 will still
act upon the pool of free peptidegEvnouchidou et al. 2008) and MHC still binds
strongly and protectively to the optimal peptide (Kanaseki et al. 2006)The
systemof peptide optimisation could work around which one binds a peptide

first and takes longer to release it. If this weraoit would be easy to seehat a
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suboptimal ERAP1 and MHC couleksult in the pathogenesis of those diseases
with strong ERAP1 and HLA genetic associations, such4&S or BelgA ©disease.

1.6 Aims and objectives of this research

The aims and objectives for the work laid ouin this thesis areto examinethe
peptide-MHC 1, and peptideERAP1 relationshipswith a view to understanding
how ERAP1 and MHC | shape the antigenic peptidepertoire. Firstly, this work
aims toinvestigate the structure and peptide binding of arartificial pMHC
construct by X-ray crystallography tolook at peptide Nterminal binding
interactions and whether the construct issuitable for assessingpMHCtrim ming
by ERAP1 Secondlythe characterisation of apeptide library by proton NMR
assignmentswill be presentedand the possibility of differentiating between
related peptides and amino acidexplored. Thirdly cell expression ofpeptides is
shown to provide a means of isotopdabelling the peptides As well adurthering
characterisation of peptides from the prota assignments, this aims to verify
proton assignments and provide scope for furtheexperimentation. Fourthly,
NMR is presented as an wrsual means formonitoring peptide trimming at
various stages of ERAP1 activifjto compare ERAP1 variantand to examine

how peptides are bound by ERAP1.
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2 Crystallisation of dtSCT mutants

2.1 Introduction

The concept of ERAP1 being able to direstmming of antigenic peptides with

an innate length and sequence spdicity has been examined ang¢hampioned by
numerous studieswhich have provided decisive and convincing evidencgy ork

et al. 2002; Chang et al. 2005; Evnhouchidou et al. 2008; Gandhi et al. 20MBIC
class | acting as a template to specify the peptide characteristics may originally
have been seen as a competing theory, bobservations of ERAP1rimming
peptides apparently bound to MHC | continu¢o emerge(Kanaseki et al. BP06;
Infantes et al. 2010; Reeves et al. 2013; Chen et al. 2016pw these

observations could arise is uncertain. It is known that the key anchor residues
for an antigenic peptide within the class | binding groove are theNaind G
terminal residues, akthough one of these alone may be enough for stability of the
complex(Bouvier and Wiley 1994). The interactions between the MHC | A pocket
and peptide Nterminal can be gleaned from examination of the wealth of crystal
structures. The effects ofndividual conserved residues within the A pocket is

not clear,and it is of interest to see whether removal of a single binding residue

can create a less tightly bound peptide terminal.

It has often been stated that ERAP1 appears to have innate length and sequence
preferences for substrate gptides and modelling indicates that the distance
between the catalytic site of ERAP1 and the binding groove of MHC class | is too
substantial for trimming of an MHCGbound peptide by ERAPXStratikos and

Stern 2013). Conversely, however, a publication by Chen et al exarad the
differential ERAP1/2 trimming of peptides bound to MHC versus free peptide
(Chen et al. 2016). This might suggest ERAP1 can compete with MHC | for

OA1T 01 A8 DPAPOEAAO O1 OEI OEA 1T POEI Al EET Al b
Strikingly, Reeves et alReeves 2013 observed ERAPL1 trimming of a single

chain form of MHC where the peptide was linked to MHC and held in thepocket
with a disulphide bridge. This finding suggests ERAP1 might be able to make a
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close approach to MHC I, contradictory to modelshich indicate implausibility
due to the size of ERAP(INguyen et al. 2011)

The singlechain trimer (SCT) version of MK | used by Reeves et al. (2013as
mentioned above is a concepdriginally used and described byLybarger et al.
2003). Their incorporation of anF pocketpeptide/heavy chain disulphide bridge
in addition to the flexible linker regions gives rise to a pMHC which is stabieith
a highlikelihood of the peptide region being bound within the peptide grooves
a consequence of thpeptide Gterminal disulphide trap. They are known as
disulphide trap single chain trimers, ordtSCT The increased stability opeptide
binding permits analysis of other structural alterations whichmight normally be
too unfavourable to work with. Alterations tothe A pocketof the binding groove,

where the peptide Nterminal binds, become feasible.
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Figure 11 - Disulphide trap single chain trimer cosiruct with peptide linker (PL) and 2m linker (BL)(in pink),
disulphide bondgyellow), peptide (turquoise), f 2m (orange) and H2K> (indigo). A) Diagram of constructs
showingnumberingwithin region/ subunit (top) or concurrent numbering within full protein sequence
including linkers (bottom). B) Side and top views of disulphide trap single chain trimer design with

approximate linker positions shown. With PDB 3P9L (solved by Denton et al. 2011).

Both SIINFEKL:H-2Kb:r 2m complexesand dtSCT ofH-2KP have beencrystallised
and published in the past(Denton et al. 2011; Mitaksov et al. 2007; Dam et al.
2003; Mareeva, Martinezhackert, and Sykulev 2008; Deng et al. 2008)
Mutations at other binding pockets havelsobeen published, but there are no
known publications of A pocket mutations intended to examine the contributions

of individual residues to Nterminal peptide binding.
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A pocket of peptide binding cleft

Three conserved esidues in the Apocket of H2KP are E63, K66 and W167. E63

and K66 have direct hydrogerbonding contact to the peptide Nterminal (Figure

31) and are thought to be crucial binding contacts for this reason. W167 forms

no direct contact with the peptide N-terminal but is a large, steric and

hydrophobic conserved residue above the A pocket which shows conservation

(Matsumura et al. 1992; Achour et al. 2002)rhe structural effect of mutating

these residues was unknown. Also unknown was theffect that removing these

contacts with the peptide would have on the ability of ERAP1 to degrade the

bound peptide. To assess the structural impact of mutating these residues, three

i OOAT OO0 j woo!h +oo! Alwild-typgde3(tdBECwé@e x Al 1 AO

expressed, purified and crystallised for generation of crystal structures.
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2.1.1 X-ray crystallography as a tool for structural biologists

2.1.1.1 History and use in biology

The basis for diffraction (of neutrons, electrons or Xays) crystallography is
fundamentally simple: that a beam passing through a mutatom molecule will
result in diffraction, that an ordered crystalline repeat of the same molecule can
give a strong and recordable diffraction, and that the structure of the molecule

can be c#culated from the diffraction pattern.

This procedure is very simple for the crystal of an uncomplicated molecule. Salt
molecules and anything with a small number of atoms will produce a handful of
spots in a diffraction pattern. For biological moleculesuch as DNA and proteins,
the challenges are markedly larger. The enormous number of atoms present in
even a small protein will result in a huge number of diffraction spots which
cannot be directly related to a protein structure without a large amount of
computation. Addition ally, biological molecules require careful handling. They
operate under physiological conditions for the organism from which they were
taken. Many are therefore extremely susceptible to changes in pH, temperature
and salt concentration,and any move too far from optimal conditions can cause a
protein to unfold, lose secondary structure, and aggregate. Further challenges
are caused by flexible loop regions which do not readily crystallise, hydrophobic
membrane proteins and cecrystallisation of multimeric binding partners.

Despite these challenges the progress of biological crystallography has continued
with an increasingly sophisticated range of techniques used to grow, diffract and

solve these crystal§fRhodes 201Q.

