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Abstract

The aminopeptidase ERAP1 is crucial for processing peptides for presentation by
MHC class |, starting from sub-optimal N-terminally extended peptides. MHC I
and ERAP1 both have genetic associations with autoimmune diseases and the
reasons are poorly understood. Both proteins have peptide length and sequence
preferences, and which protein ultimately determines the antigenic peptide
repertoire is unknown. Presented here are studies through NMR and X-ray
crystallography which investigate the importance of individual interactions
between MHC I and the peptide, and how NMR can be used to probe the
mechanism of ERAP1.

Crystal structures of four single chain constructs based on MHC I allele H-2KP
with A pocket mutations were solved. The mutations caused 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 structures enabled collaborators to perform assays and computational
analysis which showed impaired binding of the peptide in the mutants permitted
peptide trimming by ERAP1.

A peptide library was devised and characterised with proton chemical shifts
assignments, and the peptides were expressed in E. coli with 13C/15N isotope
labelling. HSQC spectra of an isotope-labelled peptide confirmed the proton
assignments and offers potential for future experimentation with ERAP1 and
MHC L.

From the peptide assignments, proton NMR reaction monitoring was used to
comprehensively assay three ERAP1 variants to uncover differences in peptide
specificity. This method offers scope to examine multiple steps in an
aminopeptidase reaction which commonly used ERAP1 assays do not provide. 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 5SNP variant ERAP1 appeared to show different substrate length
preferences. ERAP1-peptide binding was analysed with saturation transfer
difference NMR and indicated the primary points of interaction were the peptide
C-terminal and hydrophobic side chains. This matches findings on ERAP1
peptide preferences by other authors, but the interactions between peptide and
ERAP1 have never been directly investigated before and have enabled tentative
modelling of ERAP1-peptide binding.
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1 Introduction

1.1 Antigen Processing

Peptides are routinely created within the cell as part of the process of proteolytic
degradation. The majority of peptides created are ‘self peptides and are short
fragments from unwanted proteins targeted for destruction. In cases of infection,
however, the presence of unusual foreign 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 properties by presentation of foreign and
unrecognised peptides on the outside surface of the cell (Young, Nathenson, and

Sacchettini 1995).

Antigenic peptides within the cell are presented by the class I major
histocompatibility complex (MHC class I, or MHC I) to the T cell receptor (TCR) of
CD8+ CTLs (Young, Nathenson, and Sacchettini 1995). It is crucial that this
process, classical antigen presentation, works well for CTL recognition of foreign,
‘non-self’, peptides, as well as those arising from over-expressed proteins in
cancerous cells, and for ‘self peptides to be recognised as harmless lest they

trigger autoimmune responses.

1.2 An Overview of MHC class |

1.2.1 Structure

MHC I consists of the light chain, beta-2-microglobulin (82m), and the heavy
chain (HC), as well as the antigenic peptide without which the complex will not

be stable (Young, Nathenson, and Sacchettini 1995).



Human heavy chains are human leukocyte antigen (HLA) molecules and consist
of an a3 domain with the membrane-spanning region of the protein. Next to the
a3 domain is 32m, and above them are the al and a2 domains which form the
two jaws around the peptide binding groove (Figure 1). Interestingly, there are
over 8000 HC allotypes of the three HLA-A, HLA-B and HLA-C alleles, giving
potential for very diverse peptide repertoires (Rossjohn et al. 2015). The highly
polymorphic HCs are glycoproteins which exhibit huge flexibility in the
sequences of peptides they can bind, but show length and sequence preferences.
Optimal peptides bound to MHC I often have a low off-rate, and thus increase the
chance of successful presentation to CTLs through stable cell surface expression.
A significant feature of peptides that display low off rates is peptide length, as
peptides which are too long or too short will not create a stable pMHC I complex.
Ideal peptides are 8-10 amino acids long, depending on the heavy chain variant

in question (Cresswell et al. 2005).



Peptide
B2m

Figure 1 - MHC class I backbone structure ribbon cartoon, showing peptide binding domain secondary
structure (top) and side views with transparent surface representation coloured by domain. Adapted from PDB

ID: 3P9L (Denton et al. 2011).

1.2.2 Peptide binding

Peptides of optimal length (8-10 amino acids) bind within the binding groove
formed between the HC a1l and a2 domains. Explanations for the specificity and
versatility of peptide bindings can be found in the structure of the binding
groove, with useful insights from those residues which are, or are not, conserved.
There are six identified binding pockets named A to F in the binding groove of
MHC I (Figure 2). The peptide N-terminal region is bound within the A pocket,

and the C-terminal region binds within the F pocket. A feature of note is that the
3



structures of pockets A and F are well conserved throughout MHC [ molecules,
but B to E display much more variation (Matsumura et al. 1992). This
observation is also seen when comparing murine and human MHC I alleles.
Matsumura et al. (1992) described especial similarity between the a1 and a2
domains of H-2KP and HLA-A2 over the rest of the protein, with these similar
binding regions having an RMSD value of only 0.66 A. Involved in the hydrogen
bonding of peptide N- and C-termini are 8 invariant residues: Y7, Y59, Y159 and
Y171 at the N-terminal, and Y84, T143, K146 and W147 at the C-terminal
(Mitaksov and Fremont 2006).

Figure 2 - H-2K? peptide binding groove A) Diagram of pockets A to F within the H-2KP binding groove with

SEV-9 peptide backbone Ca positions (closed circles) and side chain positions (numbered open circles) shown.
Taken from Matsumura et al. (1992). B) SEV-9 peptide shown within transparent surface representation of H-
2K? binding groove with pocket positions labelled. Structure from Matsumura et al. (1992), PDB ID: 2VAB.

The structure of the murine MHC I HC H-2KP has been extensively studied.
Several structures exist of H-2KP with peptides, including to the viral peptides
RGYVYQGL (VSV8), and FAPGNYPAL (SEV9) (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 peptide is described as forming hydrogen bonds to the conserved
tyrosines at positions 7, 159 and 171, and also to the less-conserved E63, K66

and N70 positions (Matsumura et al. 1992). Interestingly the terminal amine
4



group is the hydrogen-bonding part of this pocket-peptide interaction, and the
side chain is directed upwards away from the binding groove and towards the
solvent. This allows the N-terminal residue to be non-specific. By contrast, the F
pocket has the carboxy-terminal pointing towards the top of the pocket, and the
side chain pointing downwards. This imposes steric preference, although still
permits long residues of varying hydrophobicity and has preference flexibility

(Matsumura et al. 1992).

The thermal stability produced by these A and F pocket interactions with the
peptide termini was examined by Bouvier et al. (1994) by substituting methyl
groups in place of the hydrogen bonding groups at each terminus of an antigenic
peptide, GILGFVFTL, from influenza virus. By this, Bouvier et al., demonstrated
that hydrogen bonding of either the N- or C-terminus alone with the MHC I
binding sites was adequate for formation of a stable complex, although less
stable than with both ends forming hydrogen bonds. This is unsurprising given
that very short or extended peptides of a non-ideal length can still bind to the

class I complex in some cases (Bouvier and Wiley 1994).

Much of the peptide preferences of various class I alleles is, therefore, a
consequence of pockets B, C, D and E, and peptide-binding residues that are less
conserved between alleles than those in the A and F pockets (Bouvier and Wiley
1994; Elliott and Williams 2005). These non-conserved pocket residues allow
affinity for different peptide side chains (Bouvier and Wiley 1994). The natures
of the six different pockets has permitted MHC I to possess peptide sequence
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 occur in the cytosol when the peptides
are first generated in their crudest form through proteolytic degradation. Most
proteolytic cleavage in the cytosol is carried out by the 26S proteasome (Blum,
Wearsch, and Cresswell 2013), a large tubular structure containing a 20S core
capped with 19S complexes at each end which act as regulatory domains. These
19S subunits enact ATP-dependent unfolding of proteins and recognise
ubiquitin-conjugated targets. Sandwiched between them is the 20S core of this
protein, comprised of 4 rings (7 subunits each) which make a cylindrical
structure. This has a-subunits at the ends and central (3-subunits. Three of the (3-
subunits, 31, B2 and (35, have proteolytic activity. Stimulation with IFN-y causes
replacement of these three subunits with their counterparts, $1i, f2i and [35i
(also known as PSMB9/LMP2, PSMB10/LMP10 and PSMB8/LMP7) leading to
the formation of the immunoproteasome (Blum, Wearsch, and Cresswell 2013).
The presence of the immunoproteasome, rather than the proteasome, may
improve response to pathogens by CD8+ T cells by increasing epitope generation

efficiency (Sijts and Kloetzel 2011).

Known MHC I-presented peptide antigens can be generated by either the
proteasome or immnoproteasome, but intriguingly the immunoproteasome
generates longer peptide products in comparison to those from the proteasome
(Sijts and Kloetzel 2011; Cascio et al. 2001). Cascio et al. revealed that the final
SIINFEKL peptide was extended by 1-7 amino acids at the N-terminus after
degradation of ovalbumin by the immunoproteasome. By comparison, the
production of N-terminally extended SIINFEKL was up to 4 times lower when
ovalbumin was degraded by the proteasome (Cascio et al. 2001). The result of
this proteolytic degradation, whether by the proteasome or immunoproteasome,
is a range of N-terminally extended peptides which require further processing to
stably bind to MHC I and be presented at the cell surface. Finessing of this
peptide selection and peptide processing occurs within the endoplasmic

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



1.3.1 Presentation of bound peptides

MHC I exits the ER and egresses to the cell surface via the golgi secretory
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 a
and f chain, is responsible for recognition of the cell-surface pMHC I complexes.
A number of TCR-pMHC I complexes have been solved and are uniform in their
arrangement, with the TCR sitting diagonally across the binding cleft of MHC I
(Rossjohn et al. 2015). The low-variability germline CDR1 and CDR2 loops make
contacts to MHC I itself and the variable CDR3 loops make peptide contacts
(Garboczi et al. 1996). The TCR Va-chain is orientated over a2 helix of MHC I,
and a2 below the TCR VB-chain (Rossjohn et al. 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 fit (Rossjohn et al. 2015). In order to
generate stable pMHC I 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 I assembly pathway. Extended peptides/proteins (red) are
degraded by proteasomes in cytosol to smaller peptide fragments which can enter the ER. Abbreviations:
‘ERAP’=ERAP1/2, ‘CNX’=calnexin, ‘HC’=MHC class I heavy chain, ‘CRT ’=calreticulin & ‘Tpsn’=Tapasin. Taken
from Cresswell, Ackerman, Giodini, Peaper, & Wearsch, 2005.



1.3.2 Components of the Peptide Loading Complex

The peptide loading complex (PLC) is primarily responsible for assembly of
peptide-MHC I complexes in the ER and shows a degree of conservation across
higher vertebrates (Hinz et al. 2014). The processes of folding and loading MHC |
are linked, and to form a stable interaction between $2m and the heavy chain,
peptide binding is required (Williams, Au Peh, and Elliott 2002). Components of
the PLC, shown in Figure 3, are TAP, tapasin (‘Tpsn’ in Figure 3), ERp57 and
calreticulin (‘CRT’ in Figure 3) as well as the MHC I molecule itself (HC and 32m).
The complex structure has been modelled from electron microscopy data by
Blees et al., showing arrangement of two MHC-editing units (Figure 4C) which sit
atop TAP in the ER membrane (Blees et al. 2017).

A

Calreticulin

Protelin disulphide
isomerase A3

B2m Tapasin

MHC
editing unit

Figure 4 - PLC structure from EM data (PDB ID: 6ENY) by Blees et al. (2017). A) MHC-editing unit B) EM data
(EMDB: 3904) contoured at 0.022 C) Top view of PLC EM data showing rotational symmetry
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1.3.2.1 TAP

Transport of precursor peptides into the ER is executed through the transporter
associated with antigen processing (TAP), a heterodimeric complex comprised of
TAP1 and TAP2 that spans the ER membrane (Sadasivan et al. 1996). Because
TAP is an ATP-Binding Cassette (ABC) transporter, both TAP1 and TAP2
monomers possess nucleotide-binding domains within the cytoplasm which
carry ATP molecules (Grossmann et al. 2014). Crucially, TAP possesses a
transmembrane domain through which peptides are translocated, and
preferentially translocates peptides of 8 to 13 residues, although peptides
outside this range can be transported with less efficiency (Parcej and Tampe
2010). TAP also seems partially responsible for some peptide selection, with
murine TAP being observed 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 I generation. Both TAP1 and
TAP2 bind to tapasin, which stabilizes TAP and the PLC around it (Raghuraman,
Lapinski, and Raghavan 2002; Leonhardt et al. 2005). These two tapasin
molecules of the PLC have a crucial role in optimising peptide selection by MHC I
(Grandea et al. 2000; Williams et al. 2002). However the dependency upon
tapasin function varies widely between MHC I alleles, with some more
dependent on it for peptide editing than others (Hermann, Trowsdale, and Boyle

2015).

1.3.2.3 ERp57

ERp57 is a thiol oxidoreductase chaperone, capable of forming disulphide bonds
with tapasin, enabling them function together as a stable heterodimer (Dick et al.
2002). The Cys57 residue usually forms transient interactions with substrate

proteins but in the case of tapasin the strength of the disulphide bond allows

9



longer lasting complex formation. Crystal structures show that tapasin interacts
with the a (through the disulphide bridge) and a’ domains of ERp57, blocking the
ERp57 active sites and retaining the disulphide bond to tapasin residue Cys95
(Dong et al. 2009). The interaction between ERp57 and tapasin is crucial for
generation of optimal and stable pMHC I complexes. Absence of the ERp57-
tapasin dimer results in poorly folded and unstable pMHC |, as well as impaired
recruitment of MHC I for peptide loading in cells lacking ERp57 expression (Dick
et al. 2002); (Wearsch and Cresswell 2007).

1.3.2.4 Calreticulin and calnexin

Calnexin and calreticulin are ER resident molecular chaperones that aid MHC I
folding and assembly. Calnexin, unlike calreticulin, is not thought to be part of
the PLC, however these two proteins are functionally similar chaperones which
collaborate with ERp57 to fold MHC I (Hermann, Trowsdale, and Boyle 2015).
Calnexin, a membrane protein, performs the first heavy chain folding, after which
the HC associates with $2m and the rest of the PLC, including calreticulin
(Hermann, Trowsdale, and Boyle 2015). Calreticulin is a soluble protein which
does not bind to the free heavy chain but acts as a chaperone when MHC I is in

the PLC and loading can commence (Williams, Au Peh, and Elliott 2002).

1.4 An Overview of endoplasmic reticulum aminopeptidases

In 2001, length differences were observed between peptides entering the ER
through TAP and those peptides presented by MHC I at the cell surface,
indicating a role for an unknown aminopeptidase within the ER (Serwold, Gaw,
and Shastri 2001). The proteosomes and immunoproteosome produce a low
proportion of optimal length peptides suitable for MHC I binding, with many
precursors entering the ER having ideal C-terminal residues for MHC I binding,
but N-terminally extending amino acids (Cascio et al. 2001). In 2002, the ER

resident trimming enzyme was isolated from murine tissues and named ER
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Aminopeptidase associated with Antigen Processing (ERAAP) as well as being
identified in humans as Endoplasmic Reticulum AminoPeptidase 1 (ERAP1)
(Serwold et al. 2002). ERAP1 had already been identified as adipocyte-derived
leucine aminopeptidase (A-LAP) (Hattori et al. 1999), puromycin-insensitive
leucine aminopeptidase (PILSAP) (Schomburg et al. 2000) and aminopeptidase
regulator of TNFR1 shedding (ARTS1) (Cui et al. 2002) depending on its different
reported cellular functions (Serwold et al. 2002; Saric et al. 2002).

ERAP1 belongs to the M1 aminopeptidase family, and specifically to the M1
oxytocinase subfamily, and contains both a conserved zinc binding and GAMEN
motif within the active site. Other members of this subfamily of aminopeptidases
include Insulin Regulated AminoPeptidase (IRAP) and ERAP2, and both have
approximately 50% sequence homology to ERAP1 (Stratikos and Stern 2013).
The three proteins all exhibit intracellular localisation, ER localisation in the
cases of ERAP1 (for its role in antigen processing) and ERAP2, and in vesicles
and the cell membrane for the membrane-protein IRAP (Tsujimoto and Hattori
2005). ERAP1/2 have a key role in endogenous antigen processing, whereas
IRAP has a role in generating peptides for cross-presentation (Stratikos and
Stern 2013). ERAP2 is not present in mice, however the in humans it appears to
work in concert with ERAP1 to provide complementary substrate specificities
(Lorente et al. 2013; Saveanu et al. 2005). Heterodimers of ERAP1/2, stable
enough for purification, have been identified although sadly no crystal structure
of these dimers exists and how they dimerise is currently unknown
(Evnouchidou et al. 2014). The absence of ERAP2 in mice together with the
strong links between ERAP1 and disease (see section 1.4.3) (D. M. Evans et al.
2011) have naturally resulted in deeper investigation of ERAP1.

1.4.1 ERAP1 structure

The structure of human ERAP1, solved first by Kochan et al. in 2011, was
followed soon after by Nguyen et al. in the same year (see Figure 5). These

crystal structures reveal both closed and open conformations of ERAP1, shown
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in Figure 6, which crystallised in space groups P622 and P212121 respectively,
as well as ERAP1 in a semi-open form (Figure 5) crystallised in space group P21.
The structures show substantial similarity to other M1 aminopeptidase family
members. Interestingly, a third structure paper was published in the same year,
but presented solely domains III and IV, from residue 529 onwards, and
examined the binding of a ‘peptide C-terminal’ to this region of the protein,

enabled through crystal packing (Gandhi et al. 2011).

As with other members of the M1 aminopeptidase family, ERAP1 possesses four
domains. Domain I (residues 0-254) is likely to dock the peptide N-terminal and
is comprised of a saddle-shaped 8-strand 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 IV by means of the loop between
beta strands 9 and 10. Domain I provides a crucial steric block above the
catalytic site which is necessary for strict exopeptidase activity (Kochan et al.

2011; Nguyen et al. 2011).

Domain II (residues 255-529) 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.
Y438F mutations are known to cause 99.5% reduction in enzymatic activity,
though in ERAP1 it is positioned further from the other catalytic residues than
M1 family members with solved structures (Nguyen et al. 2011). Beta strands
16-20 form a beta sheet which carries the GXMEN (often GAMEN, as in ERAP1)
motif conserved through the M1 family. The Asn321 residue of the motif is
suggested to stabilize loops in the region and Glu320 is crucial for enzymatic

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

Within domain II a catalytic zinc residue is bound by a conserved H-E-X-X-H-Xis-
E motif. The floor of the channel around the catalytic site is helix 6, which also
has His353 and His357 of the zinc-binding motif. Coordination of the zinc ion is

by His353, His357 and Glu376. The nearby Glu354 and Glu320 hydrogen bond to
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a water molecule which is utilised for nucleophilic attack on the peptide (Nguyen

etal. 2011; Kochan et al. 2011).

Domain III (residues 530-614) is a small region of seven beta strands which form
two facing beta sheets. This joins the much larger domain IV which is made up of
sixteen alpha helices. Domain IV (residues 615-940) is a regulatory domain
which is suggested to interact with the peptide substrate C-terminal (Chang et al.
2005). The substrate C-terminal interacting interior face of this domain consists
of the even-numbered helices of the eight antiparallel helix-turn-helix repeats
structure (Nguyen et al. 2011). This region contains several common SNPs (see
Figure 8), some of which have been identified as having a genetic linkage to
Ankylosing Spondylitis (AS). Two examples of SNPs in this domain are R725Q
and Q730E, both suggested to confer protective effect with regards to AS but
which differ in activity, with Q730E causing little change to activity but altering
amino acid specificity, while R725Q is suggested to either decrease activity
(Garcia-medel et al. 2012) or increase it in combination with other SNPs (Reeves

etal. 2014).

The internal cavity of the closed structure of ERAP1, largely accommodated
within the shape of domain IV, is unusually large for an aminopeptidase of this
family, possibly because of the length of the peptide substrates. Kochan et al.
reported the cavity size as 2920 A3, larger than that of ePepN or LTA4H (2200 A3
and 1130 A3 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 Asn414 (Kochan et al. 2011) whereas
Nguyen et al. reported glycosylation at Asn760 rather than Asn414 (Figure 5).
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Figure 5 - The structure of human ERAP1 in an open conformation with transparent surface representation
over ribbon cartoon. Coloured by domains (denoted by Roman numerals) with ball-and-stick representations of
glycosylation sites. Expanded view shows active site residues and zinc atom. PDB ID: 3MDJ structure solved by
Nguyen etal. (2011).
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Closed
2YDO

Figure 6 - Closed and open forms of ERAP1 with transparent surface representation over ribbon cartoon.

Coloured by domain as in Fig. 5. Structures from Kochan et al. (2011) and Nguyen et al. (2011).