Although Xrays, neutrons and electrons are all used for crystallographic
diffraction, X-ray crystallography is the most widely used technique. The
usefulness of Xrays for this stems from their wavelengths being smaller than the
atoms and bond lenghs present in a molecule. Bond lengths present will be in

the region of 1.5A which requires electromagnetic radiation of a wavelength
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<1.5A, and Xrays fall between 0.£100 A, making high energy Xays perfectly
suited for crystallography (Rhodes 2010)

2.1.12 Fromprotein to diffraction data

Crystallisinga protein

There are many macromolecules which biological-¥ay crystallography can help
in solving the structure of, but this explanation willfocussolely on soluble
protein crystals, for which the techniques are well established and different to

those of (for exanple) a membrane protein.

The optimal conditions for crystallization of a protein depends on the nature of
the protein itself. How hydrophobic it is and whether it has disordered regions
which do not form ordered crystals easily will change the required aaditions
and readiness of crystal formation. How likely it is that a protein will be
denatured by a specific salt concentration or temperature depends on the
stability of the protein. Screens are therefore constructed to find the optimum
conditions adequae to nucleate ordered crystals without causing disorderly
precipitation. Variable conditions include protein concentration, pH,
temperature, and concentration of precipitant. These are set up as muitrell
screens which is a rapid way of testing a range obnditions for the same

protein.

A widely used technique for crystallisation is sitting drop plates. This method
somewhat simplifies the optimisation process by using plates with differing
protein concentrations in each micrewell. The purified protein solution is mixed
with reservoir solution (comprised of buffer, precipitant and salt) in three
different ratios, which are placed adjacent to the 4@ reservoir and the plate is
then sealed. The sitting drop method enables computer automation for well
filling which gives the advantage of accurately and swiftly dispensing a large

number of very small volumes but requires a cover is applied rapidly given that
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the first wells to be filled will have had exposure to air by the time the final wells
are filled. The much higher reservoir precipitant concentration drives diffusion
of water vapour from the wells to the reservoir until an equilibrium is reached
and crystals begin to nucleate. A metastable state of supersaturation occurs
when despite being at a concenation high enough for precipitation, some
proteins still remain in solution. The formation of a crystal allows the
equilibrium to be reached again(Mcpherson 2004). The process allows proteins

to come out of solution slowly and precipitaten an ordered crystal.

Figure 13 - Cryoprotectedcrystal within aloop (seenbelow crosshairiil ACA AOOET 060 1 x1 Q8

Cryoprotection of protein crystals

Cryo-protection is a crucial part of protein crystallography but occurs ira very
small space of time, when a crystallographer transfers a mixture of glycerol and
the mother liquor to a crystalcontaining drop before fishing the crystal and
rapidly transferring it to liquid nitrogen. The conditions of the crystallising drop
change as soon as the well is opened, and a skilled crystallographer who acts
quickly can significantly improve the chances of obtaining good data. Glycerol
favours disordered solidification of water and thus is used to prevent the

disruption caused to the cngtal structure when water forms a lattice as it freezes
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and expands within channelg§Garman 1999) In addition to destruction of the
AOUOOAI h OEA i Oi AGETT 1T &£ EAA AAT Al Ol
image, posing difficulties. Freezing the crystals this way ensures the crystals are
preserved bythe low temperature (around 100 K) and can be stored for a longer

N~ z A N

the same loop, lowering the chance of damage (sEgure 13).

Figure 14 - Diffraction image froma crystal. Multiple similar images are recorded at different rotations of the

crystalOi i AOAET A AOI 1 AAOAOAO8 )i ACA AGOETI 080 i xi Qs

Data collection

It is important to be able to grow the best possible quality of crystal and cryo
protect effectively. The optimalprotein would be sufficiently large and welt

ordered to produce high quality diffraction data when subjected to Xay. A large
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number of planes in a crystal give rise to constructive interference, enhancing
the diffraction data, which can be shown withBrg C6 O 1 Ax g,

¢l ¢ ORI

Where n is an integergds the wavelength of the xray, d is the distance between
planes in the lattice andd is the angle of scattering for the diffracted wavésee

Figure 15). Waves emerging from the lattice in phase will undergo constructive
interference and produce a spot on the image, and this allows for calculation of

the electron densitywhen the phase probém (see below) has been overcome

Figure 15 - Constructive interference of-¥ay diffraction in a crystal lattice according to Bragg's Lavimage

from www.microscopy.ethz.ch/bragg.htnfKrumeich 2015)

The Xrays diffract between the atoms and are scattered in a diffraction pattern

which is recorded on a CCD detector. Because the protein is a thidimensional

molecule the diffracted Xrays are present in a reciprocal 3D space which is

viewed by moving the crystal within the Xray beam and capturing multiple

images on the CCD detectorhe nature of diffraction through a complexmulti -
atommoleculemeansOEA OOAAI ODPAAAG Al 1T OAET ET ¢ OEA
identically by the reciprocal space, and consequently data processing is required

to work back to the electron density which diffracted the Xays originally

(Rhodes 2010)
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2.1.1.3 A structure model from diffraction data

The phase problem

The course of the Xay beam through the crystal results in the reflections on the
detector. In order to createan electron map from rawdata, thedata must be
Fourier transformed, which describes the process of diffractiorby breaking a
complex (X-ray) wave into the constituent waves it is comprised @ (Rhodes
2010). The waves analysel are three-dimensional with x-, y- and zaxis
frequencies and are described by the Fourier sumin order to decompose these
waves with Fourier transformation, the wave amplitude, frequency and phase
are required. The difficulty for the crystallographer stems from the fact that, to
interpret the reflections, the path thatwaves took through the structure must be
known, but this cannot be known without using the reflections to solve the
structure. This is referred to as the phase problem; of the three properties of the
wave, only amplitude and frequency can be immediately ekermined from the

reflection intensity and position.

The phases of the Xay photons hitting the CCD are not detected or recorded by
the CCD, but destructive interference of oubf-phase photons can cause loss of
data and this must be understood for intepretation of the diffraction pattern.

It is possibleto generate a Patterson map from the raw data, whidk Fourier
transformation of squared, unphased amplitudes of the reflectionRhodes
2010). This does not produce an elecbn map, but a map of vectors between
atoms. The vector map containshe same dimensions as the real unit cellut is
otherwise insufficient alone to solve the structure; it can be combined with
heavyatoms introduced to the crystal because a crystal ofiagle heavy atoms is
simpler than alarge, complex crystal of many atomgf heavy atoms are not used,
then, where possiblemolecular replacementcansolve the phase problem,
relying on the evergrowing number of comparable protein models available to
use. Molecular replacement uses a phasing model, which is a known protein

structure related to the unsolved protein. Usually sequence homology gives
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indication of whether the two proteins will likely have structural similarity.

When the phasing model is fond, its reverse Fourier transform can be
calculated and fitted against the data. The added complexity to this originates
from the low chances of the phasing model having an identical orientation and
unit cell (nonisomorphous phasing). The diffraction dataeveals the unit cell of
the crystal and aided by this the orientation of the protein is determined. A
rotation function is used to compare orientations between the model and the
targetd O 0 A O O ATd&dutput df thi®is given by the log file from Matp,
where the comparison between data at different orientations is given in a scored

table, and the bestmatching orientation is used for the phases.