1.4.2 The M1 family and mechanism of action

To date, no substrate:ERAP1 pre-catalysis structures have thus far been
published, which is likely a result of the substantial technical challenges of
crystallising such a complex. However, ERAP1 has been crystallised with the
inhibitor bestatin (more amenable than a cleavable peptide) in the closed
structure 2YDO but not the concomitantly solved open structure 3QNF (shown in
Figure 6) (Kochan et al. 2011) and the published structure 3MD] (Nguyen et al.
2011). These crystal structures suggest the location of peptide binding within
the active site. A cartoon of the theorized peptide N-terminal pre-catalysis
binding is shown in the magnified active site of Figure 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 analogues (Mcgowan et al. 2009). Also
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published are LTA4H structures with substrate tripeptides in the active site
(Tholander et al. 2008) and a crystal structure of Human Aminopeptidase N with
the 6-mer angiotensin IV in the active site (Wong, Zhou, and Rini 2012).
Collectively, these studies suggest extensive investigation into the structural
properties of this family of metalloproteases. The mechanism by which these
enzymes work has been convincingly detailed alongside the widespread

structural analysis of the active site.
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Figure 7 - Probable mechanism of ERAP1 catalytic activity, adapted from Jones etal. (2011).
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Only the closed form of ERAP1 is believed to be active, and the protein opens to
facilitate the binding or release of the substrate/products (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. A substrate peptide
interacts with the zinc atom by its carbonyl group and E320 with its terminal
amine group. The reaction (shown in Figure 7) begins with the zinc interacting
with the carbonyl of the peptide N-terminal residue, which polarises. This
enables a nucleophilic attack from the water molecule which is facilitated by
E354 acting as a base and accepting a hydrogen from the water molecule. The
unstable transition state then becomes a new N-terminus and free amino acid
(Tholander et al. 2008; Jones et al. 2011). Through this process peptides are
cleaved at the N-terminal residue, although whether ERAP1 releases peptides

between trimming events is unclear.

1.4.3 ERAP1 single nucleotide polymorphisms and disease association

Many studies have identified the presence of single nucleotide polymorphisms
(SNPs) within ERAP1. Genome-wide association studies (GWAS) have identified
that ERAP1 SNPs carry the second-strongest genetic linkage to the inflammatory
disease of the spine, ankylosing spondylitis (AS), after the MHC I allele HLA-B27.
Evans et al. gave the AS association from combined studies between HLA-B27
and rs3018 (which is R528) as P=7.3 x 10-¢ (D. M. Evans et al. 2011). Notably,
however, these disease associated SNPs in ERAP1 only increase the chance of AS
onset in those individuals expressing the HLA-B27 allele (D. M. Evans et al.
2011). Overall, ERAP1 accounts for 26% of the genetic risk for AS, and the
combination of both ERAP1 SNPs and HLA-B27 accounts for 70% (Seregin et al.
2013). A GWAS study of AS (D. M. Evans et al. 2011) indicated 102 SNP-SNP
interactions linked to the disease, although this was later reduced to 8 significant
interactions amongst several genes (Bessonov, Gusareva, and Van Steen 2015).
Interestingly, 6 out of 8 pairs contain an ERAP1 SNP, with the interacting SNP
being in either HLA-B or MICB.
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Figure 8 - Locations of ankylosing spondylitis-linked mutations in ERAP1 (shown in orange). (Harvey et al.
2009; Kochan et al. 2011; Nguyen etal. 2011)

AS ERAP1 association SNPs include R127P, M349V, K528R, D575N, V6471,
R725Q, Q730E, and C736R, shown in Figure 8 (Kochan et al. 2011; Nguyen et al.
2011). These are not exclusively limited to a single area of the protein and their
disease-causing mechanism is unclear. Position 349 is close enough to the active
site to suggest it plays a role in binding and trimming the peptide substrates.
Residues lining the internal peptide-binding face of domain IV, such as 725, 730
and 736, might bind a peptide C-terminus, or residues within hinge regions could
mediate the ability of the enzyme to close around the substrate. R127, on a
domain I loop, might be involved in interactions which close the protein,
although this is not apparent in the 2YDO structure. 5 of the mutation sites are on
the exterior surface of ERAP1 in its closed form and 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 in Figure 8 are also known to be factors
in other autoimmune diseases. The most widely documented SNP position, 528,
is associated with a number of diseases. K528 is a contributory factor to multiple
sclerosis, as well as psoriasis when MHC allele HLA-Cw*0602 is also being
expressed, whereas R528 is linked to an increased risk of hypertension
(Stratikos et al. 2014). Another SNP, Q725, conveys an increased risk of Behcet's
disease, along with the expression of the HLA-B51 allele (Stratikos et al. 2014).

Table 1 - Residue substitutions in ERAP1 functional variants presented by Reeves et al. (2014) are not a ready
predictor for variant activity. Variants are classed by their peptide trimming rates (see colour key) and amino

acids at each position given by single-letter 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 \ 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 SNPs within an ERAP1 gene are known to act as AS-protective
or causative haplotypes, however the reasons for this are not fully clear. K528,
D575 and E730 are suggested to be an AS risk haplotype, and P127, 1276 and
R528 might be protective (Stratikos et al. 2014). Reeves et al. identified multiple
ERAP1 SNP combinations from individuals and linked distinct ERAP1 allotypes
to substantially different trimming activities: variants were divided by overall

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

HLA-B27 surface presentation.

1.5 The deciding factor for peptide trimming

A subject of discussion is whether ERAP1 or MHC I determines the final selection
of antigenic peptides in the ER. Evidence of peptide specificity of both exists, and
perhaps the most controversial idea within the debate is whether or not ERAP1

can trim a peptide bound within the MHC complex.

MHC class | template ERAP1 molecular ruler

ERAPA esseesssesse % ERAPY
)( > f e s <

M H C L 200000000000 M H C

Figure 9 - Template and ruler theories of peptide length and sequence determination. Peptides in turquoise.
Template theory: MHC I protects optimal peptides from degradation. Sub-optimal peptides are degraded.
Molecular ruler theory: Peptide specificity of ERAP1 causes preferential degradation of peptides sub-optimal

for presentation. Optimal presentation peptides are sub-optimal for ERAP1 and therefore released to MHC 1.
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1.5.1 ERAP1: the ‘molecular ruler’ hypothesis

An aspect of ERAP1 trimming mechanism which has piqued interest for many is
the documented ‘molecular ruler’ behaviour. It has been observed that MHC I
need not be present for the correct epitopes to be generated (York et al. 2002).
The term ‘molecular ruler’ originates from ERAP1 having much lower trimming
activity for <8 residue peptides (Chang et al. 2005; Nguyen et al. 2011). This
makes ERAP1 well adapted to generating optimal-length 8 or 9 residue peptides
for MHC I, however ERAP1 has been shown to destroy 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 ERAP1 is the reported ability to select
substrate peptides not merely by the N-terminal residue, but also by internal
residues (Evnouchidou et al. 2008). This is unusual in an aminopeptidase, and
suggests it is uniquely qualified to select the final range of antigens available to
MHC . The surface of the cavity within ERAP1, where the middle and C-terminal
of the peptide are presumed to bind, carries an overall negative charge, which
correlates with the preference of ERAP1 for positive residues (Evnouchidou et al.
2008; Nguyen et al. 2011). Several shallow hydrophobic pockets at varying
distances from the catalytic site are suggested as C-terminal binding sites for

peptides of different lengths (Nguyen et al. 2011).

1.5.1.1 Substrate peptide preferences of ERAP1

ERAP1 is known to have a substrate preference for N-terminal hydrophobic
residues, with methionine being the most readily trimmed and proline the
poorest trimmed (Reeves et al. 2013). Hydrophobic residues such as leucine and
methionine are also rapidly cleaved from single amino acid-linked fluorogenic
substrates (Hattori et al. 1999). ERAP1 specificity for peptides, compared to
short fluorogenic substrates, is different and more complex as a result of the

length and internal residue preferences (Evnouchidou et al. 2014).
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No carboxyl group is actually required at the peptide C-terminus for ERAP1
activity (Chang et al. 2005). ERAP1 does however favour aromatic or
hydrophobic C-termini and this is similar to MHC I preferences. In terms of
peptide length, ERAP1 shows highest activity for 10-14 residue peptides, with
activity dropping sharply from 9 residues and below. Activity is extremely low
for peptides longer than 18 residues. 10-residue peptides containing prolines
towards the N-terminal will be degraded at similar rates to 8/9-mers, which
correlates with MHC I and TAP preferences, and the increased difficulty of

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

1.5.2 ERAP1: MHC | as an antigen ‘template’ for trimming

An alternative theory to the ‘ERAP1 molecular ruler’ hypothesis is that MHC I
acts as a template, protecting high 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 by Reeves, Edwards, Elliott, &
James, (2013) and Papakyriakou et al. (2018) where detection of N-terminal
cleaving on a C-terminally disulphide trapped ‘peptide’ region of an artificial
single chain trimer form MHC I indicated ERAP1 could access peptides bound by
MHC I. Another study, this time using HLA-B*0801 complexed with 14- and 15-
mer peptides, showed trimming by ERAP1 and ERAP2 (Chen et al. 2016) using
mass spectrometry to analyse fragments. In the MHC-free experiment peptides
were trimmed to a range of short peptides down to 4-mers. By contrast the MHC-
bound peptides were trimmed to either 8- or 9-mers, depending on the peptide

used and no further peptide degradation was observed (Chen et al. 2016).

Beyond these observations, evidence of direct trimming of an MHC-bound
peptide by ERAP1 is scant, although it is known that MHC I protects optimal
peptides from destruction by ERAP1 (Kanaseki et al. 2006). Little explanation of
how ERAP1 could approach MHC I is readily forthcoming: molecular modelling
indicated that an extension of 6 N-terminal residues would be required for an

MHC-bound peptide to approach the ERAP1 catalytic site (Nguyen et al. 2011).
22



These docking experiments show the closest approach would still leave a
distance of 20 A (Nguyen et al. 2011). It has been suggested that another thus-far
unobserved super-open conformation would exist to facilitate this by permitting

close approach to a pMHC I (Stratikos and Stern 2013).

1.5.3 The relationship between ERAP1 and MHC

Stratikos and Stern discuss the ‘molecular ruler’ and ‘MHC template effect’ in
their review of ERAP1 structural work (Stratikos and Stern 2013). Several
investigations into either ruler and template theories are mentioned. Although
they refer to MHC/ERAP1 ‘synergy’ they do not directly explore the idea of
competition between the two. This might perhaps be close to one of several

hypotheses presented by Falk et al. before the discovery of ERAP1:

‘[The model] assumes that the polypeptide is degraded by specific endopeptidases
independent of MHC. The resulting peptides are rapidly degraded by exopeptidases
unless protected by binding to MHC.” (Falk, Rotzschke, and Rammensee 1990)

This did not take into account the location of antigen processing in the ER but
nonetheless holds true. Prior to trafficking into the ER, suboptimal peptides are
generated by the (immuno)proteasome (much of which is endopeptidase
activity) but the exopeptidase ERAP1 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 peptides. Indeed ERAP1 has been shown to
destroy unprotected peptides of optimal length as well as having some length

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

““a balance between ERAP1 and MHC I for peptide binding based on affinities.’
(Reeves etal. 2013)

Considered in a systems context and as competing entities, the ERAP1-ruler and

MHC-template ideas co-exist well. Here they become, simultaneously, both trivial
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and crucial: neither the ERAP1-ruler or MHC-template are solely responsible
within the system for the peptides which are presented. But as the length of a
peptide decreases, its off-rate for ruler-behaviour ERAP1 increases, making it
more available for competitive MHC I. Conversely peptides poorly bound by MHC
due to unfavourable length or sequence are more accessible to ERAP1. Unlike an
in vitro situation, within antigen processing MHC I acts as a sink for optimal

peptides, trafficking them to the cell surface and away from ERAP1.

MHC ER peptides ERAP1

Figure 10 - Overview of concerted MHC I and ERAP1 peptide preferences. Optimal-length peptides for
presentation (green) are bound by MHC I with low off-rates whereas sub-optimal peptides (too long/short) are
ultimately degraded by ERAP1. Other factors such as peptide sequence preference and MHC I egress make the

situation more complex in reality.

This provides an explanation for the reported observations of ERAP1 trimming
MHC-bound peptides, suggesting these peptides ought not be thought of as
irreversibly attached to MHC [, but as entities with on- and off-rates, which
indicate the extent to which they are available to ERAP1. They might even
perhaps undergo partial unbinding, where a free N-terminus but bound C-
terminus of a sub-optimal peptide allows ERAP1 to approach and trim, since
stable complexes with impaired N- or C-terminal 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 peptides (Evnouchidou et al. 2008), and MHC still binds
strongly and protectively to the optimal peptide (Kanaseki et al. 2006). The
system of peptide optimisation could work around which one binds a peptide

first and takes longer to release it. If this were so it would be easy to see that a
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suboptimal ERAP1 and MHC could result in the pathogenesis of those diseases

with strong ERAP1 and HLA genetic associations, such as AS or Behcet's disease.

1.6 Aims and objectives of this research

The aims and objectives for the work laid out in this thesis are to examine the
peptide-MHC I, and peptide-ERAP1 relationships with a view to understanding
how ERAP1 and MHC I shape the antigenic peptide repertoire. Firstly, this work
aims to investigate the structure and peptide binding of an artificial pMHC
construct by X-ray crystallography to look at peptide N-terminal binding
interactions and whether the construct is suitable for assessing pMHC trimming
by ERAP1. Secondly the characterisation of a peptide library by proton NMR
assignments will be presented and the possibility of differentiating between
related peptides and amino acids explored. Thirdly cell expression of peptides is
shown to provide a means of isotope-labelling the peptides. As well as furthering
characterisation of peptides from the proton assignments, this aims to verify
proton assignments and provide scope for further experimentation. Fourthly,
NMR is presented as an unusual means for monitoring peptide trimming at
various stages of ERAP1 activity, to compare ERAP1 variants and 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 direct trimming of antigenic peptides with
an innate length and sequence specificity has been examined and championed by
numerous studies which have provided decisive and convincing evidence (York
et al. 2002; Chang et al. 2005; Evnouchidou et al. 2008; Gandhi etal. 2011). MHC
class I acting as a template to specify the peptide characteristics may originally
have been seen as a competing theory, but observations of ERAP1 trimming
peptides apparently bound to MHC I continue to emerge (Kanaseki et al. 2006;
Infantes et al. 2010; Reeves et al. 2013; Chen et al. 2016). How these
observations could arise is uncertain. It is known that the key anchor residues
for an antigenic peptide within the class I binding groove are the N- and C-
terminal residues, although one of these alone may be enough for stability of the
complex(Bouvier and Wiley 1994). The interactions between the MHC I A pocket
and peptide N-terminal can be gleaned from examination of the wealth of crystal
structures. The effects of individual 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 peptides and modelling indicates that the distance
between the catalytic site of ERAP1 and the binding groove of MHC class 1 is too
substantial for trimming of an MHC-bound peptide by ERAP1 (Stratikos and
Stern 2013). Conversely, however, a publication by Chen et al examined 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 I for
‘bound’ peptides until the optimal final peptide is strongly bound to MHC.
Strikingly, Reeves et al (Reeves 2013) observed ERAP1 trimming of a single
chain form of MHC where the peptide was linked to MHC and held in the F pocket
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 models which indicate implausibility

due to the size of ERAP1 (Nguyen et al. 2011).

The single-chain trimer (SCT) version of MHC I used by Reeves et al. (2013) as
mentioned above is a concept originally used and described by (Lybarger et al.
2003). Their incorporation of an F pocket peptide/heavy chain disulphide bridge
in addition to the flexible linker regions gives rise to a pMHC which is stable with
a high likelihood of the peptide region being bound within the peptide groove as
a consequence of the peptide C-terminal disulphide trap. They are known as
disulphide trap single chain trimers, or dtSCT. The increased stability of peptide
binding permits analysis of other structural alterations which might normally be
too unfavourable to work with. Alterations to the A pocket of the binding groove,

where the peptide N-terminal binds, become feasible.
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Figure 11 - Disulphide trap single chain trimer construct with peptide linker (PL) and Bzm linker (BL) (in pink),
disulphide bonds (yellow), peptide (turquoise), fzm (orange) and H-2K? (indigo). A) Diagram of constructs
showing numbering within 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:$2m complexes and dtSCT of H-2KP have been crystallised
and published in the past (Denton et al. 2011; Mitaksov et al. 2007; Dam et al.
2003; Mareeva, Martinez-hackert, and Sykulev 2008; Deng et al. 2008).
Mutations at other binding pockets have also been published, but there are no
known publications of A pocket mutations intended to examine the contributions

of individual residues to N-terminal peptide binding.
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Figure 12 - Ribbon diagram of ‘wild type’ dtSCT binding groove showing sites of mutations (red) introduced to
A pocket of peptide binding cleft.

Three conserved residues in the A pocket of H-2KP are E63, K66 and W167. E63
and K66 have direct hydrogen-bonding contact to the peptide N-terminal (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). The structural effect of mutating
these residues was unknown. Also unknown was the effect 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
mutants (E63A, K66A and W167A) as well as the ‘wild-type’ H-2Kb dtSCT were

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 X-rays) crystallography is
fundamentally simple: that a beam passing through a multi-atom 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 calculated 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 molecules such 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. Additionally, 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 co-crystallisation 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 crystals (Rhodes 2010).

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

the region of 1.5 A which requires electromagnetic radiation of a wavelength
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<1.5 A, and X-rays fall between 0.1-100 A, making high energy X-rays perfectly
suited for crystallography (Rhodes 2010).

2.1.1.2 From protein to diffraction data

Crystallising a protein

There are many macromolecules which biological X-ray crystallography can help
in solving the structure of, but this explanation will focus solely on soluble
protein crystals, for which the techniques are well established and different to

those of (for example) 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 conditions
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 adequate to nucleate ordered crystals without causing disorderly
precipitation. Variable conditions include protein concentration, pH,
temperature, and concentration of precipitant. These are set up as multi-well
screens which is a rapid way of testing a range of conditions 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 micro-well. 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 40 pl 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 concentration 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 precipitate in an ordered crystal.

Figure 13 - Cryoprotected crystal within a loop (seen below crosshair - image author’s own).

Cryo-protection of protein crystals

Cryo-protection is a crucial part of protein crystallography but occurs in a very
small space of time, when a crystallographer transfers a mixture of glycerol and
the mother liquor to a crystal-containing 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 crystal structure when water forms a lattice as it freezes
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and expands within channels (Garman 1999). In addition to destruction of the
crystal, the formation of ice can also lead to ‘ice rings’ on the collected diffraction
image, posing difficulties. Freezing the crystals this way ensures the crystals are
preserved by the low temperature (around 100 K) and can be stored for a longer
period of time. The crystals are ‘fished’, cryo-stored and exposed to X-rays within

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

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

crystal to obtain a full dataset. (Image author’s own).

Data collection

It is important to be able to grow the best possible quality of crystal and cryo-
protect effectively. The optimal protein would be sufficiently large and well-

ordered to produce high quality diffraction data when subjected to X-ray. 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 with Bragg’s law:

nA = 2d sinb

Where n is an integer, A is the wavelength of the x-ray, d is the distance between
planes in the lattice and 0 is the angle of scattering for the diffracted wave (see
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 density when the phase problem (see below) has been overcome.

Figure 15 - Constructive interference of X-ray diffraction in a crystal lattice according to Bragg's Law. Image

from www.microscopy.ethz.ch/bragg.htm (Krumeich 2015)

The X-rays diffract between the atoms and are scattered in a diffraction pattern
which is recorded on a CCD detector. Because the protein is a three-dimensional
molecule the diffracted X-rays are present in a reciprocal 3D space which is
viewed by moving the crystal within the X-ray beam and capturing multiple
images on the CCD detector. The nature of diffraction through a complex, multi-
atom molecule means the ‘real space’ containing the protein is not mirrored
identically by the reciprocal space, and consequently data processing is required
to work back to the electron density which diffracted the X-rays originally

(Rhodes 2010).
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2.1.1.3 A structure model from diffraction data

The phase problem

The course of the X-ray beam through the crystal results in the reflections on the
detector. In order to create an electron map from raw data, the data must be
Fourier transformed, which describes the process of diffraction by breaking a
complex (X-ray) wave into the constituent waves it is comprised of (Rhodes
2010). The waves analysed are three-dimensional with x-, y- and z-axis
frequencies, and are described by the Fourier sum. In 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 that waves 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 determined from the

reflection intensity and position.

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

It is possible to generate a Patterson map from the raw data, which is Fourier
transformation of squared, unphased amplitudes of the reflections (Rhodes
2010). This does not produce an electron map, but a map of vectors between
atoms. The vector map contains the same dimensions as the real unit cell but is
otherwise insufficient alone to solve the structure; it can be combined with
heavy atoms introduced to the crystal, because a crystal of single heavy atoms is
simpler than a large, complex crystal of many atoms. If heavy atoms are not used,
then, where possible, molecular replacement can solve the phase problem,
relying on the ever-growing 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 an
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indication of whether the two proteins will likely have structural similarity.
When the phasing model is found, 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 data reveals 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
target’s Patterson map. The output of this is given by the log file from Molrep,
where the comparison between data at different orientations is given in a scored

table, and the best-matching orientation is used for the phases.

Refinement and model building

The output file from Molrep with the solved initial phases is used for model
building and refinement of the experimental structure. The atomic positions
from the phasing model have provided phases, structure factors (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 modelled) 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 final

model will have low Rwork and Rfree values which show little divergence.

Refinement is a continuation from molecular replacement and improves upon
the initial phases. A difference map mFo-DFc is determined, using the
observations (Fo, or Fobs) and calculated structure factors (Fc, or Fcaic). The term

‘m’ mean ‘figure of merit’ which accounts for the phase quality, and ‘D’ denotes
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‘Sigma-A weighting factor’ which is weighting of the 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 indication of missing and
incorrect parts of the model. Perhaps more useful is the 2ZmFo-DFc 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 2ZmFo-

DFc and mFo-DFc maps leads to improvement of maps, which is why repeat

rounds of refinement and model building are carried out alternately (Rhodes

2010).

Figure 16 - 2mFo-DFc electron density map of a protein, contoured at 1.99 o with built stick structure shown

within. Water molecules shown as pink stars. (Image author’s own).
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The process of model building requires balance between 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 Bank (H. 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 purification of SL8-
SCT, E63A and K66A were carried out by Dr Leon Douglas and Dr Halina
Mikolajek.

2.2.1.1 Expression in E. coli

Glycerol stocks of E. coli BL21 RIPL cells transformed with plasmids containing
the dtSCT insert were obtained from Dr Leon Douglas. LB media (lysogeny broth,
Sigma Aldrich) was autoclaved. Selection antibiotics were added to this LB broth:
ampicillin to 100 pg/ml, kanamycin to 50 ug/ml, chloramphenicol to 34 pg/ml,
and streptomycin to 18.5 pg/ml. The glycerol cell stock was added

Streptomycin to 75 pg/ml was added to autoclaved LB broth. Well-isolated
colonies were picked from agar plates and used to inoculate 5 ml
LB/streptomycin media. The media was cultured for 4-6 hours at 37 °Cin a
shaking incubator. A highly turbid culture was selected and 100 pl added to
100ml LB media. 4 x 480ml LB/streptomycin media in 2L baffled flasks was

prewarmed overnight to 37 °C.

The prewarmed media was inoculated with 20ml of overnight culture. The
inoculated media was grown at 37 °C in in a shaking incubator at 200 rpm. When
the culture reached an optical density absorbance value of 0.8 - 1 (at around 1 %
hours) protein expression was induced by addition of IPTG (isopropyl -D-1-
thiogalactopyranoside) to 1mM. After a further 3 % hours, the cells were
extracted by centrifugation at 6000 rpm, 4°C for 10 minutes. The used media was

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

The frozen cell pellet was kept on ice and 5 ml of BugBuster (obtained from
Merck) was added per 1 g harvested cell pellet from expression along with 10 pl
lysozyme (1000 kU/ml stock), 50 pl DNase I (2 mg/ml stock) and 50 pl MgClz
(1M stock). The pellet was resuspended by thorough homogenisation 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, 4 °C 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 removed.

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, 4 °C and
the supernatant removed. This step was repeated. The pellet was stored

overnight at -20 °C before resolubilisation 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 then incubated 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 a

0.45 um filter. 1L refold buffer was prepared like 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 were separated by 16 and then 6 %2 hours, to a
final maximum concentration of 10 uM resolubilised inclusion body protein. The

refold was stirred at 4 °C overnight.

2.2.1.4 Purification of folded protein

The refolded protein was centrifuged then filtered with a 0.45 pm filter to
remove precipitate before concentration in a stirred Amicon filter. The his-
tagged protein was purified by size exclusion chromatography in de-gassed
phosphate buffered saline (from tablet form, Sigma Aldrich) on a HiLoad
Superdex 75 pg 16/600 column (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 Healthcare) before elution with the
same buffer + 250 mM imidazole. Another gel filtration size exclusion
chromatography was performed on an HiLoad Superdex 75 pg 16/600 column in
tris-buffered saline (20 mM Tris (pH 8) + 25 mM NacCl). The protein was then
purified by anion exchange purification with a 1 ml HiTrap Q HP column (GE
Healthcare) in the same buffer (20 mM Tris (pH 8) + 25 mM NaCl) before elution
with a high-salt buffer (20 mM Tris (pH 8) + 1M NaCl). A final size exclusion

chromatography step was performed on the HiLoad Superdex column to buffer
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exchange the sample into HEPES-containing 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 de-gassed before use on the gel

filtration column.

2.2.1.5 SDS-PAGE for protein expression and purification analysis

12% SDS polyacrylamide gels were cast in Bio-Rad 0.75 mm mini-PROTEAN

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)
3.33ml dH20
3.33 ml gel buffer:
10 ul TEMED

This was mixed before 50 pl ammonium persulphate (100 mg/ml stock) was
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:
660 pl 30% bis acrylamide (37.5:1)
2.9 ml dH20
1.24 ml gel buffer:
10 ul TEMED

This was mixed before 25 pl ammonium persulphate (100 mg/ml stock) was
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 with sample

running buffer.

4x Sample buffer:
200 mM Tris-HCI (pH 6.8)
8% w/v SDS
0.8% v/v bromophenol blue
40% v/v glycerol
400 mM (-mercaptoethanol
ddH20 to 10 ml

To check efficacy of inclusion body expression, 500 pl samples of LB media pre-
and post-induction were centrifuged at 13000 rpm in a benchtop Eppendorf
centrifuge for five minutes. The supernatant was removed. 25 pl of 4x sample

buffer was used to resuspend the pellet. The sample was heated at 95 °C in a heat
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block for 10 minutes. 5 pl was inserted to a well on the SDS-PAGE. Protein
marker (ThermoFisher Spectra Multicolor Broad Range Protein Ladder) was
added to the first well. SDS gels were also used to check the protein at each stage
of purification. These samples were mixed with the 4x sample buffer and loaded
on the gel, with 15 pl loaded for weak samples and 5 pl for highly concentrated

samples.

The gels were run in a Bio-Rad mini-PROTEAN tank according to the
manufacturer’s instructions. The anode buffer was 200 mM Tris (pH 8.9). The

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
vapour diffusion. To crystallise E63A, K66A and W167A the ‘“TOPS’ and “TOPS2’
screens (Bulek et al. 2012) were used (see Appendices). These screens had been
successfully used by Dr Halina Mikolajek to crystallise SL8-SCT. The crystals
were grown at pH 6-6.5.

Data was collected at the Diamond Light Source at the 103 beamline (with a
Dectris Pilatus3 S 6M detector) for SL8-SCT, [24 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 SL8-SCT 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).

2.2.3.1 Molecular replacement

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

model.

2.2.3.2 Refinement 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 SL8-SCT.

Structures were refined with Phenix (Adams et al. 2010) using default
parameters. For the final rounds of refinement with model E63A bond length
errors were corrected by optimised X-ray/stereochemistry weighting automated

function. Model building was carried out in Coot (Paul Emsley and Cowtan 2004).

2.2.4 Solved model analysis

2.2.4.1 Structure 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) was 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 models 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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2.2.4.2 Hydrogen bonding analysis
‘Optimal’ and ‘Potential’ hydrogen bonding analysis was applied to the hydrogen-

free structures using the WHAT IF web interface tools(Hooft, 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 (see Figure 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 purified inclusion bodies (see Figure 18).
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Figure 17 - 12% SDS-PAGE of W167A inclusion body overexpression. From four flasks, shown pre- and -post
induction. The inclusion body expression band can be seen near the 50 kDa marker in post-induction samples
(arrow). Protein marker weights (kDa) shown to left (marker: ThermoFisher Spectra Multicolor Broad Range
Protein Ladder).
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Figure 18 - SDS-PAGE of purified W167A inclusion bodies. Lanes are: 1, protein marker; 2, expressed unpurified
sample; 3, purification supernatant I; 4, purification supernatant II; 5, purification supernatant III; 6, 2.5 ul of
purified inclusion bodies; 7, 5 ul purified inclusion bodies. Protein marker weights (kDa) shown to left (marker:

ThermoFisher Spectra Multicolor Broad Range Protein Ladder).
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Initial purification of dtSCTs was carried out by size-exclusion chromatography
to remove impurities. A clear peak was seen for the protein 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 for His-tag purification.

The His-tag was used to selectively purify the tagged protein from the pooled
size exclusion chromatography fractions. A trace for W167A nickel purification
can be seen in Figure 20. Despite lower impurity levels due to the size exclusion
step, some impurity bands are 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 sample binding to the column. Nonetheless the pooled

fractions showed strong bands on the gel for W167A (Figure 20).
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Figure 20 - Ni-column purification of W167A. Above, the purification trace, with a black box around the pooled
fractions of the 280 nm peak. Below, an SDS-PAGE of the flow through and collected fractions, showing a high
concentration of W167A (indicated by arrow) in fractions 8-11 but additional impurity peaks. Protein marker

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

Further purification by anion exchange chromatography yielded a shouldered

peak with a good degree of purity seen in the SDS-PAGE of fractions (Figure 21).
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Figure 21 - Anion exchange purification of W167A with trace and expanded view (top) and SDS-PAGE (below).
Few impurity peaks are seen at the 280 nm absorbance (blue) in the traces, and the SDS-PAGE similarly shows
a large quantity of pure W167A (arrow) in collected fractions. Protein marker weights (kDa) shown to left of
gel (marker: ThermoFisher Spectra Multicolor Broad Range Protein Ladder).
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2.3.2 Crystallisation and X-ray data of dtSCT mutants

All four constructs were of sufficient stability to form crystals under nucleating
conditions. Crystal trials conducted using the TOPS (“TCR/pMHC Optimized
Protein crystallization Screen’) screen (Bulek et al. 2012) at 21 °C yielded
crystals within weeks. The successful crystallisation conditions for each
structure can be found in Table 3. Crystals were approximately 200 x 100 x 100
um in size and diffracted to 1.9-2.4 A resolution (Table 3)

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

Indexing provided unit cell dimensions and a monoclinic P21 space group (Table
2). This matches the space groups of dtSCT structures published by Mitaksov et
al. (2007).
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Penalty Lattice a b C o B Y Bravais Possible space groups
0 44 -1 0 0 -1 0 0 aP P1
0 31 0 0 1 0 0 aP P1
0 34 0 0 0 0 1 0 mP P121,P1211
8.8 39 0 0 1 0 0 mC C121
8.8 29 -2 0 0 -1 0 0 mC C121
8.8 38 -2 0 0 1 0 0 oC €222, C2221
14.3 33 0 0 0 0 1 0 mP P121,P12:1
23.1 37 0 0 0 1 0 0 mC C121
23.1 28 -2 0 0 -1 0 0 mC C121
23.1 36 -2 0 0 1 0 0 oC €222, C222:

Table 2 - Penalty table for space group indexing.

2.3.3 Refinement and model building

Electron density was clear for unambiguous main and side chain placement in all
structured regions of the protein. The flexible linker regions residues 120-144,
which was not present in 2QRI, and 14-23 which was present in 2QRI did not
have sufficient electron density. Also missing was the C-terminal tail of H-2KP
from residue 419 of the construct. Side chain conformations of the relevant
peptide N-terminal and A pocket were readily apparent in the electron density
maps. For W167A, of superior resolution, alternative conformations were visible
for some side chains. This included N4P of the peptide. Electron density at
mutation sites clearly showed the mutations, with negative regions in the mFo-
DFc maps for the large side chains in the structure model prior to the residue
being switched to alanine. This was not seen at these residues in the ‘wild-type’

SL8-SCT structure.
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Figure 23 - Electron density of 2mFo-DFc and difference mFo-DFc maps with 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 Protein Data Bank (H.

M. Berman et al. 2000). The number of water molecules is shown in Table 3.
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Figure 24 - Ramachandran map for final SL8-SCT structure showing single outlier (E196 in heavy chain region

of chain A).
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Table 3 - Data collection and refinement statistics for the four dtSCTs.

SL8-SCT E63A K66A WI167A
Space group P21 P21 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,
a, B,y (°) 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 (1)/sd (1) 9.8(20) 116(21) 9.9(2.4) 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
Iphate Glycerol (0.2M) (0.2M)
S y 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
pH 6.5 (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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Figure 25 - Plot of overall (main and side chain) B-factor for each residue in the crystal structures with
construct schematic above. Consistency between chains and mutants indicates little increase in mobility as a

result of mutations.

2.3.4 Structures of dtSCT mutants

The structures are similar to those published by Mitaksov et al. (2007) such as
2QRT, which is also a dtSCT form of SIINFEKL and H-2KP with the peptide region
C-terminal constrained by a disulphide bond to prevent exit of the peptide.
Unlike those structures the structures presented here contain A pocket
mutations and are the first structures to our knowledge to do so. This is a unique
approach to modulating a hypothetical interaction between ERAP1 and MHC. It
also informs on how the N-terminal is held within the A pocket and the specific

interactions which create this part of the binding site.
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The dtSCTs are as previously described by Mitaksov et al. (2007). The complex
has a 15 residue chain linking the C-terminus of the ovalbumin-derived
SIINFEKL peptide to human 32m and a 20 residue chain connecting the C-
terminal of B2m to the start of the heavy chain sequence at the base of the
binding groove. In addition a Y84C mutation and a cysteine at position 2 in the
peptide- B2m linker (position 10 in the construct) provided a disulphide bond

between the binding groove F pocket and the C-terminal of the peptide.

Unlike the dtSCT structures published by Mitaksov et al. (2007), the first linker
region was not included in the structure model due to ambiguous electron
density and difficulty placing the backbone chain within it. The areas flanking
this linker have high B-factors (Figure 25) which is expected because itis a
flexible region. The second linker region was also not resolved in the electron
density, and not modelled as is the case for the Mitaksov et al. (2007) dtSCT
structures. This flexibility indicated by this lack of clear placement in the
electron density suggests the protein is not being constrained beyond normal

parameters by these linkers.

2.3.5 Similarity of dtSCTs to H-2K" complexes

A pocket mutant structures showed overall structural similarity to the wild-type
complex of heavy chain, f2m and peptide (see Figure 26). All four structures

have a f2m region with an identical structure to wild-type human 32m comprised
of six antiparallel beta strands in groups of three forming two beta sheet faces.
The o3 region of the H-2KP heavy chain similarly has seven antiparallel beta
sheets and a small helical turn from residues 254-256 which are seen in our
structures. The binding groove had similar structure to the wild-type with the
base of seven antiparallel beta strands and the a1 and a2 helices on either side of

the binding groove.
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Figure 26 - Overall structures of dtSCT mutants as ribbon cartoon shown within transparent surface
representation. Ribbons coloured by average B-factor. For comparison 3P9L complex (solved by Denton et al.
2011) is shown above with peptide, fzm and H-2K? indicated. Figure created in UCSF Chimera.
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Within the binding groove of all four constructs the peptide backbone adopted
the placement seen in published structures of H-2Kb complexed with SIINFEKL,
such as 3PIL (see Figure 27). For the ‘wild-type’ SL8-SCT, binding of the peptide
conformed to complexed trimeric peptide:H-2Kb:32m. For all constructs peptide
[2, 13, F5 and L8 side chains were angled towards the beta-sheets at the base of
the binding groove whereas N4, E6 and K7 pointed outwards. At the C-terminus,
Y84C in the heavy chain replaced C-terminal interactions with the stable
disulphide bond. There was little apparent difference in the more rigid parts of
the protein with overall structures being similar (Figure 26). Ca RMSDs of the
heavy chain region of the dtSCTs against an H-2KP complex with SL8 (3P9L)
were between 0.572 and 0.634 A (see Table 4).

P " /. —
pLNE R b <P X
// ‘ / EG/’ 8 - @ \‘ \ / ///
) 13 / r 7
/ /
i < A Q7
A ( K66A 4

Y, Z// W167A Y, {
¢ SL8-SCT
3P9L = |

Figure 27 - Position of bound SIINFEKL peptide within the peptide binding groove for different structures. Top:
aerial view. Bottom: side view from a2 helix (removed for clarity). Peptide backbones and side chains show
little variation despite presence/absence of linkers and mutations. 3P9L solved by Denton et al. (2011). Figure
created in UCSF Chimera.
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Table 4 - Calculated alpha carbon RMSDs for dtSCTs and related structures. 2QRT (Mitaksov et al. 2007) is a

dtSCT (identical in sequence to SL8-SCT) and 3P9L (Denton etal. 2011) is a SL8/H-2Kb/3zm complex

Ca RMSDs between structures (A)

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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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

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 F pocket

Introduction of a disulphide trap between the F pocket and peptide C-terminus is
a strategy which has been used previously for single chain trimers as a means of
preventing peptide escape and contributing to structural stability (Mitaksov et
al. 2007). A Y84C mutation and the inclusion of a cysteine in the peptide-2m
linker enables formation of a stabilizing cysteine bond (Figure 28). Investigations
of this mutation have shown that it increases stability of the peptide-region
binding and prevents binding groove entry by competitive peptides (Truscott et
al. 2007). Addition of the peptide-B2m linker and disulphide trap were reported
not to have any major structural impacts. The first glycine of the peptide-2m
linker (G9P) was reported to replace a peptide C-terminal oxygen with its amide
nitrogen in the same position and conserved water molecules in the F pocket
were retained (Mitaksov et al. 2007). The authors also described an additional
hydrogen bond between the peptide-f32m linker N-terminal glycine and K146,
which usually forms a hydrogen bond with Y84 in the wild-type structure and a
new F pocket water molecule exhibiting hydrogen bonds with T80 and C10r.
They therefore asserted that in addition to electron density around the
disulphide bond they observed other interactions which could be contributing to

a stabilized F pocket binding (Mitaksov et al. 2007).

In order to assess contribution of the disulphide bond to stable peptide binding,
Mitaksov et al. used N15 T cell hybridoma activation to determine the ability of
the complex to resist competition from binding by VSV8 peptide (a peptide from
vesicular stomatitis viral nuclear capsid protein, with peptide sequence
RGYVYQGL). This indicated that dtSCT was 105 times more resistant to VSV8
binding than wild-type Kb, whereas the SCT without a disulphide trap was 1000
times more resistant to VSV8. Additionally, their thermal stability assays with CD
spectroscopy gave the denaturation temperature of 49.55 °C for dtSCT and the
lower temperature of 44.16 °C for a SCT without a disulphide trap.
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Figure 28 - 'C-terminal’ placement of peptide region in binding groove F pocket, showing disulphide trap
(vellow) with Y84C mutation. Figure 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 complex PDB ID 3P9L
(Figure 29). The RMSD difference between the SL8-SCT structure and H-2K? of
the 3PI9L structure of complexed H-2KP, SIINFEKL and murine 32m was 0.634
(see Table 4).
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There was less difference in the 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 pocket of 3P9L (blue) with SL8-SCT as transparent overlay. Differences to side chains are shown,
notably K146 and the mutated Y84C. 3P9L solved by Denton et al. (2011).

2.4.2 Binding of Peptide N-terminal

2.4.2.1 Hydrogen bonding

Hydrogen bonding is a phenomenon which has been known of for a substantial
length of time but has slightly changed in definition over the years. The classical
explanation for it is that disparities in electronegativity between, for example, a
covalently bonded oxygen and hydrogen will lead to the electron-withdrawing
oxygen holding a negative dipole, and a positive dipole for hydrogen. The O-H
bond is therefore polar. This polarity makes it possible for the oxygen to attract a
positive dipole hydrogen on a neighbouring molecule and 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 3-5
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kcal/mol for classical H-bonding) than Van der Waals interactions, leading them
to be referred to as bonds themselves. Nonetheless 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:

“An X-H---A interaction is called a “hydrogen bond”, if 1. it constitutes a local bond,

and 2. X-H acts as proton donor to A.”

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

comprehensive definition:

“The hydrogen bond is an attractive interaction between a hydrogen atom from a
molecule or a molecular fragment X-H in which X is more electronegative than H,
and an atom or a group of atoms in the same or a different molecule, in which there

is evidence of bond formation.” (Arunan et al. 2011)
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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 donor and acceptor, such that
it might be impossible to say which is which. 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 commonly exhibit a lengthening
of the D-H bond length which is seen in infrared spectroscopy (Arunan et al.

2011).

The optimal DHA angle (see Figure 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 structures (Steiner 2002).
Moreover the closer this angle is to linear, the shorter the H-A distance will be
(Arunan et al. 2011). However, the optimal angle will be affected by the types of
atoms involved and whether the hydrogen bond is bifurcated or not, as
multifurcation will require accommodation of extra hydrogen bonds (Steiner

2002).
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Figure 31 - SL8-SCT ‘wild type’ mutant hydrogen bonding between peptide N-terminal and A pocket residues.
Figure created in UCSF Chimera.

2.4.2.2 N-terminal interactions with the A pocket

As there are already published examples of H-2KP bound SIINFEKL peptide in the
wild-type, complexed form, the hydrogen bonding of the N-terminal within the A
pocket is known (Denton et al. 2011; Fremont et al. 1995). Fremont et al. (1995)
described hydrogen bonds between the S1P N-terminal amine and the hydroxyl
groups of both Y7 on the heavy chain floor, and Y171. They also described a Y159
hydroxyl to serine carbonyl hydrogen bond, and a ‘non-conserved’ hydrogen

bond between E63 Ot and S1P hydroxyl. The 2.0A structure (PDB ID: 3P9L) of H-
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2K published by Denton et al. (2011) was depicted with similar hydrogen
bonding although they did not explain how they had calculated this.

The interactions between the N-terminal and A pocket for the SL8-SCT trimeric
form of H-2KP are much the same as 3P9L due 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 bonds to those described above,
with additional hydrogen bonds between the S1P side chain hydroxyl and both
the K66 NC and a neighbouring water molecule (Figure 31, Table 5). This water
molecule and K66 were also predicted to hydrogen bond to the 2P backbone NH
and carbonyl groups respectively (Figure 32). which matches what Fremont et al.

reported (Fremont et al. 1995).

2.4.2.3 Hydrogen bonding and side chain positioning in the mutant A pockets

N-terminal hydrogen bonding for the three mutant structures is predicted by
WHAT IF hydrogen bond optimization to retain similarity to the SL8-SCT
hydrogen bonding where bonding partners in the A pocket are unaltered. The
exception to this is for K66A where no hydrogen bond was predicted for Y171
(Figure 32, Table 5). This hydrogen bond in the other structures is given a poorer
quality score (high val.) than many 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 (see Appendices) so the absence is hard to count as

significant.