Refinement and model building

The output file from Molrep with the solved initial phases is used for mael
building and refinement of the experimental structure. The atomic positions
from the phasing model have provided phases, structure facto(a function for
the phase and amplitude of waves diffracted through the planes of the crystal)
and an approximate structure for model building. Using this phasing model has
potential for introducing bias, and it is important during model building and
refinement to correct problems with the structure as they arise to prevent bias
from incorrect phase determination. Two complementary quality values are
calculated during each round of refinement. The residual factor (often referred
to as Rwork) is determined to show how much agreement there is between
observed (initial data) and calculated (newly modded) structure factor
amplitudes. Lower sums denote greater agreement between the two. The free R
factor is used in conjunction with the R factor. This is determined with a test set
of intensities which are never used during refinement rounds. An ideal fad

model will have low Rvork and Rree values which show little divergence.

Refinement is a continuation from molecular replacement and improves upon

the initial phases. A difference map mFR®Fc is determined, using the

observations (k, or Fobs) and calailated structure factors (R, or Fac). The term

O inteand AE C O O Awhicacdovht® 6r@hE phase qualityand0$ 6 AAT T OAO
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O3 E€i A AE CE O mvhidh is Adghtidd odtBe structure factors to better
account for error (Read 1986; Adams et al. 2012)This results in a map with
positive and negative contours which gives a clear indicatioof missing and
incorrect parts of the model. Perhaps more useful is the 2mHoFc map also
created during refinement. This is the map commonly depicted as blue mesh and
used primarily for model building, as it gives an indication of electron density.
Improvement of structure factors by building the model according to the 2mFo
DFc and mFeDFc maps leads to improvement of maps, which is why repeat
rounds of refinement and model building are carried out alternatelf{(Rhodes
2010).
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The process of model building requires balancketween fitting a structure
within the electron density and optimising the geometry of the structure,
keeping bond angles and lengths within acceptable parameters. This is most
easily done with high resolution data which is unambiguous enough to justify
abnormal sidechain conformations or less likely dihedral backbone angles, but
which will obviously show, for the majority of a structure, geometries considered
probable. A key marker for the quality of a structure is how it compares with all
other published crystallographic models for R values and Ramachandran plot
outliers, and this comparison forms part of the process of validating and
depositing a structure in the worldwide Protein Data BanKH. Berman, Henrick,
and Nakamura 2003)
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2.2 Methods

2.2.1 Expression and purification of dtSCTs

Expression, refolding and purification of W167A was carried out under the
supervision of Dr Leon Douglas. Expression, refolding and pfication of SL8
SCT, E63A and K66A were carried out by Dr Leon Douglas and Dr Halina
Mikolajek.

2.2.1.1 Expression i&. coli

Glycerol stocks oE. coliBL21 RIPL cells transformed withplasmids containing
the dtSCT insertwere obtained from Dr Leon Daglas.LB media (lysogeny broth,
Sigma Aldrich) was autoclavedSelection antibiotics were added to this LB broth
ampicillin to 100 pg/ml, kanamycin to 50 pg/ml,chloramphenicol to 34 pg/ml,

and streptomycin to18.5 pug/ml. The dycerol cell stock was added

Sreptomycin to 75 ug/ml was added to autoclaved LB brothwWell-isolated
colonies werepicked from agar plates and used to inoculaté ml

LB/ streptomycin media. The media was cultured for4-6 hoursat 37°C in a
shaking incubator.A highly turbid culture was selectedand 100 pl added to
100ml LB media.4 x 480ml LB/streptomycin mediain 2L baffled flaskswas

prewarmed overnight to 37 °C.

The prewarmed media was inoculated with 20ml of overnight culture The
inoculated media waggrown at 37 °Cin in a shaking incubatorat 200 rpm. When
the culture reached an optical densityabsorbance valueof 0.8z 1 (at around 1 %2
hours) protein expression was inducedby addition of IPTG} E OT P @i-1D U |
thiogalactopyranoside)to 1mM. After a tirther 3 % hours,the cells were
extracted by centrifugationat 6000 rpm, 4°Cfor 10 minutes. The used media was

discarded and the cell pellestored at-20 °C before purification.
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2.2.1.2 Inclusion body purification

The frozen cell pellet was kept once and 5 ml of BugBuster (obtained from
_AOAEQ xAO AAARA PARAO p C EAOOAOOAA AAIl DA
I UOT UUT A jprnnm E57i 1 OOT AEQh vuvm (2 $. AOGA )
(1M stock). The pellet was resuspended by thorough homogermison in a glass

homogeniser, then incubated on rollers at 4 °C for 30 minutes. 10 mM DTT was

added to the mixture before incubation on rollers, 4 °C, 10 minutes. The mixture

was centrifuged at 15 000 rpm, 15 minutes, 4C and the supernatant removed.

The pellet was resuspended in 5 ml per g BugBuster with the same
concentrations of lysozyme, DNase | and DTT given above and resuspended
before incubation 30 minutes, 4 °C. The mixture was centrifuged at 15 000 rpm,

15 minutes, 4°C and the supernatant reroved.

The pellet was resuspended in 5 ml per g 1/10 diluted BugBuster and
resuspended. The mixture was centrifuged at 18 000 rpm, 15 minutes,”@ and
the supernatant removed. This step was repeated. The pellet was stored

overnight at -20 °C before resolbilisation and refolding.

2.2.1.3 Protein refolding

Pelleted purified inclusion bodies were resolubilised with 15 ml resolubilisation
buffer.

Resolubilisation buffer:
8M urea
500 mM MES (pH 6.5)
0.1 mM EDTA (from 500 mM stock)
1 mM DTT (from 1M stock)
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They were thenincubated at 4 °C for >1 hour. This was then centrifuged at 18
000 rpm for 20 minutes at 4 °C. Supernatant was removed and filtered with
m8T v t [LL rekid bdifdr@as preparedlike so:

Refold buffer:
100 mM Tris-HCI (pH 8)
400 mM L-arginine
2 mM EDTA
5 mM reduced glutathione

0.5 mM oxidised glutathione

Three additions of resolubilised protein were made to the gently stirred refold
buffer at 4 °C. These additions weraseparated by 16 and then 6 %2 hours, ta
final maximum concentraton of p 1 tesolubilised inclusion body protein. The

refold was stirred at 4°C overnight.

2.2.1.4 Purification of folded protein

AEA OAEI 1 AAA POI OAET xAO AAT OOEAZAEOCAA
remove precipitate beforeconcentration in a stirred Amicon filter. The his
tagged protein was purified by size exclusion chromatography ide-gassed
phosphate buffered saling(from tablet form, Sigma Aldrich) on aHiLoad
Superdex 75 pg 16/600column (GE Healthcare)Nickel column purification
followed this, with a 20 mM Tris (pH 8) + 300 mM NacCl buffer run over the
HisTrap excel 1ml Ni sepharose column (GE Healthcaregfore elution with the
same buffer + 250 mM imidazoleAnother gel filtration size exclusion
chromatography was performedon anHiLoad Superdex 75 pg 16/600columnin
tris -buffered saline 20 mM Tris (pH 8) + 25 mM NaQl The protein was then
purified by anion exchange purification with al ml HiTrap Q HP column(GE
Healthcare)in the same buffer 0 mM Tris (pH 8) + 25 mM NaGlbefore elution
with a high-salt buffer (20 mM Tris (pH 8) + 1M NaQgl Afinal size exclusion

chromatography step was performedon the HiLoad Superdex colummo buffer
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exchange the sample into HEPE®ntaining crystal trial protein buffer for

crystal trials:

Crystal trial HEPES buffer:
20 mM HEPES (pH 7.45)
200 mM KCI
0.5 % v/v glycerol
~0.1% w/v Sodium azide
This was made up to 1L, and filtered and dgassed before use on the gel

filtration column.

2.2.15 SDSPAGHor protein expression and purification analysis

12% SDS polyacrylamide gels were cast in BRad 0.75 mm miniPROTEAN

plates.A gel buffer for the SDS stacking and running gels was made:

Gel buffer:
SDS (0.3%)
Tris (3M), pH 8.45

The running gel was mixed to the following recipe:

12% SDS running gel:
3.33 ml 30% bis acrylamide (37.5:1)
3.33 ml dH20
3.33 ml gel buffer:
pTt t1 4% %$

AEEO xAO 1 E@GAA AAAI OA uvm 1 AiTTTEOI BPAOOO
added. After rapid and thorough mixing, the mixture was distributed between 3

sets of casting plates. Isopropanol was added on top to a few millimetres and the
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gels were left for ~30 minutes to set. The isopropanol was removed by blotting

with filter paper.

A stacking gel was then made to create wells in the polyacrylamide gels. This was

mixed to the following recipe:

Stacking gel:
pomnm t1 omb AEO AAOUI ATl EAA jox8udgpQ
2.9 ml dH20

1.24 mlgel buffer:
pTt t 1 4% %$

AEEO xAO I E@AA AAZAEI OA ¢u t1 AiiTTTEOI BPAOOO
added. The stacking gel mixture was then rapidly and thoroughly mixed again,
before being distributed atop the cast running gels. Well combs were inserted

(usually 10 wells) and the gels left to set for another 30 minutes.

To prepare samples for running on a gel the samples were mixed wiample

running buffer.

4x Sample buffer:
200 mM Tris-HCI (pH 6.8)
8% w/v SDS
0.8% v/v bromophenol blue
40% vlv glycerol
Tt i-mercgptoethanol
ddH20 to 10 ml
47 AEAAE AEsEEAAAU T £ ETAI OOEIT AT AU A@DPOAO
and postinduction were centrifuged at 13000 rpm in a benchtop Eppendorf
AAT OOEAOCA &£ O EFEOA 1 ET1 OOAO8 4EA OOPAOT AOA

buffer was used to resuspad the pellet. The sample was heated at 95 °C in a heat
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ATTAE A O pn I ET OOAO8 u t IPAGEPOteiE] OAOOAA Oi

marker (ThermoFisher Spectra Multicolor Broad Range Protein Laddgwas

added to the first well. SDS gels were also used teck the protein at each stage

of purification. These samples were mixed with the 4x sample buffer and loaded

i1 OEA CAI R xEOE pu t1 11AAAA £ O xAAE

samples.

The gels were run in a BieRad mintPROTEAN tank accordyg to the

i AT OEAAODOADOBO ET OOOBOAOEIT T 08 4EA AT 1T AA

cathode buffer was made to the following recipe:

Cathode buffer:
100 mM Tris (pH 8.2)
100 mM Tricine
0.1% SDS

2.2.2 Crystallisation and data collection

The mutants were crystallised at room temperature with three well sitting-drop
OAPT 60 AEAEEOOEIT T8 41 AOUOOAI T EOA %eo! h
screens(Bulek et al. 2012)were used (see Appendices). These screens had been
successfully used by Dr Halina Mikolajek to crystallise SEBCT. The crystal

were grown at pH 66.5.

Data was collected at the Diamond Light Source at the 103 beamline (with a
Dectris Pilatus3 S 6M detector) for SL&CT, 124 beamline (with a Dectris
Pilatus3 S 6M detector) for E63A and K66A, and 104 beamline (with a Dectris
Pilatus 6M-F detector) for W167A.

2.2.3 Data handling and model building

All data handling for SL8SCT was carried out by Dr Halina Mikolajek.
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Data handling, scaling and reduction were performed with the Xia2 software
suite (Winter 2010) with Aimless (Evans and Murshudov 2013)

2.2.3.1Molecular replacement

Molrep (Vagin and Teplyakov 1997)was used for molecular replacement with
published dtSCT structure PDB ID:2QRMitaksov et al. 2007)as the phasing

model.

2.2.3.2Refinement and model building

Refinement and model building was carried out with the help of Dr Mikolajek,

who executed most of the model building and refinement for SE8CT.

Structures were refined with Phenix(Adams et al. 2Q0) using default
parameters. For the final rounds of refinement with model E63A bond length
errors were corrected by optimised Xray/stereochemistry weighting automated

function. Model building was carried out in Coo{Paul Emsley and Cowtan 2004)

2.24 Solved model analysis

2.2.4.1Structure validation

The models were validated throughout model building with integrated validation
features in COOT (Ramachandran plots, geometry checks, electron density fit
analysis and others)(P Emsley et al. 2010) Additionally the stringent wwPDB
web validation tool (H. Berman, Henrick, and Nakamura 2003)as used at the
end of model building and refinement to check the plausibility of the final model.
Where this highlighted issues such as problematic bond lengths the meld were
returned to Coot and Phenix for further correctional model building and

refinement until the wwPDB structural probability requirements were satisfied.
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2.2.4.2Hydrogen bonding analysis
O/ POETI A1 8 AT A O01T OAT OEAIT & iedxdtkeingidbgen AT 1T AET C

free structures using the WHAT IF web interface too(slooft, Sander, and Vriend
1996; Hekkelman et al. 2010)
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2.3 Results

2.3.1 Expression and purification of dtSCT mutants

Expression of dtSCTs as inclusion bodies yielded a clear inducible protein which
was evident on an expression gel (sefeigure 17). Purification of the inclusion
bodies showed little carry-over of dtSCT to the wash supernatant, and a strong

band on the gel for the purifiedinclusion bodies (seeFigure 18).
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Figure 17 - 12% SDSPAGE of W167A inclusion body overexpression. From four flasks, showanutepost
induction. The inclusion body expression band can be seen near the 5@nltkeer in postinduction samples
(arrow) . Protein marker weights (kDa) shown to left (arker: ThermoFisher Spectra Multicolor Broad Range
Protein Ladde).
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Figure 18 - SDSPAGE of purified W167A inclusion bodies. Lanes are: 1, protein marker; 2, expressed unpurified
sample; 3, purificatiorsupernatant I; 4, purificdion supernatant Il; 5, purification supernatant Ill; 6, 2.5 pl of
purified inclusion bodies; 7, 5 pl purified inclusion bodi€sotein marker weights (kDa) shown to left (marker:

ThermoFisher Spectra Multicolor Broad Range Protein Ladder).
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Initial purifi cation of dtSCTs was carried ouby size-exclusion chromatography
to remove impurities. A clear peak was seen for the ptein in the gel filtration

trace, along with neighbouring impurity peaks.
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Figure 19 - Size exclusion chromatography of dtSCT W167A. Absorbance at 280 nm (blue) shows a large peak

for the protein of interest. A black box indicates the pooled fractions which were used fetadipurification.