The K66A mutation removes the possibility of the K66A N hydrogen bonds to
the S1P hydroxyl and 12P carbonyl. The gap created by this mutation not only
prevents these interactions but also facilitates inclusion of a non-conserved
water molecule (Figure 33). The water molecule appears to take over the

hydrogen bond to the I12P carbonyl from the removed lysine. In addition, another
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water molecule appeared 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 SL8-SCT. Perhaps due to this gap the K66 sidechain appeared in a
different rotamer conformation in E63A (Figure 33) and was angled with N

towards I2P rather than between the first 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 N-terminal was similar between these two structures. An
additional non-conserved water molecule in W167A was suggested to hydrogen
bond with the S1° 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 an occasional 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 residues. 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 peptide side chains, the causes of
which are unclear. R62 is predicted to hydrogen bond to E63 and is angled
towards the a2 helix in SL8-SCT (Figure 33). In E63A it appears in a 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 was the N4 side chain. In SL8-
SCT this was directed towards the a2. In E63A and K66A it was instead pointed
towards al and the A pocket. In W167A electron density was observed for both
conformations and it appeared to exist in an approximate 50:50 occupancy of the
two states. What this signifies 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 H-2KP is known to
sometimes provide a point of recognition for TCRs (Reiser et al. 2000). The
published investigation into this by Reiser et al. states H-2K 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 substantial distance to position 4
which negated possibility of direct interaction. No TCR-SL8-H-2K? structure has

been published, so the importance of N4? is unknown.

2.4.2.4 Crystal structure surface hydropathy

The hydropathy of the A pocket region (Kyte and Doolittle 1982) is not totally
altered by the mutations, as you would expect and the overall surface
hydropathy has not been changed (Figure 35). Despite the E63A mutation the
hydrophilic area on the al helix 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 hydrophobicity as well. K66A by contrast faces
outwards, and this mutation is shown to create a hydrophobic patch on the
surface. W167A also results in a hydrophobic area, and the gap resultant from
removing the large tryptophan side chain is clear in the surface rendering

(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 binding. The gap created by W167A could feasibly alter peptide binding,
TCR recognition, and stability of the protein, although it is hard to say for certain
that this translates to local changes. Ensemble refinement indicates possible
increase of side-chain flexibility for S1P and Y171 in the W167A mutant (Figure
36) but the crystal structure otherwise indicates no significant changes here

(Figure 26).
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construct

SL8-SCT

E63A

K66A

Table 5 - Calculated optimal hydrogen bonding of peptide N-terminal residue in dtSCT mutant structures,
calculated by WHAT IF (Hekkelman et al. 2010; Hooft, Sander, and Vriend 1996).

Donor
residue

1SER

1SER
178 LYS
178 LYS
271TYR
389 SER
389 SER
389 SER
565 LYS
658 TYR
776 HOH

1SER

1SER
271TYR
389 SER
659 TYR

1SER
271TYR
777 HOH
389 SER
659 TYR

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

Donor ID

1p
1p
66h
66h
159h
1p
1p
1p
66h
159h
366

1p

1p
159h

1p
159h

1p
159h

108

1p
159h

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

Chain

O ™ ® W™ W @ » »>» > > >

®® @ > > >

W W »n > >

T »w @ ® @ ® > > > > > D>

donor

=z 2

NZ
Nz
OH

0G
Nz
OH

OH

OH

oG
OH

OH

0G
oG
Nz
OH

oG
OH

Nz

Acceptor
Residue

1SER
670 TYR
506 TYR
562 GLU
389 SER
389 SER
389 SER

283 TYR
119TYR
1SER
507 TYR
389 SER

175 GLU
1SER
1SER

507 TYR

389 SER

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

Acceptor
ID

171h
7h
1p
1p
1p

171h
7h

63h
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 @ @ > > unu uv > >

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

2.71
2.63
3.12
2.76
2.55

2.82
2.67
3.18
3.1
2.59
2.51
2.87
2.74
2.59
2.4
2.74
331

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 W167A had 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 (Table 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 solvent-exposed side
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 in Figure 36. These indicate substantial
ranges of motion of E6P and K7P but much less for the peptide N-termini. It is
also suggestive of possible flexibility for the N4P sidechain in all structures rather
than only W167A, which would explain the alternative conformations modelled

for K66A and E63A which were unalike the SL8-SCT N4P.

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 changes 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.

Table 6 - Ensemble refinement quality statistics

SL8-SCT E63A 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 outliers (%) 3.77 4.18 2.57 2.91
Ramachandran favoured (%) 88.29 86.86 90.87 90.59
Mean RMSD per structure

Bond (A) 0.0076 0.0074 0.0074 0.0078

Angle (°) 1.0520 1.0108 1.0434 1.1057

Chirality (A3) 0.0535 0.0522 0.0546 0.0565

Planarity (°) 0.0075 0.0074 0.0075 0.0082

Dihedral (°) 18.919 18.305 18.152 19.775
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2.4.3 Functional effects of mutations

The crystal structures described here (those determined prior to ensemble
refinement) have been deposited to the protein databank (Berman, Henrick, and
Nakamura 2003) under PDB codes 50QH, 50QF, 50QG and 50QI. They were
published alongside MD simulations of peptide escape and testing of ERAP1
activity on the bound peptide (Papakyriakou et al. 2018).

The ability of ERAP1 to access and trim SIINFEKL when bound to an A pocket
mutant was tested by Dr Emma Reeves and Dr Edd James using B3Z assays and
the 25-D1.16 antibody, which recognises H-2KP/SIINFEKL in dtSCT form, but not
H-2Kb/IINFEKL, indicating overtrimming by ERAP1 has occurred. This was used
in HeLa ERAP1 knockouts, with 25-D1.16 highlighting similar expression levels
of dtSCTs in all cells. When wild-type ERAP1 was expressed in the HeLa cells
alongside the A pocket mutant dtSCTs, reduction in 25-D1.16 binding showed a
drop of around 35-40%. This was not the case for SL8-SCT. An anti-mouse 32m
antibody indicated cell surface levels of dtSCTs had not changed, indicating the
peptides being presented were probably shortened by ERAP1. E63A was the best
of the three mutants for recognition by B3Z T cell hybridomas (all three showed
poorer stimulation than SL8-SCT) and was tested with this as well. B3Z (as with
25-D1.16) responds to SIINFEKL but not IINFEKL, and in HeLa ERAP1 knockout
cells, showed a 35% decrease in stimulation for E63A when ERAP1 was
introduced, and no decrease for SL8-SCT. HeLa cells without an ERAP1 knockout
showed reduction for both SL8-SCT (-15% stimulation) and E63A (-35%
stimulation) upon transfection of ERAP1. The mutations in the A pocket seem to
increase access for ERAP1 trimming of the peptide N-terminal which the

unimpaired A pocket of SL8-SCT permits less readily (Papakyriakou et al. 2018).

The reason for the peptide N-terminal being accessed by ERAP1 more easily in
the mutants despite the crystal structures suggesting no major structural
changes was investigated by Dr Athanasios Papakyriakou, who used the crystal
structure coordinates for MD simulation. RMSD values comparing the peptide

binding domains Ca positions between simulation and crystal structure were
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around 1.2 A for SL8-SCT. This compares with RMSD values of 1.7-1.8 A for the
mutants, suggesting lower stability and greater fluctuation. RMSDs for the
peptide were low for E63A and K66A (below 1 A) but W167A had a much higher
peptide RMSD of around 2 A. These values do not match those of mutant/SL8-
SCT peptide RMSDs described here, where E63A had the highest RMSD (0.246 A)
and W167A had the lowest (0.214 A) because the crystal structures show little
flexibility for this region as indicated by the low B-factors and ensemble
refinement. MD simulations of the N-terminal showed mutants had lower free-
energy barriers to N-terminal dissociation than SL8-SCT, of around 3-8 Kcal/mol.
The free-energy barrier was lowest for E63A, then for W167A, with K66A the
highest. Untethering the C-terminal made no meaningful difference to this

(Papakyriakou et al. 2018).

The crystal structures of these dtSCT mutants show no major structural change,
but rather small differences to the shape of the A pocket, and the hydrogen
bonding within it. Though these changes could easily have no significant
biological effect, B3Z assays and use of the 25-D1.16 antibody indicated that they
permit over-trimming of the peptide by ERAP1, despite SIINFEKL being optimal,
and over-trimming is not observed in SL8-SCT unless both endogenous and
transfected ERAP1 are present. This matches a previous observation that ERAP1
can trim wild-type dtSCTs, although in that case the ERAP1 variant was a hyper-
trimmer (Reeves et al. 2013). An attempt to replicate this in vitro using NMR
reaction monitoring of E63A and wt ERAP1 was unsuccessful, possibly because
conditions were unsuitable or a hyper-trimmer was required rather than wild-
type ERAP1 to see a reaction. The outcomes of this experiment can be found in
the appendices. The MD simulations and free energy dissociation calculations
show that, despite the good resolution of the A pockets in the electron density
data for these mutants, N-terminal binding is less strong for the mutants than for
dtSCT, with higher RMSDs and readier dissociation as a result. This could also be
suspected for sub-optimal peptides with similar weakened binding, perhaps at

the N-terminal, allowing access by ERAP1.
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3 Proton Resonance Assignments of a Peptide Series

3.1 Introduction

In order to fully characterise a series of N-terminally extended peptides for the
purpose of using proton NMR to assess trimming by ERAP1, protons for these
peptides were assigned. The peptides were a small library (see Figure 37) based
on the ovalbumin-derived naturally occurring SIINFEKL peptide and N-terminal
extensions of it. Originally included in the library were LSIINFEKL and
LLSIINFEKL, with the aim of providing three types of N-terminal extension to
test ERAP1 activity against: hydrophobic (leucine), charged (glutamic acid) and
resistant to ERAP1 activity (proline). The single and double leucine N-terminal
peptides were later substituted for lysine (see Figure 37) because this better fits
published findings about the preferences of ERAP1 (Reeves et al. 2013). The
resulting series of peptide extensions therefore are intended to look at an easily
trimmed extension (glutamic acid) a moderately trimmed extension (lysine) and
an untrimmed extension (proline) and the assignments of LSIINFEKL and
LLSIINFEKL in 90% H20 are not presented. Assigned chemical shifts for these
peptides have not been published previously and were required for reliable
identification of peptide species in a reaction. Both substrates and products of an
aminopeptidase were assigned, from the initial 10- and 9-mer peptides and

subsequently N-terminal shortened peptides, and also single amino acids.
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EESIINFEKL KKSIINFEKL PPSIINFEKL

v v v

ESIINFEKL KSIINFEKL PSIINFEKL

SIINFEKL

v

[INFEKL

v

INFEKL

Figure 37 — Ovalbumin (SIINFEKL) N-terminally extended peptide library with single and double-residue N-
terminal extensions based on known ERAP1 N-terminal preferences (Reeves et al. 2013) to exhibit varying N-

terminal cleavage rates. Expression and assignments in 90% Hz0 were also carried out for LSIINFEKL and
LLSIINFEKL, but are not presented here.
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XXSIINFEKL XXSIINFEKL

v

X+ XSIINFEKL Zz;gﬁﬁepﬁdase
* \ 4
X+  SIINFEKL NEEKL
v XS + IINFEKL
SIINFEKL  simuttancousiy present
S+ [IINFEKL XSIINFEKL

* XXSIINFEKL

I+ INFEKL

Figure 38 - Substrates and products of an aminopeptidase reaction. A) N-terminal residues (red) are cleaved to
make subsequent product peptide and a free amino acid (blue). B) In reality the reaction would be a complex
mixture with short peptides produced before removal of all long peptides. The species present, and their

quantities, must be identified.

3.1.1 Nuclear Magnetic Resonance Spectroscopy as an analytical tool

Nuclear magnetic resonance (NMR) is a technique for detecting transitions of
nuclear spins which give rise to magnetic moments. A strong B-field is used to
excite a population of spins before detection of the magnetic moments from the
spins returning to equilibrium in a free induction decay. The coil which
generates the B-field can also be used for detection of the free induction decay.
The simplest NMR experiment consists of a preparation period, a radio
frequency pulse at the transition frequency of the spins, and detection of the
subsequent detection of signal emitted by the sample (see Figure 39) (Wiithrich,

1986 p.45). This pulse sequence is then repeated for a number of transients to
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build up signal-to-noise for the resulting spectrum. This will provide the most
basic 1D spectrum of a given type of nucleus, and has been expanded with
varying additions to the pulse sequence to provide a diverse range of

experiments with different uses and capabilities.

r.f. pulse
Preparation Detection

AW
VA
1D pulse sequence

Figure 39 - Pulse sequence for simplest possible single pulse 1D experiment

NMR signals arise from specific nuclei within a molecule (e.g. 1H nuclei) and are
proportional to the number of nuclei creating the signal. This makes NMR a
quantitative technique. The chemical shift values of these nuclei are highly
specific to the environment the nucleus occupies, meaning NMR can be used to
identify the molecules present (distinguishing them within a mixture) and

indicating any changes to the chemistry or environment of the molecule.
3.1.2 Assignment with 2D homonuclear proton NMR

Homonuclear proton 2D spectra offer additional chemical and structural
information on the tested molecule and are an extension of basic 1D techniques
which offer enormous flexibility. Utilising T2 spin-spin relaxation means cross-
relaxation between nuclei gives rise to cross-peaks, at the position of the two

interacting protons on each axis. This can either be through-bond (e.g. COSY,
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TOCSY) or through-space (e.g. NOESY, ROESY). The mixing period is used to

establish cross-relaxation.

Detection
Evolution
Preparation < > Mixing
T t
90° _ 90°
D1 t >
COSsY
90° spin lock
D1 t—
TOCSY
90° 90°

D1

NOESY

90°
t >l «—T——
M I Tm I—/\/V\N

Figure 40 - Anatomy of a pulse sequence for simple 2D homonuclear experiments. The variable t1 evolution

period (giving rise to 2D spectrum) is followed by tm mixing time and t2 free induction decay recording. A

relaxation period (D1) is included at the start of the experiment to allow spins to return to equilibrium before a

pulse is applied again.

For the COSY (Correlation Spectroscopy) experiment (designed but not

published by Jean Jeener) two 90° pulses are performed, which allows

87



magnetisation transfer by J-coupling between two neighbours a maximum of 2-3
bonds apart (Cavanagh et al. 1996). Related is the TOCSY (Total Correlation
Spectroscopy) experiment has a spin lock series of pulses instead of the second
90° pulse. A sufficiently long mixing period in a TOCSY experiment means
magnetisation can transfer between up to 5-6 bonds, giving more cross-peaks
than a COSY experiment. Helpfully (for protein/peptide assignment)
magnetisation transfer is limited to connected protons within a residue (spin
system) as heteronuclei will prevent transfer of magnetisation any further

(Cavanagh et al. 1996).

NOESY experiments (Nuclear Overhauser Effect Spectroscopy) require different
mixing period lengths for different sized molecules, as the cross-relaxation which
occurs is dependent on the size of the molecule, but it is possible for
magnetisation transfer to occur between protons up to 5 A away from each other
(Meier and Ernst 1979; Cavanagh et al. 1996). For very small peptides and single
amino acids, simple 1D and 2D TOCSY spectra are adequate for proton
assignments. Combining both through-bond and through-space experiments
permits accurate proton assignments for many peptides and small proteins by

identifying neighbouring and residue-specific nuclei through cross-peaks.

H-H TOCSY H-H NOESY
Figure 41 - Homonuclear TOCSY and NOESY experimental couplings. Proton TOCSY experiments make use of

spin-spin coupling between protons within a residue to form cross peaks between protons (some transfers have
been removed for simplicity). Proton NOESY experiments use the NOE effect to transfer magnetisation to
protons in close proximity. Adapted from www.protein-nmr.org.uk/solution-nmr/spectrum-descriptions/h-h-

noesy/ (Higman 2012)
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3.1.3 Characterising a peptide library with reproducible chemical shift assignments

Because chemical shifts are a product of chemical environment, and each proton
is affected by its surroundings. Beyond the chemistry of the molecule being
examined, the surrounding solvent will influence chemical shift values, as can the
temperature. Fortunately, the NMR spectrometer is a controlled environment. It
is simple enough to reproduce the solvent environment for each spectrum and
set a specific temperature. Doing so results in the highly reproducible chemical
shifts which make NMR a powerful analytical tool. A characterised peptide
library, therefore, is a large amount of information with great scope for its use. In
addition to structural information about the peptide, the reproducibility of
chemical shifts in identical samples enable quantitation. Described here is the
characterisation of a peptide library by proton assignment for the purpose of

informing other work.
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3.2 Methods

3.2.1 Proton NMR of unlabelled peptides

3.2.1.1 Sample preparation

Synthesised peptides (purchased from ChinaPeptides and PPR Ltd.) were used
for all experiments shown. Peptides were stored lyophilised at -20 °C, or for
short periods in deuterated buffer at -20 °C, but rarely stored in water due to

rapid degradation.

Peptides in 10% D20, 90% H,O:

Peptides were dissolved at 1 mg/ml in ddH20 and centrifuged after shaking to
remove undissolved peptide. 10% deuterium oxide was added for the NMR
sample, with 3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP) used

as a reference. Samples were made to 180 pl in 3 mm NMR tubes.

Peptides in 100% D0:

A deuterated peptide buffer was prepared like so: 1M dibasic potassium
phosphate K2HPO4 (to approx. 7.6 mM) was mixed with 1M monobasic
potassium phosphate KH2PO4 (to approx. 12.4 mM) to pH 6.6 and a total
concentration of 20 mM. The solution was dehydrated in a vacuum centrifuge
and resuspended in the same volume of deuterium oxide, before being dried and
reuspended again in the same manner resulting in a buffer at pD 7. Peptides
were dissolved in this deuterated buffer at 1 mg/ml and a small pH probe used to
check the pD. Peptides with a lower pD were buffer exchanged into the
deuterated peptide buffer using 100-500 Da cutoff cellulose membranes. For
NMR, 200 pM samples were prepared with 20 uM TSP and 0.04 % (w/v) sodium

azide. Samples were made to 180 ul in 3 mm NMR tubes.
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3.2.1.2 'H NMR experiments

NMR spectra were obtained on 600 MHz Varian Inova solution state cryoprobe

spectrometer.

1D 1H spectra:

Presaturation pulse water suppression was used for suppression of residual
water signal. Most spectra described here were taken with a 5 second relaxation

delay and 0.32 second acquisition time (it will be noted where otherwise).

Inversion recovery experiments, from Varian BioPack software, with
presaturation pulse water suppression were carried out with a 20 second

relaxation delay. T1 was arrayed from 0.0625 to 32 seconds.

2D 1H spectra:

1H TOCSY spectra were MLEV17 pulse sequence experiments from the Varian
BioPack software with an 80 ms mixing time. Sometimes watergate water
suppression. These were taken at 10 °C (10% deuterated samples) with
presaturation and PURGE solvent suppression or 25 °C (100% deuterated

samples). The acquisition time was 0.15 seconds.
1H NOESY spectra with a 300 or 500 ms mixing time were taken at 10 °C using a

Varian BioPack experimental pulse sequence. Gradient echo water suppression

was used. The acquisition time was 0.107 seconds.
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3.2.1.3 H spectra Processing

Data conversion, phasing and processing of 1D and 2D spectra for assignment in
CCPN Analysis was performed in nmrPipe and nmrDraw (Delaglio et al. 1995).
For use outside CCPN Analysis, the MestReNova (MNova) software was used to

process and display spectra.

Sequential assignment in CCPN Analysis (Vranken et al. 2005) was performed
using overlaid 2D 1H NOESY and TOCSY spectra. For each peptide a TOCSY
spectrum was taken at 10°C to show intra-residue connections. Identifiable cross
peaks on the TOCSY spectra arise through through-bond spin-spin coupling of
protons. Carbonyl groups on the peptide backbone prevent coupling between
residues and cross-peaks are therefore only seen between a set of protons within
a residue. The NOESY spectra conversely provide cross-peaks for protons which
are spatially close which arise due to cross-relaxation after a mixing time.
Assignment by sequential walking is done through comparison of residue-

confined TOCSY peaks and the NOESY cross-peaks between residues.

For PSIINFEKL a TOCSY spectrum was taken at 10°C to show intra-residue
connections. This was compared with a 25°C TOCSY for PSIINFEKL and judged as
having better resolution. Thereafter 2D spectra for proton assignment in H20
were obtained at 10°C in order to perform accurate initial assignment. For
assignments in deuterated buffer, a temperature of 25 °C was used so that
peptide-ERAP1 experiments could take place using the same chemical shifts at a

more optimal temperature for an enzyme assay.