The Histag was used to selectively purify tle tagged proteinfrom the pooled
size exclusion chromatography fractionsA trace for W167Anickel purification
can be seen irFigure 20. Despite lower impurity levels due to the size exclusion
step, some impurity bandsare visible on the gel.The gel also shows some of the
protein of interest within the flow -through, therefore some of the protein was
lost from only partial samplebinding to the column. Nonetheless th@ooled

fractions showed strong bands on the gel for W167/~igure 20).
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Figure 20 - Ni-column purification of W167AAbove, the purification trace, with a black box around the pooled
fractions of the280 nm peak. Belovan SDSPAGE of the flow through and collected fractigrshowing a high
concentration of W167A (indicated by arrowhifractions 811 but additional impurity peaksProtein marker

weights (kDa) shown to left (marker: ThermoFisher Spectra Multicolor Broad Range Protein Ladder).

Further purification by anion exchangechromatographyyielded ashouldered

peak with a good dgree of purity seen in the SD®AGE of fractiongFigure 21).
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Figure 21 - Anion exchange purification of W167A with trace and expanded vigop) and SDSFPAGE (below).
Few impurity peaks are seen at the 280 rahsorbance (blue) in the tracesnd the SDSAGE similarly shows
a large quantity of pure W167A (arrow)n collected fractionsProtein marker weights (kDa) shown to left of

gel (marker. ThermoFisher Spectra Multicolor Broad Range Protein Ladder).
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2.3.2 Crystallisationand Xray dataof dtSCTmutants

All four constructs were of sufficient stability to form crystals under nucleating

conditions. Oystal trials conducted usingthe TOPS 04 #2 7T DH- (# | POEI EUAA
001 OAET A OUOO Sstrder(BLEIOE . P0123aA2D AChidId@d]

crystals within weeks. The successful crystallisatiorconditions for each

structure can be found inTable 3. Crystals were approximately 200 x 100 x 100

um in size and diffracted to1.9-2.4 A resolution (Table 3)

Figure 22 - Crystal of W167A grown with sitting drop vapour diffusion at pH 6.5

Indexing provided unit cell dimensionsand a monoclinic P21 space group(Table
2). This matchesthe space groups ofitSCT structurespublished by Mitaksov et
al. (2007).
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Penalty Lattice a b c 1 r r Bravais Possible space groups
0 44 -1 0 O -1 O 0 aP P1
0 31 0 0 1 0 0 aP P1
0 34 0 0 0 0 1 0 mP P121, P121
8.8 39 0 0 0 1 0 0 mC C1l1l21
8.8 29 -2 0 O -1 O 0 mC C1l1l21
8.8 38 2 0 0 1 0 0 oC C222, C22:2
14.3 33 0 0 0 0 1 0 mP P121, P121
23.1 37 0 0 0 1 0 0 mC C1l121
23.1 28 -2 0 O -1 O 0 mC C1l121
23.1 36 2 0 0 1 0 0 oC C222, C22:2

Table2 - Penalty table for space group indexing.

2.3.3 Refinement and model building

Electron density wasclear for unambiguous main and side chain placement in all
structured regions of the protein. Theflexible linker regions residues 120144,
which was not present in 2QRI, and 123 which was present in 2QRI did not
have sufficient electron density Also missing was the @erminal tail of H-2KbP

from residue 419 of the constructSide chain conformations of the relevant
peptide N-terminal and A pocket were readily apparent in the electron density
maps. For W167A, of superior resolutionalternative conformations were visible
for some side chains. This includedi4P of the peptide.Electron density at
mutation sitesclearly showed the mutationswith negative regions in themFo-
DFc mapsfor the large side chainsn the structure model prior to the residue
beingswitchedto alanine4 EEO xAO 11 0 OAAT Aid-typddA OA
SL8SCT structure.
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Figure 23 - Electron density of 2mF®Fc and difference mFDFc mapswith built structure before (top) and

after (bottom) mutation to correct residues.

Structures were solved with a low number of Ramachandran outliers and
sufficiently good geometry for them to be submitted to the ProteiData Bank(H.

M. Berman et al. 2000)The number of water molecules is showin Table 3.
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Table3 - Data collection and refinemet statistics for the four dtSCTs.

SL8SCT E63A K66A W167A
Space group P21 P 21 P21 P21
Unit cell
a, b, c(A) 66.65, 67.13, 66.43, 66.43,
90.08, 90.19, 89.32, 89.64,
89.33, 89.45, 89.40, 89.45,
Ubo ( A) 90.00, 90.00, 90.00, 90.00,
111.23, 111.22, 111.24, 111.24,
90.00 90.00 90.00 90.00
Upper resolution limit (A) 2.27 2.40 2.05 1.9
Lower resolution limit (A) 90.08 42.52 39.36 61.51
Multiplicity 2.8 3.8 3.8 7.5
Completeness (%) 98.6 97.9 98.2 99.8
R-merge (%) 7.7 10.3 7.4 7.0
Mean (I)/sd (1) 98(20) 116(2.1) 99(24) 13.8(2.8)
Reflections 44965 38114 59972 76876
R-factor 0.199 0.198 0.204 0.188
R-free 0.250 0.259 0.241 0.239
Crystallisation conditions PEG 4K Am.
Am. sulphate
Am. (25% wiv), sulphate 0.2M)
sulphate Glycerol (0.2M), 7
PEG 8K
PEG 8K, (15% viv), PEG 8K
(22.5% wiv)
Sod. Sod. (25% wiv), o
bis-tris
cacodylate  cacodylate Sod.
(0.1M),
pH 6 (0.1M), cacodylate
pH 6.5
pH6.5  (0.1M),pH 6
B-factor average, all atoms
38.0 38.0 35.0 38.0
(A?)
[0}
N°. water molecules 419 369 462 796
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Peptide region E63 K66 W167
Peptide linker B,m linker

H-2KP Heavy chain

60
30

o ——Chain A

7, m—= Chain B
60

50

2 KB66A

30

1 11 21 31 41 51 61 71 81 91101111121131141151161171181191201211221231241251261271281291301311321331341351361371381391401411421

Average B value

Residue number (as in construct)

Figure 25 z Plot of overall(main and side chainB-factor for eachresidue in thecrystal structures with
constructschematicabove Consistency between chains and mutants indicates littlerease in mobilityas a

result of mutations.

2.3.4 Sructures of dtSCT mutants

The structures are similar to those published by Mitaksov edl. (2007) such &
2QRT, which is also dtSCTform of SIINFEKL and F2Kb with the peptide region
Cterminal constrained by a disulphide bond to prevent exit of the peptide.
Unlike those structuresthe structures presented here containA pocket
mutations and are the firststructures to our knowledge to do soThis is a unique
approach to modulating ahypothetical interaction between ERAP1 and MHC. It
also informs on how theN-terminal is held within the A pocketand the specific

interactions which create thispart of the binding site.
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The dtSCB are as previously describedy Mitaksov et al. (2007). The complex
has al5 residue chainlinking the Gterminus of the ovalbumin-derived
SIINFEKL peptide to humang 2m anda 20 residuechain connecting the €
terminal of r 2m to the start of the heavy chain sequence at the base of the
binding groove.In addition a Y84C mutation and a cysteine giosition 2 in the
peptide- 1 2m linker (position 10 in the construct) provided a disulphide bond

between the binding grooveF pocketand the Gterminal of the peptide.

Unlike the dtSCT structures published by Mitaksov et g2007), the first linker
region was not includedin the structure model due to ambiguouslectron
density and difficulty placing the backbone chain within itThe areas flanking
this linker have high Bfactors (Figure 25) which is expected because itis a
flexible region. The second linker regiorwas also not resolved in the electron
density, and not modelled as is the case for the Mitaksov et @d007) dtSCT
structures. This flexibility indicated by this lack of clearplacement in the
electron density suggests the protein is not being constrained beyond normal

parameters by these linkers.

2.3.5 Similarity of dtSCTs tei-2K° complexes

A pocketmutant structures showed overall structural similarity to the wild -type
complex of heavy chainy 2m and peptide(seeFigure 26). All four structures
have ar 2m region with an identical structure to wild -type human  2m comprised
of sixantiparallel beta strands in groups of three forming two betalseet faces.
The | 3 region of the H2KP heavy chain similarly has seven antiparallel beta
sheets and a small helical turn from residues 25256 which are seen in our
structures. The binding groove had similar structure to thewild -type with the
base of seven anparallel beta strands and the| 1 and 2 helices on eitler side of

the binding groove.
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Figure 26 z Overall strucures of dtSCT mutants asthibon cartoon shown within transparent surface
representation.Ribbons coloured by averagefBctor. For comparisor3P9L complexsolved by Denton et al.

2011) is shownabovewith peptide,r 2m and H2Kb indicated.Figure created in UCSF Chimera.
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Within the binding groove ofall four constructs the peptide backbone adopted
the placement seen in published structures foH-2Kb complexed with SIINFEKL,
such as 3P9l(seeFigure27).& 1 O wid=tfpeddD 3SCTpinding of the peptide
conformed to complexed trimeric peptide:H2Kb:y 2m. For all constructs peptide
12, 13, F5 and L8 side chains were angled towards the betaheets at the base of
the binding groove whereas\4, E6 andK7 pointed outwards. At the Gterminus,
Y84C in the heavy chain replaced-t@rminal interactions with the stable
disulphide bond. There was little apparent difference in the more rigid parts of
the protein with overall structures being similar (Figure26)8 # ) 2-33%$0 1 £ OE-Z
heavy chain region of the dtSCTs against ar2K? complex with SL8 (3P9L)
were between 0.572 and 0.634 A (se€able4).

Figure 27 z Position of bound SIINFEKL peptide within the peptide binding groove for different structurep:
aerial view. BottomsideOE A x  EOT (removed fdE diality. Beptide backbones and side chains show

little variation despite presence/absence of linkers and mutatioB®9L solvedy Denton et al. (2011 )igure
created in UCSF Chimera.
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Table4 z Calculated alpha carbn RMSDs for dtSCTs and related structuRT(Mitaksov et al. 2007)is a

dtSCT (identical in sequence to SBET) and 3P9(Denton et al. 2011)is a SL8/H2KPF pm complex

CcU RMSDs

2QRT (whole construct, 388 residues)
20QRT (peptide region, 8 residues)

20QRT (heavy chain region, 276 residues)
3P9L (heavy chain region, 298 residues)
3PI9L (peptide region, 8 residues)

SL8-SCT (whole construct, 388 residues)
SL8-SCT (heavy chain region, 276 residues)
SL8-SCT (peptide region, 8 residues)

SL8-SCT
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bet ween

0.425
0.317
0.439
0.634
0.175

E63A
0.484
0.359
0.493
0.572
0.297
0.464
0.436
0.246

structures (i)

K66A
0.336
0.245
0.343
0.601
0.205
0.335
0.329
0.224

W167A
0.401
0.236
0.414
0.612
0.310
0.373
0.346
0.214



2.4 Structure analysis and discussion

2.4.1 Effect of mutations on the~ pocket

Introduction of a disulphide trap between theF pocketand peptide Gterminus is
a strategy which has been used previously for single chain trimers as a means of
preventing peptide escape and contbuting to structural stability (Mitaksov et

al. 2007). A Y84C mutation and the inclusion of a cysteine in the peptigem
linker enables formation of a stabilizing cysteine bondFigure 28). Investigations
of this mutation have shown that it increases stability of the peptideegion
binding and prevents binding groove entry by competitive peptidegTruscott et
al. 2007). Addition of the peptider 2m linker and disulphide trap were reported
not to have any major structural impacts. The first glycine of the peptidgam
linker (G9r) was reported to replace a peptide @erminal oxygen with its amide
nitrogen in the same position and conserved water molecules the F pocket
were retained (Mitaksov et al. 2007) The authors also described aadditional
hydrogen bond between the peptider m linker N-terminal glycine and K146,
which usually forms a hydrogen bond with 84 in the wild -type structure and a
new F pocketwater molecule exhbiting hydrogen bonds with T80 and Q0.
They therefore asserted that in addition to electron density around the
disulphide bond they observed other interactions which could be contributing to
a stabilizedF pocketbinding (Mitaksov et al. 2007)

In order to assess contribution of the disulphide bond to stable peptide binding,
Mitaksov etal. used N15 T cell hybridoma activation to determine the ability of
the complex to resist competition from binding by VSV8 peptidéa peptidefrom
vesicular stomatitis viral nuclear capsid protein with peptide sequence
RGYVYQQL This indicated that dt&T was 10 times more resistant to VSV8
binding than wild -type KP, whereas the SCT without a disulphide trap was 1000
times moreresistant to VSV8 Additionally, their thermal stability assays with CD
spectroscopy gave the denaturation temperature of 49.58C for dtSCT andhe

lower temperature of 44.16 °C for a SCT without a disulphide trap.
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Figure 28 - 'Cterminal' placement of peptideegionin binding groove F pocket, showing disulphide trap

(yellow) with Y84C mutationFigure created in UCSF Chimera.

The shape of the F pocket region appeared slightly affected by inclusion of the C
terminal cysteine clamp when compared to an unmutated compk PDB ID 3P9L

(Figure 29). The RMSD difference between the SISCT structure and FH2KP of

the 3P9L structure of complexed FRKbh 3 ) ) . & %+, A WaS 0.63DOET A
(seeTable4).
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There was less difference irthe F pocket between the three point mutants
reported here and the similar disulphide trap structure crystallised and reported

by Mitaksov et al.

Figure 29 - F pocketof 3PIL (blue) with SLECT as transparent overlay. Differees to side chains are shown,
notably K146 and the mutated Y84BP9L solved by Denton et al. (2011).

2.4.2 Binding ofPeptideN-terminal

2.4.2.1 Hydrogen bonding

Hydrogen bonding is gphenomenon which has been known of for aubstantial
length oftime but has slightly changed in definition over the yearsl'he dassical
explanationfor it is that disparities in electronegativity between, for examplea
covalently bondedoxygen and hydrogn will lead to the electron-withdrawing
oxygen holding a negative dipole, and a positive dipole for hydrogen. ThetD
bond is therefore polar. This polarity makes it possible for the oxygen to attract a
positive dipole hydrogen on a neighbouring moleculand the hydrogen to

interact with a negative dipole atom. Although weaker in most cases than

covalent bonds they are usually much stronger With dissociation energy of 35
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kcal/mol for classical Hbonding) than Van der Waals interactionsleading them
to be referred to as bonds themselvesNonetheless they vary enormously in
strength, length and bond angle. This geometric flexibility allows a single
hydrogen to form one, two or three hydrogen bonds (multifurcation) which is
often observed in protein structures. In a bifurcated hydrogen bond where one
hydrogen bond is shorter than the other, this is referred to as major and the

longer bond as minor(Steiner 2002).