Chemical shifts for the same residue within different peptides will often differ.
Similarly, the same amino acid at different positions in the same peptide will
often give rise to different chemical shifts because of their different
environments within the peptide. This can be seen with isoleucines I3 and 14 of
PSIINFEKL which give different NH shifts in H20 (8.46 and 8.34 ppm
respectively) and different chemical shifts for all other proton positions. The

differences between isoleucine shifts within the same peptide and within
92



different peptides can be seen in Figure 45. Noticeable changes to chemical shift
values between these peptides are extremely useful for NMR reaction monitoring
of peptide species present in an aminopeptidase reaction. The final product
which would be seen if isoleucine peaks were tracked during an ERAP1 NMR
assay would be the free amino acid form of isoleucine, which again has different

chemical shift values to the peptide residue form.
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3.3 Results

The peptides used are short and unstructured and therefore give chemical shifts
close to random coil values in solution. Random coil shifts are well studied and
assignment can be partially carried out using established values as predictions
(Wishart, Bigam, Holm, et al. 1995). Assignments were initially made with the
peptide dissolved in water with 10% D20 and then later in a fully deuterated 20
mM potassium phosphate buffer at pD 7 (pH 6.6) which was deemed suitable for
maintaining ERAP1 in a folded and active state. Use of 100% D20 was required to
see Ha proton shifts near the highly distorting water peak in order to assign
fully. Despite efforts to suppress the water signal, deuterated solvent ultimately

gave far superior results.

Stepwise assignment of TOCSY/NOESY proton spectra was adequate for
unambiguous assignments of most protons. BMRB database (Ulrich et al. 2008)
chemical shift references were also used to check assignments and were

adequate on their own for 1D 1H amino acid spectra assignment.

Peptide TOCSY spectra showed clear
peaks and low background noise.
Suppression of the water signal

allowed recovery to a small degree

ppm

of peaks in the Ha region for

samples in 90% H20. A fully

deuterated buffer for the second set /

of assignments reduced the water

peak further and allowed recovery 7Glu 8Lys 9Leu

NH/Ha NH/Ha NH/Ha
of all Ha resonances in peptide. For : ; ppm | -
greater accuracy of chemical shifts Figure 42 - Sequential proton assignment of PSIINFEKL

than could be obtained with solvent resonances, shown by arrows on NOESY (red) and TOCSY (black).

referencing, TSP was used as a standard reference. As well as assignments of
peptides, 1D proton spectra of their composite L- form amino acids were

recorded. Chemical shift values for these can be found in the Appendices.
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Peptide/amino

acid

SIINFEKL
ESIINFEKL
KSIINFEKL
PSIINFEKL
EESIINFEKL
KKSIINFEKL
PPSIINFEKL
IINFEKL
INFEKL

Table 7 - Proton NMR peak assignments for SIINFEKL-based peptide series.

Assignments in 10% D0, 90% H20

Number of
assigned
protons

61

65

77

73

78

88

82

Number of
unassigned

protons

N NN NN W NN D

Tentatively
assigned

peaks
2
5
0
0
0
0
0

95

Assignments in 100% D20, 20 mM potassium

phosphate, pD 7 (non-labile protons only)

Number of
assigned
protons
56

61

65

63

66

74

70

33

47

Number of
unassigned

protons

o O O o o o o o o

Tentatively

assigned peaks

o O o o o o o
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Figure 43 - Effects of temperature change on 'H TOCSY spectrum peaks of PSIINFEKL in 10% deuterated water,
pH7.
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Figure 44 - 1D 1H NMR spectra of peptides (INFEKL to PPSIINFEKL) in 20 mM deuterated potassium
phosphate buffer.
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'H chemical shifts of isoleucine
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D Random coil values

Figure 45 - Changing isoleucine chemical shift values for free isoleucine and isoleucine as a peptide residue

3.3.1 Peptide assignments in water

Proton assignments for all peptides were first carried out in 90% H20, 10% D20.

The low solvent deuteration provided peaks for the labile backbone NH protons.

This ‘fingerprint’ region is where assignments were predominantly carried out.

Most protons were assigned for the peptides in 90% H20. An exception for all

peptides was the N-terminal backbone NH protons, which were not expected to

give a chemical shift due to rapid exchange with the solvent. No peak was

assigned for the Serine -OH y proton in any peptide. This was again presumed

due to rapid exchange. Other backbone NH protons were assigned confidently in

most cases. The second position residue backbone NH was unassigned for

SIINFEKL (12) and ESIINFEKL (S2). For SIINFEKL no TOCSY cross-peaks arose

for 12 in the NH fingerprint region but all other 12 peaks were assigned. Putative

S1 Hf3 peaks were noted but gave no TOCSY or NOESY cross peaks to confirm
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them. Similarly for ESIINFEKL no S2 NH cross-peaks were observed. A set of
cross-peaks were observed at 4ppm which had the predicted shifts for glutamic

acid but no NOESY cross-peaks were found to confirm this.

PPSIINFEKL chemical shifts were established for all protons of 14, 15, N6, F7, K9
and L10. The side chain hydroxyl y proton of S1 could not be clearly identified, as
was the case with all other peptides. Two sets of TOCSY NH cross-peaks for P1
appeared. These were linked by NOESY cross-peaks to chemical shifts for P2 and
NOESY connections arose between these ‘P2’ peaks and S3 peaks. The position of
E8 and P2 were initially ambiguous, because other than the chemical shift of He,
chemical shifts were very similar. NH cross-peaks for E8 appeared which were
impossible for P2 and so P2 peaks were initially considered to be multiple
conformations of E8 due to the chemical shift overlap. However, E8 was
distinguished from P2 by lack of key TOCSY cross-peaks (there was no peak well
placed for the 6 protons of P2) and the chemical shifts were adequately different
in deuterated buffer for confident assignment. A NOE between P2 Hd and P1 Ha
indicated a trans conformation for P2 (Wiithrich 1986). No NOEs between P2 Ha
and P1 Ha, and between P2 Ha and P1 NH showed, therefore no cis
conformation was confidently assigned. The two assigned NH positions for P1

(see Figure 54) may arise from the cis and trans conformations.

3.3.2 Peptide assignments in deuterated buffer

Buffer deuteration prevented assignment of labile protons which were in
exchange with the solvent and therefore not seen on spectra. Because the
backbone NH peaks were absent, the fingerprint region was not used for
assignment, unlike the assignments made in 90% H20. The a-hydrogen region
between ~4ppm and the water peak was instead used. For SIINFEKL, ESIINFEKL,
KSIINFEKL, EESIINFEKL, KKSIINFEKL and INFEKL, all non-labile protons were
confidently assigned. PSIINFEKL provided two sets of chemical shifts each for
what appeared to be E7 and K8 and what could be a small secondary
5AsnHa/Hb* cross peak can be seen in the TOCSY spectrum (Figure 51). NOESY

spectra for PPSIINFEKL were poor, but the similarity between the chemical shifts
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in water and in deuterated buffer permitted confident assignment without them.
The only significant difference was improved separation of E8 and P2 peaks over

the spectra in 90% H:20, which aided the assignment.

[INFEKL and INFEKL were assigned from a TOCSY spectrum alone, as stepwise
sequential assignment was deemed unnecessary. This enabled rapid and
confident assignments. For IINFEKL, I1 and 12 peaks were identified as belonging
to isoleucine, but it was uncertain which was the first position isoleucine and
which was the second. To gain this information, a NOESY spectrum would be
required to identify neighbouring residues Alternatively a spectrum in 90% H20
would identify which of the two isoleucine residues did not have visible
backbone NH peaks; if only one did, it would surely be the N-terminal residue
involved in solvent exchange. However, the two short peptides can be
differentiated from other peptides and amino acids by chemical shift values

alone and are assigned as far as is deemed necessary.
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Figure 55 - 2D 1H TOCSY spectra of ~1 mg/ml IINFEKL with proton assignments shown. 100% deuterated 20
mM potassium phosphate, pD 7, at 25 °C (Ha region).

110

ppm



é-i/1 lleHa,Hd1* |
A I
[ I
6LeuHa,Hda* ——:| i L
' T~1lleHa,Hg2*
—1.0
‘——1lleHa,Hg1a
- f 5LysHe*,Hg*_ = L
7 o @
= 6LeuHa,(Hb*/Hg) |
5LysHa,Hd* — # 5LysHe*,Hd*——§f%fJ I
. 4GluHaHba || I
il "~ 1lleHa,Hb 9 -
N 4GluHa,Hbb |
™ 4GiuHa,Hg* f
—25
) MZAana,Hba
iy I
0 2AsnHa,Hbb
I / 2Aanbb>}E-;;_
3PheHa,Hba ) :
/  3PheHba
X ‘ 5"”'I'_IysHe*
SLysHa,fe 3Phebeif'i; i i
| ' \ \ n
4.5 4.0 35 3.0

ppm
Figure 56 - 2D 1H TOCSY spectra of ~1 mg/ml INFEKL with proton assignments shown. 100% deuterated 20
mM potassium phosphate, pD 7, at 25 °C (Ha region).
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3.4 Discussion

PSIINFEKL gives additional Ha cross peaks for E7 and K8 in deuterated buffer.
This may result from some unwanted modification to the peptide which was not
excluded during purification, leading to the experienced environments for local
protons in the peptide being altered. Similarly in 90% H20, PSIINFEKL has
additional peaks near the 5AsnH,HBa/Hf3b and 6PheH,HBa/HBb cross peaks
which might be minor alternative chemical shifts. Additional chemical shifts are
also seen in the PPSIINFEKL 90% H20 spectra for the backbone NH of 1P which

may result from cis/trans isomerisation of the second position proline.

Most chemical shifts were mostly reasonably well dispersed though some
overlaps did occur. In addition peptides adopted similar chemical shift values
between them which made the process of assignment faster for each successive
peptide. This can be readily seen when glancing at the spectra, for example in the
isoleucine cross peaks for peptides in deuterated buffer which are clearly similar
(for example in Figure 51, Figure 52 & Figure 53). The peptide chemical shifts
were similar to random coil values as expected. Chemical shifts adjusted by
secondary structure effects can move by as much as 2 ppm (Williamson and
Asakura 1997). This was clearly not the case for these short unstructured
peptides. Nonetheless the local environment has an effect on chemical shift
values. The amino acids preceding or following a given residue will have an effect

on the chemical shift, especially proline (Wishart, Bigam, Holm, et al. 1995).

For all the peptides, certain protons (such as isoleucine Hy1la and Hy1b, or
asparagine HB1 and HB2) which yielded different chemical shifts but could not
be definitively identified, were designated according to CCPN Analysis and based
on common assignment databases. To gain accurate stereochemical assignments
of these protons J-couplings would be required, but gaining this information was
considered unnecessary. This was also initially the case for the aromatic ring
protons of phenylalanine. In the NOESY spectrum of EESIINFEKL in deuterated
buffer, an NOE arose between the phenylalanine Ho and Hf3 protons but not

between Hf3 and the other ring protons. This was considered evidence that the
112



assumption of the phenylalanine ring proton assignments in other peptides

might be correct.
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4 Expression, purification and NMR assighment of a 13C/*°N

isotope labelled peptide

4.1 Introduction

4.1.1 Bacterial cell expression of peptides

Commercially produced peptides are often produced in vitro with solid state
synthesis. This is the usual way of making them and it yields high quality peptide
in substantial quantities. For a peptide labelled with 13C, 1>N or 2H, the costs of
synthesis of a bespoke peptide are prohibitive, especially if every protected
amino acid reagent, supplied in excess, is isotope labelled. Cellular expression
can yield labelled peptide of sufficient quantity for NMR data to be obtained, and
through reverse phase HPLC (as with solid state synthesis) a sufficiently pure

peptide can be produced.

Various sorts of labelling can be used to differentiate peptide from protein in a
peptidase assay, and this includes isotope labelling of peptides with 13C/15N
isotopes. Low natural abundance of 13C and >N (at 1.07% and 0.37%
respectively) means a protein or peptide to which they have not been introduced
will not be apparent on a carbon or nitrogen HSQC spectrum, unlike the labelled
peptide of interest (Rosman and Taylor 1998). Additionally, chemical shifts in
both 1H and 13C/15N dimensions of an HSQC provide more information about the
peptide than proton NMR alone, and thus offer additional means of
differentiating between similar peptides. Isotope-labelled peptides are therefore

a useful tool.

The peptides cloned and expressed were SIINFEKL and 6 N-terminally extended
derivative peptides as given in chapter 3, but including LSIINFEKL and
LLSIINFEKL instead of KSIINFEKL and KKSIINFEKL. The oligonucleotide
sequences for the cloning of all 9 peptides can be found in the appendices,

though cloning was not completed for the lysine-extended peptides. Presented
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here is the expression of isotope-labelled peptides and an example peptide

characterised through heteronuclear NMR.

4.1.2 Heteronuclear correlation spectroscopy

Heteronuclear Single Quantum Coherence (HSQC) experiments make use of
effective transfer of magnetisation between different nuclei. This is possible
where the nuclei are directly bonded, and for this reason can be used to rapidly
identify all connected nuclei of the relevant isotopes within the sample. For
analysis of peptides and proteins, their chemical makeup being organic, a carbon
and nitrogen labelled sample (providing isotopes at above natural abundance,

and thus making the experiment rapid and sensitive) can reveal the 1H/13C or

1H /15N connections present.

@ @G

N N
‘\ \(L:q »—1\(: - \CG —{ C’ )
I
/ /
\Ho) (9 \Ha) (9
S~ g S~ -
— —
i- i
'H-"C-HSQC 'H-"N-HSQC

Figure 57 - 1H-13C-HSQC and 1H-15N-HSQC experiments. Magnetisation is transferred between the hydrogen
and the attached 13C/15N atom by J-coupling. Adapted from www.protein-nmr.org.uk/solution-nmr/spectrum-
descriptions/13c-hmqc/ and www.protein-nmr.org.uk/solution-nmr/spectrum-descriptions/1h-15n-hsqc/

(Higman 2012).

The process works much like homonuclear spectroscopy (see Chapter 3), except
different nuclei can be independently probed by pulses at very different
frequencies (Cavanagh et al. 1996). Excitation of protons can therefore be

transferred to connected heteronuclei. Sensitivity differs between nuclei and
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many experiments are designed with this consideration in mind: protons give
signal-to-noise around 300 x greater than >N for example (Levitt 2008). An
INEPT (insensitive nuclei enhanced by polarisation transfer) sequence bypasses
this problem by magnetisation transfer from proton to heteronuclei during the
evolution period then back to protons for detection, allowing the heteronuclei to

be probed but maximising signal (Cavanagh et al. 1996).

Constant time experiments can be used for improved resolution and sensitivity.
They have the additional bonus of aiding assignment: the number of connected
carbon nuclei makes cross peaks either positive or negative due to coupling, so

nuclei with 0 or 2 connected carbons will be opposite to those with 1 or 3.
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4.2 Methods

4.2.1 A brief explanation of the expression system

Peptides were expressed as a fusion construct, with the ketosteroid isomerase
protein (KSI) at the N-terminal with a linking methionine. This system enables
bacterial peptide expression without degradation of the peptide by the
expression organism, and the KSI protein can then be cleaved by a cyanogen
bromide reaction after the linking methionine residue. The plasmid used
(pET31b) is a low copy number plasmid, but can still provide sufficient antibiotic
resistance for the ampicillin concentrations given below. For cloning, either a
single enzyme (AlwNI) or double (Xhol or others; see Appendices for plasmid

map) restriction digest can be used.

4.2.2 Cloning

4.2.2.1 Vector digestion:

The uncut pET31b plasmid was expressed in DH5a E. coli. Extraction of the
plasmid DNA was performed with a QIAprep miniprep kit (from QIAGEN)
according to the manufacturer’s instructions. A digest reaction was mixed as

follows:

Circularised plasmid double enzyme digest reaction mix:
500 ng vector
2 pl Tango buffer (2 ul)
1 ul AlwNI (Cail, supplied by ThermoFisher)
1 pl Xhol (supplied by ThermoFisher)
ddH20 to 20 pl

The reaction was incubated at 37 °C for 1 hour. 2ul of the digested plasmid DNA

was run on a 12% agarose gel to check for a digested band. A single band
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indicated a linear plasmid, whereas two or three bands suggested incomplete

digestion of the supercoiled bacterial plasmid.

4.2.2.2 Annealing of oligos:

The complementary single-stranded phosphorylated oligos were designed with
AlwNI and Xhol restriction site compatible overhangs. A stop codon was
included at the end of the peptide coding region and the obligatory cleavable
methionine at the start. An annealing buffer for the oligos was prepared as

follows:

10x annealing buffer:
0.485 g Tris pH 8
0.0952 g MgCl2
0.292g NaCl
Made up to 100 ml with ddHz20

The oligos were mixed like so:

Oligo annealing reaction mix:
200 pmol oligo A
200 pmol oligo B
10 ul 10X annealing buffer
to 100 pl with ddH20

The reaction was incubated in a thermocycler at 99 °C for 10 minutes, then

cooled gradually to 30 °C, over 15 minutes, for optimal annealing without

introduction of hairpins.

4.2.2.3 Ligation:

The inserts were combined with the linearised vector in the following mixture:
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Plasmid/insert annealing reaction mix:

50 ng vector

100 / 200 ng insert (for a ratio of either 1:2 or 1:4)

The mixture was heated at 37 °C for 5 minutes in a thermocycler before being

cooled on ice. At this point the ligase reaction was set up as follows:

Linear vector/insert ligation mixture:
1 ul ligase buffer
0.5 pl ligase
ddH20 to 10 pl

The reaction was incubated in thermocycler at 16°C degrees overnight. After
this, the ligase was denatured by heating at 65 °C for 10 minutes. The ligations

were stored at -20 °C prior to further use.

4.2.2.4 DNA replication and sequencing:

The ligated plasmids were transformed into DH5a E. coli cells as follows: 2 pl of
DNA was mixed with 20 pl of competent DH5a cells. The mixture was incubated
on ice for 30 minutes. The cells were then heat shocked by incubation in water
bath at 42 °C for 45 seconds. The mixture was returned to rest on ice for up to 2
minutes before 300 pl of LB (lysogeny broth - see recipe below) media was
added, followed by incubation at 37 °C for 1 hour. 200 pl of transformed cells
were then plated onto LB/ampicillin agar (with ampicillin at 100 pg/ml) and
incubated at 37 °C overnight.

In order to check that the peptide-coding inserts had been correctly ligated into
the vector, the DNA was extracted and sequenced like so: Firstly, well-isolated
bacterial colonies were chosen from the agar plated cells and used to inoculate

10 ml of LB/ampicillin. This was cultured overnight (~16 hours) at 37 °Cin a
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shaking incubator. The plasmids were extracted from cells of the overnight
culture by miniprep with a QIAprep kit (QIAGEN) according to manufacturer’s
instructions. The extracted DNA was dispatched for Sanger sequencing (Eurofins

Sanger sequencing service) for verification of successful ligation.

4.2.3 Expression

4.2.3.1 Expression of unlabelled KSI fusion peptides

1L volumes of LB (lysogeny broth) media were prepared beforehand to the

following recipe:

LB broth:
10 g tryptone
5 g yeast extract
10 g NaCl
Adjusted pH to 7, then made up to 1L and autoclaved

The peptides were expressed in inclusion bodies in E. coli. 2 pl of DNA was mixed
with 20 pl of competent BL21 RIPL E. coli cells. The mixture was incubated on ice
for 30 minutes. The cells were then heat shocked by incubation in water bath at
4?2 °C for 45 seconds. The mixture was returned to rest on ice for up to 2 minutes,
then 300 pl of sterile LB media was added, followed by incubation at 37 °C for 1
hour. 200 pl of transformed cells were then plated onto sterile LB/ampicillin

agar (with ampicillin at 100 pg/ml) and incubated at 37 °C overnight.

A well-isolated colony was picked from the agar plates and used to inoculate 100
ml LB/ampicillin media (ampicillin to 100 pg /ml). The media was cultured
overnight (~16 hours) at 37 °C in a shaking incubator. Simultaneously, 900 ml
volumes of sterile LB/ampicillin (100 pg /ml) media were prewarmed overnight

to 37 °C in baffled flasks.
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The prewarmed media was inoculated with 100 ml of overnight culture to make
1L volumes. The inoculated media was grown at 37 °C in in a shaking incubator
at 200 rpm. When the culture reached an optical density absorbance value of 0.8
-1 (usually between 1.5-2.5 hours) protein expression was induced by addition
of IPTG (isopropyl B-D-1-thiogalactopyranoside) to 1mM. After a further 4 hours,
the cells were extracted by centrifugation at 5000 rpm, 4°C for 20 minutes. The

used media was discarded and the cell pellet stored at -20 °C before purification.

4.2.3.2 Expression of labelled KSI fusion peptides

The peptides were expressed in inclusion bodies in E. coli. 2 pl of DNA was mixed
with 20 ul of competent BL21 RIPL E. coli cells. The mixture was incubated on ice
for 30 minutes. The cells were then heat shocked by incubation in water bath at
42 °C for 45 seconds. The mixture was returned to rest on ice for up to 2 minutes,
then 300 pl of sterile LB media was added, followed by incubation at 37 °C for 1
hour. 200 pl of transformed cells were then plated onto sterile LB/ampicillin

agar (with ampicillin at 100 pg/ml) and incubated at 37 °C overnight.

A well-isolated colony was picked from the agar plates and used to inoculate 100
ml LB/ampicillin media (ampicillin to 100 pg /ml). The media was cultured

overnight (~16 hours) at 37 °C in a shaking incubator.

M9 growth media and 10x M9 salts were prepared like so:

10x M9 salts:
60 g NazHPO4
30 g KH2PO4
5 g NaCl

This was mixed and made up to 1 litre.
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M9 minimal growth media (initial formulation):
1 ml 1M MgSO04
0.3 ml 1 M CaCl2
100 ml 10x M9 salts
pH 7.4, ddH20 to 1L

The initial growth media was divided between baffled flasks, with 500 ml in each

flask. The flasks were sealed and autoclaved.