The broad nature of hydrogen bonds means many definitions fail to encompass

all possible forms. A definition given by Thomas Steiner in his review of the

subject is:
® 1 & Kigteraction is called ahydrogen bond if 1. it constitutes a local bond,
and2.X AAOO AO pPOT OI1T ATTT O O 186

This appropriately covers the rangeof possible hydrogen bonds without
excluding by specifying geometry or atoms inveled beyond hydrogen, but does
exclude interactions such as Van der Waals by specifying a hydrogen
donor/acceptor system.In 2011 an IUPAQGask group assembled to establish a

comprehensivedefinition:

(rhe hydrogen bond is an attractive interaction between a hydrogen atom from a
molecule or a molecular fragment2¥ in which X is more electronegative than H,
and an atom or a group of atoms in the same or a differemblecule, in which there

is evidence of bond formatiod(Arunan et al. 2011)
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acc.->H = 2.2-1.2A don. -> acc.
Strong bonds X-H = A---H 3.2-22 A

Figure 30 - Hydrogen bonding mechanism and geometry.

For many hydrogen bonds the A>H distance is shorter than the sum of Van der
Waals orbitals but this is not always the case. Symmetric hydrogen bonds will
have the hydrogen placed at equidistance between dor and acceptor, such that
it might be impossible to say which iswhich. In this case the hydrogen involved
can be said to exhibit a transition from hydrogen bond to covalent bond with two
atoms (Steiner 2002). Stronger hydrogen bonds commoly exhibit a lengthening
of the D-H bond lengthwhich is seen ininfrared spectroscopy(Arunan et al.
2011).

The optimal DHA angle(seeFigure 30) is 180° with the hydrogen bond being
stronger the closer to 180 it is, and this is the hydrogen bonding angle most
commonly observed in organic and inorganic crystal structure¢Steiner 2002).
Moreover the closer this angle is to linear, the shorter the 4A distance will be
(Arunan et al. 2011) However, the optimal anglewill be affected by thetypes of
atoms involved and whether the hydrogen bond is bifurci@d or not, as
multifurcation will require accommodation of extra hydrogen bonds(Steiner

2002).
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Figure31-SL8SCTOx Ei A O Ulydkdyenibddding befiveen peptide-términal and A pocketesidues.
Figure created in UCSF Chimera.

2.4.2.2 N-terminal interactions with the A pocket

As there are already published examples of-BKP bound SIINFEKL peptide in the
wild -type, complexed form, the hydrogen bonding of the f&rminal within the A
pocket is known (Denton et al. 2011; Fremont et al. 1995)Fremont et al. (1995)
described hydrogen bonds between the SIN-terminal amine and the hydroxyl
groups of both Y7 on the heavy chaifioor, and Y171. They also described a Y159
EUAOT gul O1F OAOET A AAOAIcorisdOOBBBAOEQADI BRT Ah
bond between B3 Orand SF hydroxyl. The 2.0 structure (PDB ID: 3P9L) of H
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2Kb published by Denton et al. (2011) waslepicted with similar hydrogen
bonding although they did not explain how they had calculated this.

The interactions between the Nterminal and A pocket for the SLSSCT trimeric
form of H-2KP are much the sameas 3P9Ldue to similar positioning of peptide

and side chains Figure 26). Use of the WHAT IF online web service calculation of
optimal hydrogen bonds(Hooft, Sander, and Vriend 1996; Hekkelman et al.
2010) for SL8-SCT yielded similar hydrogen bons to those described above,

with additional hydrogen bonds between the S&side chain hydroxyl and both

the K66 Nsand a neighbouring water moleculgFigure 31, Table 5). This water
molecule and K66 were also predicted to hydrogen bond to the ibackbone NH
and carbonyl groups respectivelyFigure 32). which matches what Fremont et al.

reported (Fremont et al. 1995)

2.4.2.3 Hydrogen bondingand side chairpositioning inthe mutant A pockets

N-terminal hydrogen bonding for the three mutant structures is predicted by
WHAT IFhydrogen bond optimization to retain similarity to the SL8SCT
hydrogen bonding where bonding partners in the A pocket are unaltered. The
exception to this is for K66A where no hydrogen bondvas predicted for Y171
(Figure 32, Table5). This hydrogen bond in the other structures is given a poorer
quality score (high val.) thanmany of the other bonds, and may therefore have
marginally exceeded the quality cutoff for K66A. Nonetheless, the Y171
hydrogen bond was predicted by the all potential hydrogen bonding WHAT IF
calculation for K66A eeAppendiceg so the absence is hardat count as

significant.

The K66A mutation removes the possibility of the K66AB E UAOT CAT AT T AO
the S¥ hydroxyl and I12P carbonyl. The gap created by this mutation not only

prevents these interactions but also facilitates inclusion of a nenonserved

water molecule Figure 33). The water molecule appears to take over the

hydrogen bond to the 12 carbonyl from the removed lysine. In additionanother
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water moleculeappeared in the vicinity of E63, possibly as a result of the gap

created.

E63A had greater apparent impairment of hydrogen bonding than K66A, because
there was no evidence of additional water molecules adopting the created space.
This may be in part due to poorer resolution for this structure than the other
mutants and SL8SCTPerhaps due to this gap the K66 sidechain appeared in a
different rotamer conformation in E63A (Figure 33) and was angled withNi

towards 12P rather than between the frst two N-terminal residues.

The W167A crystal structure presented an A pocket which most resembled SL8
SCT of the three mutants. The predicted optimal hydrogen bonding between A
pocket and peptide Nterminal was similar between these two structures. An
additional non-conserved water molecule in W167A was suggestl to hydrogen
bond with the ST side chain hydroxyl. This would push the number of potential
hydrogen bonding partners up to four for this moiety and therefore this
hydrogen bond may be either aroccasional bonding partner or enabled by
multifurcation. Two other non-conserved waters were placed in the space
vacated by the tryptophan mutation(Figure 34). As there is no evidence of the
W167A mutation impacting on the hydrogen bonding network it must be
assumed the role of this tryptophan is other than that of similarly conserved A
pocket reddues. It is likely to form a large steric block at the end of the binding

groove which may help prevent peptide escape.

In addition to the key A pocket side chains involved in hydrogen bonding there
were differences in the positions of local and peptidside chains, the causes of
which are unclear. R62 is predicted to hydrogen bond to E63 and is angled

Ol xAOAO OEA -gCQT(Figulel3d. o EE3A it &pedrs ira similar
conformation but hydrogen bonding to local waters instead. For both K66A and
W167A however it points down the A pocket, away from the peptide. Although
this is a change feasibly induced by the K66A mutation, it is less clear to see how

this would be caused by W167A. The electron density for this side chain was
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poorer than the electron density for other A pocket residues suggesting it may be

a more flexible residue.

Another notable difference between structures vas the N4 side chain. In SL8

SCTOEEO xAO AEOAAOAA Oi xAOAO OEA 41 ¢8 )1 %oao!
Ol xAOAO 1 p AT A OEA ' DT AEAOG8 )1 7pex! Al AA
conformations and it appeared to exist in an approximate 50:50 occupancy of the

two states. What this sigifies is unclear: W167A, being a higher resolution

structure, has many dual conformation side chains which are not apparent in the

electron density for the other structures. It is possible this side chain has some

inherent flexibility. Position 4 in other octapeptides bound by H2KP is known to

sometimes provide a point of recognition for TCRE&Reiser et al. 2000) The

published investigation into this by Reiser et alstatesH-2KP bound dEV8

showed an interaction between K4 of the peptide and the 2C TCR whereas BM3.3

TCR interacted strictly with N6 and T7 with a shstantial distance to position4

which negated posdbility of direct interaction. No TCRSL8H-2KP structure has

been published, so the importance of N4ds unknown.