A 100x trace elements solution was prepared to the following recipe:

100x trace elements solution:
5gEDTA (pH 7.5)
0.83 g FeCl3.6H20
84 mg ZnCl:
13 mg CuCl2.2H20
10 mg CoCl2.6H20
10 mg H3BOs3
1.6 mg MnCl2.6H20
Made up to 1 litre, 0.2 um filtered to sterilise.

The sterile M9 media was prepared for use in cell culture expression:

M9 growth media (final formulation):
M9 growth media (initial formulation) 500 ml
500 mg NH4Cl (15N labelled, supplied by Goss Scientific) 0.2 um filter
sterilised
1 g 13Cs glucose (supplied by Goss Scientific) 0.2 um filter sterilised
500 pl biotin stock (of 1 mg/ml) pH 7
500 pl ThiamineHCl stock (of 0.1 mg/ml)

5 ml of 100x trace elements
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M9 media was prewarmed to 37 °C and ampicillin stock added to 100 pg/ml.

Overnight cultures were centrifuged at 4000 rpm, 10 minutes, 4 °C to pellet cells.
The pellet was resuspended in 20 ml of prewarmed media, and 10 ml added per
490 ml of M9 media. Flasks were incubated at 37 °C in shaking incubators and
induced with IPTG to 1 mM when a relative optical density absorbance of 1 was
reached. The cultures were left to incubate at 37 °C in a shaking incubator

overnight (~16 hours).

After the overnight incubation, an increase in the optical density of cultures was
checked to verify that cells had grown overnight. Cells were pelleted by

centrifugation at 5000 rpm, 20 mins, 4 °C. The pellet was weighed and frozen.

SDS-PAGE

12% SDS polyacrylamide gels were cast in Bio-Rad 0.75 mm mini-PROTEAN

plates and used for analysis of expressed and purified protein.

A gel buffer was produced to the following recipe:

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

The running gel was made to the following recipe:

Running gel:
3.33 ml 30% bis acrylamide (37.5:1)
3.33ml dH20
3.33 ml gel buffer
10 ul TEMED
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This was mixed before 50 ul ammonium persulphate (100 mg/ml stock) was
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
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:
660 pl 30% bis acrylamide (37.5:1)
2.9ml dH20
1.24 ml gel buffer (see above)
10 pl TEMED

This was mixed before 25 pl ammonium persulphate (100 mg/ml stock) was
added. The stacking gel mixture was then rapidly and thoroughly mixed again,
before being distributed atop the cast running gels. Well combs (usually of 10

wells) were inserted and the gels left to set for another 30 minutes.

To prepare samples for running on a gel the samples were mixed with sample

buffer. A 4x Sample buffer was made like so:

4x sample buffer:
200 mM Tris-HCI (pH 6.8)
8% w/v SDS
0.8% v/v bromophenol blue
40% v/v glycerol
400 mM (-mercaptoethanol
ddH20 to 10 ml
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Pre- and post-induction samples from the LB E. coli expression of KSI-peptide
inclusion bodies were run on a gel to check expression. 500 pl of each were
centrifuged at 13000 rpm in a benchtop Eppendorf centrifuge for five minutes.
The supernatant was removed. 25 pl of 4x sample buffer was used to resuspend
the pellet. The sample was heated at 95 °C in a heat block for 10 minutes. 5 pl of
protein ladder (Bio-Rad ‘dual-color precision plus protein’) was added to the
first well. 5 pl of the protein expression sample was inserted to a well on the
SDS-PAGE. Samples of purified inclusion bodies were similarly checked by
mixing with sample buffer, heating at 95 °C in a heat block for 10 minutes and

running 5 pl on a gel.

The gels were run in a Bio-Rad mini-PROTEAN tank according to the
manufacturer’s instructions. The running time was approximately 40 minutes.
The anode buffer was 200 mM Tris (pH 8.9). The cathode buffer was made to the

following recipe:

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

4.2.4 Peptide purification

4.2.4.1 Inclusion body purification

In order to purify the KSI-fusion-peptide inclusion bodies from the cells they

were expressed in, a Triton buffer was made:

Triton buffer:
50 mM Tris-HCI (pH 8)
10 mM EDTA
0.5% v/v Triton X-100 (Sigma)
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20 ml of Triton Buffer was added to harvested cell pellet from expression along
with lysozyme (to 0.1 mg/ml), DNase I (to 0.02 mg/ml) and MgClz (to 10 mM).
The pellet was homogenised and left on a rocking shaker at room temperature
for 20 minutes. The mixture was centrifuged at 12 000 x g, 15 minutes, 4 °C and
the supernatant removed. This was repeated with the same quantities of Triton
Buffer, lysozyme, DNase and MgClz before homogenisation and 10 minute
incubation at room temperature before an identical centrifugation step and

removal of supernatant.

Three cycles of Triton Buffer addition on ice, homogenisation and centrifugation
as above were carried out followed each time by removal of supernatant. This
was repeated two times further with 5 ml dH20 instead of Triton Buffer to

remove detergent.

4.2.4.2 Chemical cleaving of peptides from KSI fusion protein

The KSI fusion protein contains no internal methionine residues, and the linking
methionine between KSI and the expression peptide is therefore useful as a
cleavage site between the two by use of cyanogen bromide, to which it is
uniquely susceptible (Wagstaff, Howard, and Williamson 2010). The sulphur of
methionine performs a nucleophilic attack on the carbon of CNBr and is replaced
by bromine, and the methionine forms an unstable 5-membered ring which
results in cleaving of methionine from the N-terminal of the peptide. There are
few limitations to use of the method, except obvious restrictions on inclusion of
methionine within the peptide, and lower efficiency of cleavage for serine and

threonine residues, which can be optimised (Kaiser and Metzka 1999).

To cleave the peptide from the KSI fusion protein, 5 ml of 80% (or 60% for N-
terminal serine peptides) formic acid was added to the pellets and they were
magnetically stirred to resuspend. 0.2 g CNBr was added in a fume hood, and the

tubes were rapidly sealed and covered in foil. The tubes were stirred overnight.
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The following day, 20 ml dH20 was added to the reactions and the solution was
lyophilised. The hydrophobicity of the peptides determined how they were

subsequently handled. Dried peptides were resuspended one of two ways:

Hydrophobic peptides:
Hydrophobic peptides were resuspended in 4 ml of a resuspension buffer

suitable for hydrophobic peptides:

409% acetonitrile
60% dH20

0.1% trifluoroacetic acid

They were left on a rotating shaker at room temperature for 1 hour, then
centrifuged 12 000 x g, 10 minutes, 4 °C. The supernatant was filtered
with 0.2 uM nylon Corning costar spin-x HPLC filters.

Peptides handled this way were: SIINFEKL, ESIINFEKL, LSIINFEKL,
LLSIINFEKL, PSIINFEKL & PPSIINFEKL

Hydrophilic peptides:
Hydrophilic peptides were resuspended in 4 ml of a resuspension buffer

suitable for hydrophilic peptides:

20 mM K2HPO4
100 mM NacCl

The pH was adjusted with NaHCOs to pH 7.4 and the solution covered in
foil and left overnight on a rotating shaker at room temperature. The
following day the mixture was centrifuged 5000 x g, 15 minutes, 4 °C,

before filtering with a 0.2 uM filter.

Peptides handled this way were: EESIINFEKL.
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4.2.4.3 Purification and analysis of expressed peptides

Peptides were purified by reverse phase HPLC Phenomenex Jupiter C18 column.
An aqueous Buffer A (HPLC-grade H20 with 0.1% trifluoroacetic acid) and
organic Buffer B (HPLC-grade acetonitrile with 0.1% trifluoroacetic acid) were

used to set up an HPLC gradient. A gradient of 10-40% Buffer B was used.

HPLC organic buffer componentover time
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Figure 58 - HPLC separation method for SIINFEKI series peptides given as proportion of Buffer B over time

Peptides were identified by retention time on the column and verified by time of

flight positive electrospray mass spectrometry.

4.2.4.4 5N 3C 'H heteronuclear NMR of labelled peptides

13C/15N isotope labelled PSIINFEKL peptide was prepared for NMR by dissolving
in 10% D20/90% H20, and checked for HSQC quality. The peptide was freeze
dried and the lyophilised peptide resuspended in water. This was then dialysed
over 1L of 20 mM potassium phosphate (mono/dibasic) buffer at pH 7 using a
100-500 Da cut-off membrane at 4 °C for 2 days.
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Data acquisition:

All 2D heteronuclear HSQC experiments used standard pulse sequences from the

Varian BioPack software.

Processing and assignment:

The 13C and >N dimensions were referenced by indirect referencing from the
known proton dimension centre position. The gyrometric ratios used were taken
from Wishart, Bigam, Yao, et al. (1995). Data was processed in nmrPipe and
nmrDraw (Delaglio et al. 1995). Assignments were made in CCPN Analysis

(Vranken et al. 2005) from solved 1H assignments.
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4.3 Results

4.3.1 Expression

KSI-linked peptides showed good induction upon addition of IPTG during M9
media expression in E. coli. Cells were pelleted with about 1 g per 500 ml media
after ~16 hours induced growth. After inclusion body purification, pellets were

~0.5 g prior to CNBr cleavage.
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Figure 59 - SDS-PAGE of isotope labelled KSI-fused SIINFEKL expression. Lanel: Bio-Rad Precision Plus
Kaleidoscope protein standard. Lane 2: pre IPTG induction sample of peptide expression. Lane 3: post IPTG

induction of peptide expression. Arrow denotes band of over-expressed KSI-tagged peptide

4.3.2 Purification and analysis

Expressed and cleaved peptides produced large peaks on the HPLC gradient and
fractions collected from these were analysed. Mass spectrometry of unlabelled
peptides showed the expected monoisotropic masses for +1 and +2 peaks
(Figure 61). Mass spectrometry of labelled peptides showed the expected
monoisotropic masses for +1 and +2 peaks (Figure 62). Of the +1 ionised species
present close to the expected peptide mass, the majority (over 2/3) had the
monoisotropic mass of 1121.78, indicating most of the peptide was fully labelled
(Figure 63). 1L of M9 13C/15N labelled expression yielded in the region of 2 mg of
HPLC-purified peptide.
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HPLC trace of PSIINFEKL peptide purification
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Figure 60 - Reverse phase HPLC trace of PSIINFEKL purification showing detected signal (blue) and organic

buffer component (orange) against time. PSIINFEKL is eluted between 30-32 mins
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Figure 61 - Time of flight positive electrospray mass spectrometry profile of unlabelled cell-expressed
PSIINFEKL sample (post HPLC purification). Expected monoisotropic mass is 1060.24 Da
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Figure 62 - Positive electrospray time of flight mass spectrometry profile of labelled PSIINFEKL sample (post
HPLC purification). Expected monoisotropic mass is 1121.2
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Figure 63 - Positive electrospray time of flight mass spectrometry profile of 13C/1°N labelled PSIINFEKL

showing +1 ionisation peaks
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4.3.3 Results of NMR assignment of 13C/15N labelled PSIINFEKL

Where confident assignments for protons are available, 2D heteronuclear
experiments offer rapid assignment of other nuclei present, most commonly 13C
and 15N. Simple HSQC experiments utilise transfer of magnetisation between
connected heteronuclei, and can therefore provide chemical shift assignments in
the second dimension based on knowledge of the first, providing significantly
more assignment information on a peptide than homonuclear NMR can offer

(Cavanagh et al. 1996).
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4.3.3.1 *H->N HSQC spectra

For the 15N assignments, 2 1H-15N spectra were collected and the second

optimised spectrum (Figure 64) with a higher number of scans and increments

was used for 15N assignments.
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Figure 64 - 1H-15N HSQC spectrum of 15N labelled PSIINFEKL
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4.3.3.2 'H-3C HSQC spectra

Aliphatic CT spectra

For the 13C aliphatic groups, 3 13C HSQC spectra were collected, of which 2 were
constant time (CT) experiments, performed to give additional chemical
information about the peptide. The second optimised CT spectrum (Figure 65)

was used for aliphatic carbon groups chemical shift assignment.
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Figure 65 - 1H-13C aliphatic region CT HSQC spectrum of 13C labelled PSIINFEKL
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Aromatic CHSQC spectrum

As expected, the 1H-13C aromatic region HSQC (Figure 66) showed only three

peaks, corresponding to the 3 chemical environments sampled by 5 CH groups of

the phenylalanine ring in PSIINFEKL.
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Figure 66 - 1H-13C aromatic region HSQC spectrum of 13C labelled PSIINFEKL
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4.3.3.3 Chemical shift assignments

The HSQC spectra (see Figure 64, Figure 65 & Figure 66) obtained provided
unambiguous 1H, 13C and 15N assignments in most cases (given Table 8) which
matched the existing 1H assignments for PSIINFEKL (See Chapter 3 Proton
Resonance Assignments of a Peptide Series & Appendix 13 - Peptide
assignments in 90% H20 10% D20). No cross-peak for the backbone NH of 1Pro
or 2Ser were found in the 1H-15N spectrum. The 13C and 1>N nuclei were
confidently assigned in all cases other than the Cy2 nuclei of the 3rd and 4th
position isoleucine residues, where the positions on the 1H axis were sufficiently
close to pose uncertainty about which methyl group was giving rise to each

signal.
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Table 8 - HSQC spectral assignments for PSIINFEKL (specific stereochemical assignments e.g. Hba/Hbb have
been arbitrarily designated by CCPN Analysis and are undetermined)

1Pro H - Ha 4.43 Hba 2.07 Hbb 2.48 Hg* 2.06 Hda 3.39 Hdb 3.43
Ca 6281 Cb 32.95 Cg 26.90 Cd 49.78
N -
2Ser H - Ha 455 Hba 3.84 Hbb 3.86
Ca 5877 Cb 64.17
N -

3lle H 832 Ha 4.20 Hb 1.85 Hgla 1.18 Hglb 1.46 Hg2 0.87 Hd1* 0.83

Ca 6156 Cb 39.21 Cg1 27.67 Cg2 13.30? Cd1 13.08
17.89?
N 12345

41le H 821 Ha 4.11 Hb 1.75 Hgla 1.12 Hglb 142 Hg2 0.87 Hd1* 0.73

Ca 6125 Cb 3921 Cg1 27.67 Cg2 13.30?7 Cd1 17.80
17.89?
N 125.48

5Asn H 8.39 Ha 4.69 Hba 2.69 Hbb 2.77 Hd2a 6.92 Hd2b 7.59
Ca 5330 Cb 39.50

N 12347 Nd* 113.05
6Phe H 8.27 Ha 457 Hba 3.02 Hbb 3.16 Hd* 7.27 He* 7.37 Hz 732
Ca 5845 Cb 39.91 Cd* 130.19 Ce* 130.13 Cz 128.30
N 12179

7Glu  H 8.34 Ha 4.22 Hba 1.92 Hbb 2.00 Hg* 2.20
Ca 57.06 Cb 30.83 Cg 36.73
N 12250

8Lys H 8.20 Ha 4.33 Hba 1.88 Hbb 1.75 Hd* 1.70 Hg* 1.44 He* 3.02

Ca 57.06 Cb 33.30 cd 2948 Cg 2498 Ce 42.57
N 123.13
9Leu H 791 Ha 4.22 Hb* 1.59 Hg 1.59 Hda* 0.86 Hdb* 091 0.87
Ca 5706 Cb 43.78 Cg 27.67 Cda 2387 Cdb 25.64 17.89
N 130.69
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4.4 Discussion

Assignments were straightforward, with proton chemical shifts identified
according to the existing homonuclear NMR assignments (see Chapter 3 Proton
Resonance Assignments of a Peptide Series) and verified by the positive or
negative sign of the peak in the aliphatic CT spectrum. Cross-peaks for the
backbone NH of N-terminal 1Pro were not expected, and accordingly did not
appear in the 1H-15N spectrum. The lack of cross-peak representing the
backbone NH of 2Ser was also unsurprising, given that the second position
residue backbone NH was not apparent in the homonuclear experiments
performed for SIINFEKL and ESIINFEKL in 90% H20 (Chapter 3). Some
unassigned peaks existed in the aliphatic spectra, presumed due to impurities in
the sample because they did not match known proton chemical shifts for
PSIINFEKL. This indicates that although the peptide was expressed in large
enough quantities for good NMR spectra to be obtained, purity could have been

higher, and perhaps a shallower HPLC gradient used to separate impurities.

The Cy2 nuclei of the 3rd and 4t position isoleucine residues were given
ambiguous assignments, but due to the location on the 1H axis and the cross-
peaks being positive, it was evident that the chemical group producing these
signals was a methyl group. However, despite this uncertainty, the aliphatic
spectra presented additional proton assignment details for the ProHf3 protons.
These were previously assigned chemical shift values around 2.50 ppm, but for
which in the 1H-13C spectra an additional peak was seen at 2.07 ppm, overlaying
the ProHy* position. Similarly, the LysHf3 protons gave rise to 2 chemical shifts
(at 1.88 and 1.75 ppm) where only one (at 1.88 ppm) had previously been
recorded as representative of both protons. As the number of nuclei represented
by a peak has a bearing on the accuracy of quantitative NMR this is useful for
highlighting missteps in a proton assignment from homonuclear 1H-1H TOCSY

spectra.

140



5 Investigating human ERAP1 behaviour with NMR

5.1 Introduction

To date, several methods have been used for in vitro exploration of the activity of
ERAP1 against different substrates. Broadly, these are often adept at testing
modulation of one aspect of the peptide and how it affects the trimming rate. The
simplest experiment is perhaps the use of substrates such as L-leucine-7-amido-
4-methylcoumarin (L-AMC) which provides a consistent fluorescent reading
when the leucine group is cleaved by ERAP1. A selection of 82 fluorescent
substrates was used in a thorough comparison of substrates for ERAP1, ERAP2
and IRAP, suggesting future inhibitor design principles, by Zervoudi et al. (2011).
AMC-based fluorescent compounds are small and therefore other assays are
more commonly used to assess ERAP1 trimming of longer peptide substrates. A
fluorescent substrate used by Evnouchidou, Berardi and Stratikos (2009) was a
whole peptide with an N-terminal tryptophan, the fluorescence of the
tryptophan being quenched by an internal cysteine/dinitrophenyl, and restored
when it was cleaved. This is effective for assessing peptide internal residue
preferences of ERAP1, but cannot also compare N-terminal preference. HPLC
separation of peptide products is one such method which can be highly effective
(Evnouchidou et al. 2008) although the peptides chosen must separate well on
the reverse-phase gradient, and multiple reactions started then stopped at
timepoints. A lengthy gradient may be required to separate all products making
it a time-consuming experiment, but unlike the dinitrophenyl-quenched
tryptophan method, it does not require chemical modifications to the peptide

which might affect ERAP1 activity.

To examine both N-terminal trimming and internal residue preferences, multiple
methods might be required. If the aminopeptidase has such strict ‘molecular
ruler’ behaviour it cannot trim beyond the optimal MHC peptide then no more is
required, but ERAP1 is known to degrade shorter peptides (Kanaseki et al.
2006). Given suggestions by Evnouchidou et al. (2008)that ERAP1 exhibits
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internal amino acid preference, these assays do not give a full and nuanced

picture of trimming by ERAP1, as they monitor only a single trimming step.

Nuclear magnetic resonance is capable of identifying peptides based on chemical
shift, and can also be used quantitatively because the size of each peak is
proportional to the number of protons (and, by extension, moles of compound) it
represents. This presents the opportunity for real-time reaction progress
monitoring. Published reactions investigated by this method usually have simple
enough products and substrates to quickly identify species from well isolated
peaks, even if the substrate in question is a complex polymer (Limtiaco et al.
2011). Utilising reaction progress monitoring NMR for a complex mixture of
substrates and products as are present in an ERAP1 reaction is unusual but
offers the opportunity to study every step of the reaction, including and beyond

cleaving of the first N-terminal residue.

5.1.1 Quantitative NMR

Peak size relates to number of hydrogens present, this can be split into the
number of hydrogens present in the represented species, and the number of
species represented by the peak, i.e. concentration. Perhaps the simplest way of
quantitatively performing 1D proton NMR is by use of a chemical reference. This
is a compound which must ideally be stable and have a strong, reliable signal,
well separated from all other peaks. It acts as a standard in the sample, with the

known reference concentration used to determine sample concentration.

5.1.1.1 Considerations for NMR quantitation

Although the size of a peak on an NMR spectrum corresponds to the number of
nuclei it represents, it is not always possible to calculate the number of nuclei
from the peak size. Labile peaks in exchange with the solvent will give a low

signal and are best discounted altogether. Another consideration is the
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relaxation time, T1, of different nuclei. T1 (‘longitudinal’ or ‘spin-lattice’)

relaxation dictates the period of time taken to return to a relaxed equilibrium

state Mzeq from M after being subjected to the radio-frequency (R.F.) pulse. It is

linked to the tumbling of the molecule within solution and therefore affected by

factors such as size of the molecule (Wiithrich 1986). The T1 can often be in the

order of several seconds, and if the relaxation delay (D1) of the experiment is of

insufficient length, the recorded signal will be a fraction of what it would be if the

nuclei were permitted full relaxation.
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Figure 67 - Partial to full relaxation of TSP reference signal with D1 times from 1 to 60 seconds. Acquisition

time: 0.32 s.