2.4.2.4 Crystal structure surface hydropathy

The hydropathy of the A pocket regior{Kyte and Doolittle 1982) is not totally
altered by the mutations, as you would expeand the overall surface
hydropathy has not been changedFigure 35). Despite the E63A mutation the
hydrophilic areaon the | phelix remained. This is probably because E63A is
fairly buried and could only contribute to a small hydrophobic area within the
binding groove.Within the A pocket additional space was created by the
mutation, and increased hydrofmobicity as well. KE6A by contrast faces
outwards, and this mutation is shown to create a hydrophobic patch on the
surface.W167A also results in a hydrophobi@rea, and the gap resultant from
removing the large tryptophan side chain is clear in the surfacrendering
(Figure 35).
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Given that the hydropathic effects of the K66A and W167A mutations are on the
outwards-facing surfaces of the peptide binding region, they may have an effect
on TCR bindingThe gap created by W167A could feasibly alter peptide binding,
TCR recognitionand stability of the protein, althoughit is hard to say for certain
that this translates to local changes. Ensemble refinement indicates possible
increase d side-chain flexibility for S1Pand Y171 inthe W167A mutant(Figure
36) but the crystal structure otherwise indicates no significant changes here
(Figure 26).
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construct

SL8SCT

E63A

K66A

W167A

Table5 z Calculated @timal hydrogen bondig of peptide Nterminal residue indtSCTmutant structures

calculated by WHAT IKHekkelman et al. 2010; Hooft, Sander, and Vriend 1996)

178LYS
178 LYS
271 TYR
389 SER
389 SER
389 SER
565 LYS
658 TYR
776 HOH

1SER

1SER
271 TYR
389 SER
659 TYR

1SER
271 TYR
777 HOH
389 SER
659 TYR

1SER
1SER
1SER
1SER
178 LYS
271 TYR
389 SER
389 SER
389 SER
659 TYR
777 HOH
566 LYS

Donor ID

1p
1p
66h
66h
15%
1p
1p
1p
66h
15%
366

1p

1p
15%

1p
15%

1p
15%
108

1p
15%

1p
1p
1p
1p
66h
155
1p
1p
1p
159h
327
66h

Chain

O @ W @ @ @ > > > > >

w W > > >

W mn > >

W N W W w > > > > > >

donor

2

NZ
NZ
OH

oG
NZ
OH

OH

OH

oG
OH

OH

oG
oG
NZ
OH

0G
OH

NZ

Acceptor
Resdue

670 TYR
506 TYR
562 GLU
389 SER
389 SER
389 SER

283 TYR
119 TYR
1 SER
507 TYR
389 SER

175 GLU
1 SER
1 SER

507 TYR

389 SER

283 TYR
119 TYR
777 HOH
777 HOH
1 SER
1 SER
671 TYR
507 TYR
563 GLU
389 SER
389 SER
389 SER

Aceeptor
ID

171h
7h
1p
1p
1p

171h
7h
63n
1p
1p
1p

171h
7h
1p
7h

1p

63h
1p
1p
7h
1p

171h
7h
256
795
1p
1p
171h
7h
63h
1p
1p
1p
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Chain

W W W W W w > > > > >

m m > > >

mw m > > >

U W W W ww > n n > >

Acceptor

o

H

oG
oG

OH
OH
OE2
oG

oG

OH
OH

OH

OE2

oG
OH

OH
OH

oG

OH

OH

OE2

oG
oG

Val

0.75
0.584
0.345
0.444

0.65
0.636

0.84
0.453
0.389
0.569
0.408

0.769
0.563
0.636
0.808
0.689

0.676
0.712
0.749
0.654
0.734

0.802
0.715
0.317
0.244
0.411
0.62
0.766
0.711
0.515
0.664
0.621
0.505

D->A

distance

2.83
2.64
3.05
3.05
2.73
2.87
2.93
2.33
3.23
2.29
2.79

2.84
2.72
2.83

2.51

271
2.63
3.12
2.76
2.55

2.82
2.67
3.18
3.1
2.59
251
2.87
2.74
2.59
2.4
2.74
3.31

DHA

angular

20.02
25.38
64.34
72.56
16.26
37.36
15.57
18.88
39.26
12.05
68.88

24.2
24.73
16.13
14.29

9.77

32.07
6.57
23.32
16.76
2.27

18.55
20.94
54.83
71.62
63.85
14.99
21.85
26.29
42.71
3.1
18.81
39.24

error



2.4.2.5 MD refinement structure ensembles of SCT mutants

An additional ensemble refinement step from the deposited structure
coordinates and electron density offered further analysis of flexibility within the
structures which can be subjectively observed within the electron density. SL8
SCT and E63A were fitted with 30 ensemble models by the Phenix refinement,
and K66A and W167/ad 32 and 34 structures respectively. The ensembles
showed improved R work and R free for all but W167A R work, indicating this
refinement may have been unsuccessful for W167A @ble 6). This might
partially be explained by the large number of alternative conformations already
built into the W167A model which had lowered the R work and R free.

The ensemble structures show a predictable flexibility in solverexposedside
chains and less mobility in the peptide binding region. There is little change to
the backbone position except for modelled linker regions. Side chains of the
peptide and A pocket are compared ifrigure 36. These indicate substantial
ranges of motion of E6 and K7 but much less for the peptide Nermini. It is
also suggestive of possible flexibility for the Ndsidechain in all structures rather
than only W167A, which would explain the alternative conformations modelled
for K66A and E63A which were unalike the SL-8CT NA.

Differences of A pocket side chains in these ensembles are difficult to ascertain.
What look to be significant differences within one chain of a mutant are in most
cases inconsistent when taking the other chain into account. Though this may be
caused by differing crystal contacts it is probable that the ensemble refinement,
being more a measure of uncertainty than an accurate depiction of structural
motions, cannot give further information on mobility of this area. It does suggest,
given the limited range of ensemble positions adopted by the A pocket side
chains, that they have been appropriately modelled within the electron density
and are unambiguously positioned in the crystal structures (that were solved
prior to ensemble refinement). The changs to the hydrogen bonding network

and peptide binding groove shape might then be enough to impair strength of
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binding without causing enough flexibility to be apparent in the electron density

and ensemble refinement.

Table6 - Ensemble refinement quality statistics

SL8SCT EG3A K66A W167A

Ensemble size 30 30 32 34
R work

Previous 0.199 0.198 0.204 0.188

New 0.196 0.186 0.190 0.191
R free

Previous 0.250 0.259 0.241 0.239

New 0.248 0.250 0.233 0.235
Ramachandran outlier§%o) 3.77 4.18 2.57 2.91
Ramachandran favoure(Po) 88.29 86.86 90.87 90.59
Mean RMSD per structure

Bond (A) 0.007 0.0074 0.0074 0.0078

Angle(°) 1.0520 1.0138 1.0434 1.1057

Chirality (A3) 0.0535 0.052 0.05%6 0.0565

Planarity (°) 0.0075 0.0074 0.0075 0.00&

Dihedral (°) 18.919 18.305 18.1% 19.775
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