The ideal relaxation delay would be 3-5 times longer than the T1 of a given

nuclei. This gives a maximum error of around 5% for 3x greater than T1, or 1% if

5x greater (Cookson and Smith 1982). In reaction-monitoring there are

constraints imposed by the reaction, if rapid, and a long relaxation delay has a

significant impact on experiment time. The D1 must be long enough for the

nuclear magnetisation of nuclei of interest to return to equilibrium before the

next scan in the experiment. Optimisation of the Ernst flip angle can ensure full

relaxation in a shorter T1, giving the maximum possible signal, and this route can

reduce experiment times without too much impact. However, this will not yield

the good signal-to-noise of large 70-90° flip angles and is inadvisable for

quantitation where multiple different T1 values are present in the sample

(Cookson and Smith 1982).
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Another vital consideration is signal-to-noise. Poor signal-to-noise will generate
large errors, and this is particularly a problem for small peaks representing only
one or two nuclei, for all low-concentration components of the reaction mix, and
must also be considered when the chosen D1 is substantially shorter than T1
relaxation. The lower limit on signal-to-noise is often recommended as a ratio of
250, giving 0.4% error. With an adequate number of scans, the signal-to-noise
can be improved until it is acceptable for all peaks. This also lengthens the
experiment time, and again a trade-off is required to capture all reaction events

while retaining a practicable level of signal-to-noise.

Lineshape of the final spectrum is a key consideration and is affected by sample
shimming and acquisition time. Poor shimming can introduce problems where
peaks are broad or have shoulders, rather than the expected Lorentzian
lineshape. The acquisition period determines, along with spectral (sweep) width,
the number of points in in the spectrum, and thereby spectral digitisation and

resolution. This is shown by:

1 25w
res = —=——
at np

And:

t P
at = ——
25w

Where ‘res’ is the resolution, ‘at’ is acquisition time in seconds, ‘sw’ is the sweep

width in Hz, and ‘np’ is the number of points in a spectrum.

Digitisation has an effect on integration because data points within an NMR peak
will affect fitting, and sampling for integration (see Figure 68). A short
acquisition time will lead to truncation of the spectrum and baseline distortion

(sinc wiggles) around peaks (this is apparent around the right hand peak of
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Figure 68). An additional consideration is that very extensive acquisition times
give more noise inclusion, and a poorer signal-to-noise (Becker, Ferretti, and
Gambhir 1979). The acquisition time must be sufficient to capture the whole free
induction decay signal, otherwise processing can be used to improve the
resolution. The spectral width chosen must be sufficient to cover all signals
present to prevent aliasing from external signals, which are misleading and
difficult to phase correctly during processing (Cavanagh et al. 1996). For proton
spectra of random coil peptides, signals are unlikely to fall outside of 0-10 ppm

so a spectral width slightly wider than this is sufficient.

TSP at=0.16s np=3200 TSP at=0.32s np=6142
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Figure 68 - Improving spectral quality with an increased number of points. Peak represented by a low number
of points (left) and a higher number of points (right). The sinc wiggles distorting the base of the peaks (seen to
right) is an artefact created by ending acquisition before full signal decay, causing FID truncation. Longer

acquisition times can avoid this.

Solvent suppression in solution state NMR is especially critical in sensitive
cryoprobes, where the water signal might distort the baseline and obscure small
neighbouring signals. Large water signals cause a radiation damping effect,
transferring magnetisation to the coil which affects the pulse sequence.
Additionally the effects of a very large water peak versus small solute peaks
means poor digitisation with the gain value set low to prevent the water signal
causing analog-to-digital converter (ADC) receiver overflow (Cavanagh et al.

1996). There are ~110 M protons in water, significantly more than the dissolved
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biomolecule of interest, which is likely to be in the uM-mM range. Much of the
water signal is removed by solvent deuteration, however any remaining signal
can be reduced with a solvent suppression technique included in the pulse
sequence. There are a variety of solvent suppression schemes suited to different
situations. These include presaturation, where a long R.F. pulse is applied at the
water frequency prior to the rest of the pulse sequence, with best results for
small, narrow water signals (Hoult 1976) and watergate (‘water suppression by
gradient-tailored excitation’) techniques which can suppress larger signals. The
watergate suppression schemes work through dephasing all resonances with
gradients before selectively acting on all non-water resonances in a spin echo to
produce a spectrum mostly absent of the water peak (Piotto, Saudek, and Sklenar

1992).

5.1.1.2 Processing and analysing reaction series of spectra

The ideal Lorentzian peak to integrate would be well separated from neighbours
to incorporate the exponentially widening base fully, thus calculating the integral
value from the maximum available area of the peak, but this is not realistic for
crowded spectra. In order to cover 99% of the peak, integrals must be taken at
25x the line width of the peak in each direction. This allows the analyst to take in
a sufficient amount of the infinitely widening base for quantitation, but is
difficult in crowded spectra (Griffiths and Irving 1998). Flat baseline regions
without signals either side of the peak also makes the integral bias and slope
easily adjusted where necessary. The need for this is significantly reduced if the
baseline is very flat, and where required this can be achieved by applying

baseline correction.

One of the first points of consideration for processing a spectrum is phasing.
Though so routine it could almost be forgotten, good phasing is essential for
accurate integrals, and could affect integration significantly if wrong. Phased and
symmetrical, Lorentzian-shape lines are particularly essential for deconvolution
of a spectrum. Spectral deconvolution is an increasingly powerful method of

separating overlapped peaks into constituents (Figure 69). Separation of peaks is
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considerably more difficult in the case of a complex peptide proton spectrum
where a large number of protons are represented at close chemical shifts, which

makes deconvolution necessary.

PSIINFEKL 1D 1H
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Figure 69 - Global spectral deconvolution applied to region of overlapping peaks with MestReNova 12 software.

Spectrum shown in green, deconvoluted peaks in blue.

For deconvolution fitting to work well it requires the expected lineshape, which
by default will be Lorentzian although software will often be able to search for
Gaussian lines if necessary. For recognition of Lorentz-shapes, no apodisation or
window function can be used where it will affect lineshape in a way which
prevents effective peak fitting. Exponential line broadening can be used to
improve the effective signal-to-noise, though this does not replicate the signal
gained by improving the actual signal-to-noise (Cookson and Smith 1982).
Because it is exponential and Lorentzian lines, fourier transformed, are
exponential, it will not introduce distortions to the peak shape where other
apodisation functions might (Becker, Ferretti, and Gambhir 1979). Spectral
deconvolution also needs good shimming for the same reason of lineshape. This
can be corrected for by reference deconvolution whereby the lineshape of a
reference peak is used to correct lineshape across the entire spectrum, but good

shimming in the first instance is preferable.
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Though often highly effective, deconvolution is limited in particularly
complicated regions of spectra. Additionally, it requires more computational
power and consequently more time than a simple sum integration of a peak. The
MestReNova 12 software offers quantitative global spectral deconvolution
(qGSD), which performs additional line fitting to minimise residuals calculated
through GSD. It is extremely accurate, nonetheless requiring even more
calculation time, and is perhaps excessive for most uses. For the average
integration across a reaction series, edited sum integration can be used, which is
a sum integration augmented by deconvolution removal of neighbouring peak

effects.

As mentioned above in section 5.1.1.1 (‘Considerations for NMR quantitation’),
the number of points in a spectrum is an important precursor to how the
spectrum is digitised. This has a potentially significant impact on how the peak is
integrated and accuracy of deconvolution. Beyond increasing the number of
points recorded, linear prediction and zero filling can be used in processing to

improve spectra, if the acquisition time cannot be increased further.

5.1.1.3 Quantitative NMR and biological reaction monitoring

Quantitative NMR is generally straightforward for pure samples where spectra
can be recorded for any required period of time. In reaction progress NMR there
is less scope for flexibility. For all parameters in the experiment, where the
added dimension of monitoring a reaction adds time constraints to quantitation,
a balance must be struck. This is especially true for biological samples and
proteins where, in addition to concentrations and temperatures being carefully
considered to support the biomolecule being studied, the NMR experiment must
be adapted to fit reaction times. A well-designed experiment should incorporate
the requirements of the biological sample while maximising possibility of

accuracy, for all the points made above.
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5.1.2 Designing an NMR experiment by determining T1 values

Since the nuclei must fully return to equilibrium magnetisation after application
of the R.F. pulse for maximum signal to be induced in the probe coil, it is crucial
to determine T1 values and set appropriate relaxation delay values in the NMR
experiment to allow this to happen. Knowing the relaxation time for different
species within the reaction is necessary to choose the relaxation delay period of
the experiment which balances expediency and accuracy. It also informs which

resonances will provide most accurate concentration values from integration.

Inversion recovery experiments can be used to array the relaxation delay time.
They consist simply of a 180° pulse followed by the arrayed relaxation time,
which determines how closely magnetisation returns towards equilibrium. This
is followed by a 90° pulse and acquisition (Wiithrich 1986). It is necessary that
the delay time between scans is greater than 3x the estimated maximum T1 for
the experiment to give accurate values (Cavanagh et al. 1996) and this must be
considered for the resonances of interest for these experiments. A brief
investigation into the T1 values of reaction components wil therefore be

presented here.

5.1.3 What to look for in an ERAP1 reaction

Because chemical shifts are highly specific to the molecule that provides them, it
is possible to identify components in a reaction. This can be used for monitoring
the progress of a reaction, with spectra taken at intervals to track the rise and fall
of reaction components. shows aminopeptidase activity on EESIINFEKL over
time (black traces) from the ring peaks of the phenylalanine residue, where the
initial peak at 7.275 ppm for 7PheH$ can be seen to move downfield to the left,
to 7.285 ppm as INFEKL is created. This eventually is degraded entirely to
phenylalanine, EKL, and the other product amino acids, none of which are seen in

this region of the spectra. Aberrant peptide degradation would be seen with the
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emergence of unrecognised chemical shift patterns and non-sequential trimming

of the peptide.

EESIINFEKL
ESINFEKL
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Figure 70 - Following an ERAP1 enzymatic reaction by NMR - the components of the reaction can be seen to
change over time (below, black traces), matching the expected chemical shifts of isolated peptide and amino

acid (top, colour) for the phenylalanine ring resonances and consistent with aminopeptidase activity
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5.2 Methods

5.2.1 ERAP1 expression, purification and experimentation

5.2.1.1 S2 cell expression

Cryo-stored S2 insect cells, previously transfected by Dr Patrick Duriez, were
rapidly thawed in a 37 °C water bath and added to 9 ml EX-CELL 420 serum-free
media (Sigma Aldrich). This was centrifuged at 200 x g for 3 minutes and the
pellet resuspended in 5 ml EX-CELL 420 medium. This was grown in a T25 flask
in a 27 °C static incubator (cells did not require CO2 supply). Trypan blue was
used for cell counts. When culture density was at >2 x 10° live cells/ml, cells
were passaged to 5 x 10° live cells/ml and from then on cells were subcultured
when culture density was between 6 and 20 x 10°¢ live cells/ml, to 1 x 10° live
cells/ml. After 2-3 days, puromycin was added to 5 pg/ml for selection. Cells
were grown statically in T75 flasks when sufficiently expanded, and then into
Erlenmeyer conical flasks when at adequate quantities for 4 litre expressions in a
shaking incubator. Protein expression was induced with 0.5 mM CuSO4 and the
flasks incubated at 27 °C for a week. The cells were centrifuged out of the
medium at 3000 rpm for 10 minutes and either discarded or retained for another
expression. The supernatant was retained and filtered through a 0.2 um filter.

5% glycerol was added to supernatants before freezing.

5.2.1.2 Purification

ERAP1 was purified with a 3 kDa C-terminal Twin-Strep-Tag which has high
affinity to Strep-Tactin resin, enabling purification directly from culture medium

if required (see IBA manual, 2012).

Binding buffer was made like so:
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ERAP1 binding buffer:
100 mM Tris-HCI (pH8)
150 mM NacCl

~0.1% w/v Sodium azide

This was added to the expression supernatant, at 10% v/v of supernatant.
Further binding buffer was added until the pH was between 7.0-7.5. BioLock
Biotin Blocking solution (from IBA Lifesciences) was added at a ratio of 1.5 ml
per 500 ml supernatant. The supernatant was incubated at 4 °C for 15-30
minutes. The supernatant was passed through a 0.22 uM vacuum ‘Steritop’ filter
(Millipore) and pH checked again for pH 7-8. Strep-Tactin sepharose resin (IBA
Lifesciences) was added at around 300 pl suspension per 50 ml of expression
supernatant and incubated at 4 °C for 2 hours on rollers, or overnight for a
second purification of the same supernatant. The supernatant was separated
from the Strep-Tactin beads with a gravity column. The beads were washed with

5-10 CV of binding buffer. Protein was eluted with 20 ml elution buffer:

ERAP1 elution buffer:
100 mM Tris-HCI (pH8)
150 mM NacCl
5 mM D-desthiobiotin

~0.1% w/v Sodium azide

After elution, the Strep-Tactin was regenerated with 15 column volumes of 1 mM
HABA (2-[4’-hydroxy-benzeneazo] benzoic acid) in binding buffer, then cleaned
with 30 column volumes of the binding buffer. Eluted protein was run on a SDS-

PAGE (see below) to establish purity.

Where purity was considered insufficient, concentrated ERAP1 was further
purified by size exclusion chromatrography on a Superdex 75 10/300 GL
analytical column (GE Healthcare) in 20 mM potassium phosphate buffer (pH 7).

It was then concentrated and buffer exchanged using microcentrifuge spin
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columns (10 000 KDa cut-off) into deuterated potassium phosphate buffer (20
mM, pD 7). The ERAP1 was then checked for contaminant with 1D 1H NMR

before being flash frozen in aliquots in liquid Na.

5.2.1.3 SDS-PAGE for analysis of expressed and purified protein

12% SDS polyacrylamide gels were cast in Bio-Rad 0.75 mm mini-PROTEAN

plates. A buffer solution for the gel mix was prepared:

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

The running gel was prepared to the following recipe:

12% SDS-PAGE (running):
3.33 ml 30% bis acrylamide (37.5:1)
3.33ml dH20
3.33 ml gel buffer
10 ul TEMED

This was mixed before 50 pl ammonium persulphate (100 mg/ml stock) was
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
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:
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12% SDS-PAGE (stacking):
660 pl 30% bis acrylamide (37.5:1)
2.9 ml dH20
1.24 ml gel buffer
10 pl TEMED

This was mixed before 25 pl ammonium persulphate (100 mg/ml stock) was
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 with a 4x

sample buffer. This was prepared thus:

4x Sample buffer:
200 mM Tris-HCI (pH 6.8)
8% w/v SDS
0.8% v/v bromophenol blue
40% v/v glycerol
400 mM B-mercaptoethanol
ddH20 to 10 ml

Samples were mixed at a 1:3 ratio with 4x sample buffer and heated at 95 °Cin a
heat block for 10 minutes. For most samples, 10 pl was loaded into a well. 15 pl
was loaded for weak samples (after size exclusion chromatography) or 5 pl for a
strong sample (after concentration of the sample). 5 pl ladder (Bio-Rad ‘dual-

color precision plus protein’) was added to the first well.
The gels were run in a Bio-Rad mini-PROTEAN tank according to the

manufacturer’s instructions. The anode buffer was 200 mM Tris (pH 8.9). The

cathode buffer was made to the following recipe:
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Cathode buffer:
100 mM Tris (pH 8.2)
100 mM Tricine
0.1% SDS

5.2.1.4 ERAP1 activity verification with L-AMC

Activity was verified at 37 °C using L-Leucine 7-amido-4-methylcoumarin to test

380/460 nm absorbance and fluorescence at minute intervals for 30 minutes.

Deactivated apo-form ERAP1 was prepared by 48 hour buffer exchange using
3000 KDa cutoff membrane at 4 °C against 20 mM potassium phosphate, pH 7,
containing 10 mM EDTA and tested for activity at 24 and 48 hours.

5.2.2 NMR strategy

5.2.2.1 Sample preparation

A deuterated peptide buffer was prepared like so:

Deuterated potassium phosphate peptide buffer:
approx. 7.6 mM dibasic potassium phosphate (1M stock)
approx. 12.4 mM monobasic potassium phosphate (1M stock)
mixed to a total concentration of 20 mM potassium phosphate to give a

pH of 6.6.

The solution was dehydrated in a vacuum centrifuge and resuspended in the
same volume of deuterium oxide, before being dried and reuspended again in the
same manner resulting in a buffer at pD 7. Peptides (purchased from
ChinaPeptides) were dissolved in deuterated peptide buffer at 1 mg/ml to pD 7.
Peptides with a lower pD were buffer exchanged into the deuterated peptide
buffer using 100-500 Da cut-off cellulose membranes. These peptide stock

solutions were stored at -20 °C
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ERAP1 reactions for NMR monitoring were mixed to the following recipe:

ERAP1 reaction monitoring NMR samples:
200 pM peptide
20 uM TSP
0.04% sodium azide (w/v)
2 uM ERAP1
Made up to 180 pl with deuterated potassium phosphate buffer (pD 7)

For these reaction mixes, a peptide, TSP and sodium azide mixture was prepared
as given above with a suitable volume of deuterated peptide buffer to make the
total volume of 180 pl, minus the volume of ERAP1 which was to be added. This
was centrifuged in an Eppendorf. ERAP1 aliquots were thawed and centrifuged
alongside the peptide/TSP/azide/buffer mixture. When the spectrometer was
ready to accept the sample, the peptide mix was added to the volume of ERAP1
to bring the total volume to 180 pl. A 3 mm NMR tube was used to carry the

reaction mix within the spectrometer.

5.2.2.2 Reaction progress monitoring NMR experiments

1D presaturation spectra were collected with a relaxation delay of 5 seconds, 2
steady scans and an acquisition time of 0.32 seconds. The number of scans was
varied for different experiment lengths and signal-to-noise, but increased by
powers of 2 for straightforward comparison of spectra later. This was carried out

at 25 °C on a 600 MHz Varian Inova solution state cryoprobe spectrometer.

5.2.2.3 Processing and analysing reaction series of spectra

Spectra were processed and analysed with the MNova software, for phasing,
linear prediction, and an exponential line broadening function of 1. Baseline

correction performed with Bernstein polynomial correction, or ‘multipoint’
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baseline correction with signal-less regions was used to define baseline in

MNova.

5.2.2.4 Saturation transfer difference NMR

Samples were prepared as per reaction monitoring NMR samples (see above)
and the spectra obtained with the standard Varian BioPack phase-subtracted
saturation transfer difference NMR experiment. A final saturation frequency of

3500 Hz was used.

5.2.2.5 Modelling peptide binding from NMR data

The structure of PPSIINFEKL peptide was built into the published ERAP1 crystal
structure 2YDO (Kochan et al. 2011) in UCSF Chimera (Pettersen et al. 2004). The
peptide N-terminal was positioned where the bestatin inhibitor, present in the
crystal structure, bound to the active site with the 1ProN in position to interact
with the catalytic zinc. Dihedral angles and side chain rotamers throughout the
rest of the peptide were adjusted manually until the peptide was in proximity to
the hydrophobic part of the cavity wall which agreed with the saturation transfer
difference data. The Chimera Dock Prep tool was used to add hydrogens to the
peptide. 1ProN, 51leCf3 and 10LeuCy were selected as fixed atoms for an energy
minimisation of the peptide and minimisation (using the Minimize Structure
tool) carried out with default number of steps and gradient ((Pettersen et al.

2004).
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5.3 Results

5.3.1 Establishing T1 values by inversion recovery

The T1 values established by inversion recovery for amino acids (Table 9) gave
the longest T1 value of 7.2 seconds and the shortest at 0.6 s. A relaxation delay of
5 seconds was chosen despite two protons (ProHa and SerHa) having longer T1
values, due to the need for both a large number of scans and short enough
experiment length to capture events at the start of an ERAP1 reaction. A
relaxation delay of 21.6 seconds, 3x the T1 of ProHa, would extend the required
time for experiments substantially with little benefit if that resonance is not used
during later analysis. Only 15 of the 36 amino acid resonances have a calculated
T1 of less than 1.67 s, which would make the relaxation delay >3x T1. The
proportion of spins which are not relaxed to Mzeq as a result must be a significant

caveat for quantitation.

Table 9 - T1 values for amino acid resonances, collected at 25 °C, 100 uM, in deuterated potassium phosphate

ID T1(s) error ID T1(s) error

Pro Ha 7.231 0.5263 Glu Hb* 1.822 0.4597
Ser Ha 5.244 0.7117 Ser Hb1 1.746 0.1317
Glu Ha 4.393 0.923 lle Hd* 1.557 0.01427
Phe Hz 3.848 0.6663 lle Hb 1.469 0.2071
Asn Ha 3.813 1.145 Lys He* 1.464 0.01683
Pro Hd2 3.810 0.1234 Leu Hb*/Hg 1.461 0.04192
Pro Hg* 3.689 0.08554 Glu Hg* 1.357 0.2602
Pro Hd1 3.684 0.125 Leu He* 1.151 0.01203
Phe Ha 3.602 0.5246 Lys Hd* 1.101 0.01174
Pro Hb1 3.492 0.2147 lle Hg2* 1.043 0.02863
Phe He 3.295 0.2906 Lys Hgl 0.9761 0.02744
lle Ha 3.219 0.06101 Lys Hg2 0.9685 0.03235
Leu Ha 3.195 0.1887 lle Hglb 0.9489 0.1399
Pro Hb2 3.185 0.1611 lle Hgla 0.9198 0.1466
Phe Hd 3.090 0.1277 Lys Hb* 0.8524 0.008302
Lys Ha 2.904 0.04181 Phe Hb2 0.6453 0.09533
Ser Hb2 2.256 0.2472 Phe Hb1l 0.596 0.1281
Asn Hb1l 2.104 0.2124

Asn Hb2 2.027 0.5591 TSP (reference) 3.505 0.2536
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5.3.2 Comparison of aminopeptidase trimming and natural degradation

5.3.2.1 NMR monitoring of peptide degradation in the absence of ERAP1

To establish the markers of degradation expected in the absence of ERAP1,
which could, therefore, not be attributed to ERAP1, the isolated peptides were
monitored by regular collection of NMR spectra over a period of time.
PSIINFEKL, at 200 uM and Percentage of peptide over time, integrated from

incubated at 25 °C for 30 methyl region of spectra

hours of experiments

5
(longer than the time g o8 * .

g 9 ®
required to watch the g %

£ o5
progress of an ERAP1 5 o .

R

. . 0 5 10 15 20 25 30
reaction) showed little .
ime (hours)

observable change (Figure
Figure 71 -Measured decrease in peptide concentration over time for a

72). The predominant PSIINFEKL control in the absence of ERAP1
change was universal across

a spectrum: reduction in lineshape quality as a result of sample shimming
worsening over time. Loss in peak size at the methyl region of the spectrum (1-
0.65 ppm) suggested a reduction in peptide concentration in the sample to
around 94%. It is unclear to what extent this occurs due to peptide being
degraded or whether this is partially due to the limitations of the experiment and
worsening lineshape, as this percentage seems to descend improbably in the
final 28.5 hour spectrum (Figure 71), but poor spectrometer shimming can

impair the accuracy of quantitation.

No formation of amino acids was observed in this sample during the 30 hours of
observation, including the isoleucine Hy2 peak (a good reporter peak due to the

number of protons present) at 1.01 ppm (Figure 72B) or a neighbouring leucine
H&* peak at 0.97 ppm. Neither were any proline resonances resulting from

removal of the N-terminal proline of PSIINFEKL observed.
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Figure 72 - 200 uM PSIINFEKL (in the absence of ERAP1) with spectra taken over 30 hours at 25 <C (times

shown are spectral midpoints). A) Stack-displayed timepoint spectra from experiment. B) Integration of

peptide/amino acid regions shows little change to peak areas over this time
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A much longer monitoring of PPSIINFEKL over weeks was also performed to see
the same degradation during a more extensive period of time. Incubation of
PPSIINFEKL for this period (24 days) produced noticeable effects on the
chemical shifts and peak size changes which were obvious even from casual

observation of the set of spectra.

Changes consistent with the N-terminal amino acid being removed from the
peptide would show chemical shifts corresponding to PSIINFEKL appearing, and
those of PPSIINFEKL disappearing. This is not in evidence from these spectra, as
shown in Figure 75. Resonances which should show little effect, at 2.8 and 2.7
ppm, are instead decreasing or changing shape. PPSIINFEKL peaks which would
be removed if PPSIINFEKL was converted to PSIINFEKL include 3.74 and 2.58
ppm, both of which remain present in the 24 day spectrum. In addition at 2.5
ppm a peak for PSIINFEKL would be visible if the N-terminal was cleaved, but
this is not the case. Also displayed in Figure 75, resonances for the isolated L-
proline at 3.35 and 2.25 ppm have not been created. There is no evidence of N-
terminus removal in the sample, and instead the chemical shifts present would
indicate instead that PPSIINFEKL mostly remains with an intact backbone, but
might be undergoing chemical changes

to the side chains. This matches - |

personal observations that a decayed AW Y

peptide (independent of any enzyme N \ l'. \\\, | ".

being added) has similar to expected L /-" K.L\_/-’ "\f\__v J I"\,ﬁ
chemical shifts, but displays unusual

features such as two phenylalanine |

ring peaks rather than three (see N Ay M
Figure 73). Despite this, there may be P74z 740 738 738 78 lopmy 0 T8 728 72
some amino acid formation through Figure 73 - 6Phe side chain ring peaks of PSIINFEKL

top) and degraded PSIINFEKL (bott
decay of PPSIINFEKL, as the chemical (top) and degrade (bottom)

shift of isoleucine Hy2 (at 1.01 ppm)

looks to be producing a small but measurable peak across the 24 days (Figure

74B).
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Figure 74 - 200 uM PPSIINFEKL (in the absence of ERAP1) with spectra taken over 24 days at 25 . A) Stack-
displayed timepoint spectra from experiment. B) Integration of peptide/amino acid regions shows changes to

peak areas over time.
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872.5 hrs
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Figure 75 - Sections of spectra of 200 uM PPSIINFEKL-only sample (shown in boxes) at different timepoints,
with comparison spectra for isolated peptides/amino acids shown above. Substrate peptide (PPSIINFEKL)
peaks do not substantially reduce in size over the period, and likewise product peaks (for PSIINFEKL/proline)

do not appear.

5.3.2.2 NMR reaction monitoring of peptide degradation in the presence of ERAP1

As analysis of spectral peaks for 200 uM PSIINFEKL with 2 uM wild-type ERAP1
present over nearly 22 hours, a similar length of time to the 30 hours of isolated
PSIINFEKL experiment which yielded no remarkable change to the spectrum

(Figure 72), showed substantial changes within the peptide sample. Peaks
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corresponding to PSIINFEKL (and product peptides) decreased in size over time
and peaks at amino acid chemical shifts were correspondingly created. This is
clear both from integrated values and visible within the spectrum in Figure 76,
where the peak in yellow representing PSIINFEKL 41leHo, SIINFEKL 3IleHo and
IINFEKL 2IleHd are decreasing as the isoleucine Hy2 peak appears at 1.01 ppm
(green). Other amino acids can also be identified in the spectra. The examples
given in Figure 77 show proline appearing at 4.13 ppm as the peptide peaks
decrease, serine, phenylalanine and asparagine appearing between 3.95 and 4.03
ppm where they overlap, but can still be identified and, if needed, deconvoluted,
and for the ring proton peaks of phenylalanine can be seen emerging downfield
of the similar peptide resonances, at 7.43 ppm. PSIINFEKL resonances
conversely disappear from the reaction (although not entirely) and this can be
seen at 4.11 ppm, 4.46 ppm, around 3.85 ppm, and 7.27, 7.32 and 7.37 ppm.
SIINFEKL peaks may be observed at 3.90 ppm, suggesting this is being

generated.
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Figure 76 - Degradation of 200 uM PSIINFEKL in the presence of 2 uM wt ERAP1. A) Stack-displayed timepoint

spectra from experiment. B) Integration of peptide/amino acid regions shows obvious change to

substrate/product peak areas over this time
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Figure 77 - Sections of PSIINFEKL + wt ERAP1 reaction monitoring spectra (shown in boxes) with comparison

spectra for isolated peptides/amino acids shown above.
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5.3.2.3 NMR reaction monitoring of peptide degradation in the presence of

catalytically impaired ERAP1

Aminopeptidase activity would be expected in impaired or entirely depleted
form from an enzyme with significant modification to the active site. The E320A
mutant is considered non-functional due to the mutation within the active site
GAMEN motif (Reeves et al. 2014). Similarly the zinc ion at the heart of the active
site, a feature of ERAP1 as with all other zinc metallopeptidases in the
oxytocinase M1 subfamily and most M1 proteins, is critical for activity (Hattori et

al. 1999; Serwold et al. 2002; Saric et al. 2002; Rawlings and Barrett 1995).

Deactivation of ERAP1 by buffer
L-AMC cleavage by wt ERAP1 + or - EDTA

exchange against 10 mM EDTA

et ERAP1 +edta 20 ng/ul wt ERAP1 20 ng/ml

wi ERAP 10 ng/ul

was demonstrated by testing 6000 e gl

5000

activity on L-AMC against active

4000

ERAP1, in which EDTA-incubated 2 3000
ERAP1 showed abrogation of -

1000

activity (Figure 78). o ; . .
Time (mins)

Figure 78 - L-AMC cleavage by ERAP1 (in relative fluorescent
200 “M PSIINFEKL with 2 HM units) over time, for 20 ng/ul EDTA-incubated ERAP1 (blue)

E320A showed more rapid and active ERAP1 at different concentrations

peptide degradation than

PSIINFEKL alone, but of a substantially different sort to the corresponding wt
ERAP1 experiment (described above). Comparison of the peak areas for L-
isoleucine Hy2 (1.01 ppm) and the peak indicating all 7-9-mer peptides at 0.77-
0.72 ppm shows free isoleucine being created at low concentrations, while
removal of peptide is more rapid (Figure 79). Despite some obfuscatory
contaminant peaks between 3.7 and 4 ppm, it was largely possible to identify
which species were present in the reaction. Peaks which could isolate SIINFEKL,
[INFEKL, INFEKL or shorter peptides down to a 3-mer were not visible,
indicating none of these were present. PSIINFEKL peaks declined and appeared

to be removed throughout the reaction, but this decline was replicated for most
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ambiguous peptide peaks with chemical shifts shared between multiple peptide
species, when, in an aminopeptidase reaction, these would be expected to stay
constant until even the smallest and lower affinity peptides had been removed.
Resonances representing isolated amino acids were inconsistent with
aminopeptidase activity, with leucine being created along with isoleucine.
Signals consistent with lysine generation appeared as well as for proline, but
serine, phenylalanine, glutamic acid and asparagine were not visible from the

stacked spectra.
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Figure 79 - NMR reaction monitoring of 200 uM PSIINFEKL with 2 uM E320A ERAP1. A) Stack-displayed
timepoint spectra from experiment. B) Integration of peptide/amino acid regions shows some change to peak

areas over time
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The EDTA-incubated wt ERAP1 (-Zn(II)) experiment was performed with a
lower (1 uM) concentration of ERAP1 due to significant losses during buffer
exchange against 10 uM EDTA and a subsequent necessary buffer exchange to
remove EDTA prior to NMR. It was incubated with 200 uM EESIINFEKL for the
reaction. Assessment of the spectra suggested similarity overall with the E320A
experiment, though not in specifics. EESIINFEKL peaks were depleted (at 4.5-4.4
ppm and at 2.3 ppm) and appeared to be replaced by ESIINFEKL (at 3.85 ppm)
(Figure 80). For SIINFEKL it was inconclusive, with chemical shifts appearing
close to, but not at, the positions expected between 3.97 and 3.87 ppm (Figure
82) but not decreasing again afterwards as it was used as a substrate. Very small
peaks matching IINFEKL chemical shifts also appeared (this can be seen at 4.15
ppm, Figure 80). While peaks consistent with glutamic acid could be seen after
61 hours (Figure 82, 2.1-2.04 ppm) there were no clear peaks for isoleucine,
phenylalanine or asparagine, only very small peaks which might result from

serine, and nothing apparent for lysine or leucine.

WU/AU\/J W EESIINFEKL

SIINFEKIL

WM M i
61 hrs

460 455 450 445 440 435 430 425 420 415 410 405 400 )395 390 385 380 240 235 230 225 220 215 210 205
pm.

Figure 80 - Reaction monitoring NMR spectra of EESIINFEKL peptide with EDTA-incubated wt ERAP1 (bottom
spectra, overlaid) with pure isolated peptide spectra (above) showing removal of EESIINFEKL from reaction
(indicated by grey boxes)
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Figure 81 - NMR reaction monitoring of 200 uM EESIINFEKL with 1 uM EDTA-deactivated ERAP1. A) Stack-

displayed timepoint spectra from experiment. B) Integration of peptide/amino acid regions shows some change

to peaks over time
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Figure 82 - Reaction monitoring NMR of EESIINFEKL with EDTA-incubated ERAP1 experiment (in boxes) with

isolated peptides and amino acid spectra above, showing where amino acid peaks would be expected to appear

(dotted lines) in the presence of an active aminopeptidase.
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5.3.3 Comparison of variants

The 5SNP variant of ERAP1 (designated *001, see Table 1) possesses 5 single
nucleotide polymorphisms. These are M349V (rs2287987), K528R (rs30187),
D575N (rs10050860), R725Q (rs17482078) and Q730E (rs27044) which have
known associations to disease ((TASC) et al. 2010; D. M. Evans et al. 2011;
Kochan et al. 2011). It can be described as a ‘hypo-trimmer’ ERAP1 variant
(Reeves et al. 2014) with ~20% the activity of wild-type ERAP1 (an efficient
trimmer, designated *002 - see Table 1) (Reeves et al. 2013). Preferences for
different N-terminal residues to wt ERAP1 have also been reported by Reeves et
al. (2013) with 5SNP displaying poor activity levels for N-terminal cysteine,
aspartic acid, histidine, and serine residues. Though trimming is impaired for all
residues, methionine, valine, leucine and glutamine are preferred residues while
activity for glutamic acid, alanine, tryptophan, threonine, isoleucine and

asparagine appears proportionally reduced across them (Reeves et al. 2013).

The 5SNP and wt ERAP1 used ERAP1 activity on L-AMC over time for wt and

: 5SNP ERAP1

fOI' Comparatlve NMR e Wit ERAP1 20 nig/ml e i ERAP 10 ng/ul

investigations Were tested SSNP ERAP1 20 ng/ul 5SNP ERAP1 10 ng/ul
6000

with the L-AMC assay (Figure o0

83) and found to be active,

with 5SNP having lower 2000 J’///
1000

activity than wt ERAP1. (

Reactions with all peptides ’ © tme(ming ?

380/460 nm RFU

showed straightforward Figure 83 - Comparison of ERAP1 activity on L-AMC over time

aminopeptidase activity with it weand SSNP variants

successive trimming of newly created N-termini and the chemical shifts for
predicted peptide products appearing within the reaction, then subsequently
disappearing as they became substrates. The exception to this was PPSIINFEKL,
which was degraded slowly and in a non-aminopeptidase fashion. Both the 5SNP
and wt ERAP1 PPSIINFEKL reactions showed very little creation of serine

(Figure 84) which was present in only negligible concentrations. This was

similarly the case for generation of asparagine (Figure 86). Peaks consistent with
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chemical shifts for phenylalanine and isoleucine were observed, however, and
were present in greater concentrations for the wt reaction than for 5SNP.
Phenylalanine (Figure 87) was at calculated at 90.9 uM for wt at 20.86 hrs, and at
6.4 uM for 5SNP at 21.54 hrs. Isoleucine (Figure 85) at the same timepoints was
calculated at 75.1 uM for wt and 7.6 uM for 5SNP. Several peaks of unknown
origin were seen across the spectra, and this, coupled with the way in which
amino acids were being generated non-sequentially, suggests endopeptidase
activity. For the other five peptides, amino acids were generated in the order of
serine, isoleucine, asparagine, phenylalanine (with the exception of wt
asparagine reactions, see below) as shown by the lines denoting time at which
half maximum concentration being reached (see Figure 84, Figure 85, Figure 86,

& Figure 87).

Generation of serine (Figure 84) gave comparatively poor-quality results due to
the HP peak integrated representing a single proton and being crowded by
neighbouring peaks, and the peaks being strongly affected by good or bad
shimming. Nonetheless it is clear serine was generated rapidly at the start of the
reaction for KSIINFEKL, KKSIINFEKL, ESIINFEKL and EESIINFEKL, and was
created more slowly for PSIINFEKL. Though it is difficult to be confident of any
difference between wt activity on KSIINFEKL and KKSIINFEKL for wt ERAP1, it is
possible that it has reached a half maximum concentration of serine at a later
stage in the reaction for 5SNP, at about 1.3 hrs for KSIINFEKL and 2.2 hrs for
KKSIINFEKL. Peculiarly, serine was generated more rapidly by 5SNP than wt in
both the ESIINFEKL and EESIINFEKL reactions, suggesting 5SNP had a stronger
preference for glutamic acid at the peptide N-terminal of 10- and 9-mers than the

wt ERAP1 did.

[soleucine was integrated from a well separated 3 proton Hy2 methyl peak and
therefore after careful baseline correction gave visibly more accurate integrals
than serine (Figure 85). It was produced more rapidly by wt ERAP1 than by
5SNP in all reactions. For KSIINFEKL the trimming rate was initially almost
identical between wt and 5SNP, slowing for 5SNP after a concentration of 150

UM was reached, suggesting 5SNP was slower to remove the subsequent N-
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terminal isoleucine of INFEKL than of IINFEKL. Isoleucine reaches a half-
maximum concentration earlier with KKSIINFEKL than KSIINFEKL for wt ERAP1,
but slower for KKSIINFEKL than KSIINFEKL for 5SNP, as with serine generation.
This was also the case for phenylalanine generation (Figure 87), and asparagine

generation by 5SNP was slower for KKSIINFEKL than KSIINFEKL (Figure 86).

While phenylalanine generation was in line with what was expected, asparagine
trimming behaviour was aberrant in the wild-type reactions. In the KSIINFEKL
reaction it reached a maximum concentration of approximately 50 uM before
apparently dropping. It is unclear why this should be. Though asparagine
chemical shifts were present, there were also unexplained chemical shifts
positioned nearby the 2.86 ppm resonance. These were not present for the 5SNP
experiments and the similar splitting pattern suggested they were also
asparagine resonances, but not from the isolated, unadulterated amino acid

form.
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5.3.4 Saturation transfer difference NMR of wt and 5SNP ERAP1 variants

The binding of peptide C-termini to the large internal cavity of ERAP1 has been
suggested to take place using hydrophobic side chains, interacting with small
pockets in the cavity (Nguyen et al. 2011). This theory arises from the size of the
cavity and examination of the crystal structures, as well as the observations of
ERAP1 length and C-terminal residue preferences (Chang et al. 2005; Nguyen et
al. 2011). However, to date, which parts of a peptide bind to ERAP1is not fully
investigated, and no crystal structure of an ERAP1-bound peptide exists. It is
possible to examine which parts of the peptide interact with the protein without
a solved structure, and this can be done through saturation transfer difference

NMR. Presented here are the findings of these experiments.

PPSIINFEKL was used for saturation transfer difference NMR experiments with
5SNP and wt ERAP1, due to its very poor trimming and prolonged retention
within the reaction mix. Saturation frequencies were tested on PPSIINFEKL to
find one within the range of protein resonances but distant from the peptide
chemical shifts. 3500 Hz (close to 10 ppm) was selected for being within the
protein envelope, but also causing minimal baseline distortions and no peptide

saturation (Figure 90).
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Figure 90 - Testing different saturation frequencies on 200 M PPSIINFEKL with a phase cycled self-subtracting

experiment.

The saturation transfer experiments for 5SNP and wt ERAP1 were run for close
to 13.5 hours and 1D presaturation experiments run before and after indicated
that PPSIINFEKL remained present as a substantial proportion of the reaction

contents.

Notably for both experiments, TSP presents itself as an obvious peak at 0 ppm
(Figure 91). This is perhaps not especially surprising, as TSP is known to bind to
proteins and peptides (Jayawickrama and Larive 1999). Other peaks which are
easily identified from both the wt and 5SNP spectra are those of the
phenylalanine ring, 7PheHd (7.27 ppm), 7PheH( (7.32 ppm) and 7Phe He (7.37
ppm), and the methyl groups of the 4th and 5t position isoleucine, and for the
leucine at position 10 in the peptide (Figure 91). These fall at 0.74, 0.86 and 0.92
ppm and integration of the peak areas suggests the peak size and thus
interaction with ERAP1 may be greater for 5lleHd (0.74 ppm) than for 10LeuHd2
(0.92 ppm) (see Table 10, Figure 92). Another peak obvious enough for
automatic peak picking to identify it was the Ha peak for 4Ile or 10Leu (4.21
ppm). This was evident in both the wt and 5SNP ERAP1 spectra (Figure 91). It
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was difficult to be certain that there was any resonance for the 8GluHa peak

close beside it (4.24 ppm) and no other Ha peaks were apparent.

As the noise level was significant and saturation transfer effects for other peaks
was poor, identification of other peaks beyond those already mentioned were
significantly less confident. Automatic peak picking with the noise threshold set
high conferred slightly more certainty to the designation of peaks as saturation
transfer effects, rather than noise, and two further peaks were identified this
way. The 6AsnHfb (2.78 ppm) was picked automatically by the MNova software
for the 5SNP, but not wt variant, and a neighbouring peak at 2.68 ppm for
6AsnHpa could also be seen (Figure 91). For the wt variant, conversely, there
appeared to be a peak for 6AsnHBa but nothing for 6AsnHb, and this was not
selected by automatic peak picking. The other peak identified by the program
was 2ProHéb (3.74 ppm) for wt ERAP1, but not for 5SNP, although there does
appear to be a small peak here for both variants. No peak is obvious for 2ProHéa
(3.62 ppm). 1ProHy (2.09 ppm), 8GluHBb (2.03 ppm) and 10LeuH/y (1.60 ppm)
were cautiously identified in both spectra, but with weak signals which could

potentially result from noise.

The 5SNP ERAP1 signals appear to be much stronger than those for the wt, for
TSP as well as the peaks resulting from peptide. Comparison of peak areas
between saturation transfer experiments and a PPSIINFEKL presaturation
experiment shows this (Figure 92) although the peak areas for the PPSIINFEKL-
only STD test experiment (blue bars in Figure 92) show that minor noise and
baseline distortion make integration of most of the peaks highly unconvincing. It
is more suited to the methyl peaks which still have a poor signal-to-noise (for the
wt ERAP1 spectrum it is 1.95, 6.28 and 2.52 for 0.91, 0.86 and 0.74 ppm
respectively, for 5SNP a SNR of 2.69, 8.2 and 2.03 for 0.91, 0.86 and 0.74 ppm)
but have stronger signals. The peak area comparison for these would suggest
more STD-signal-to-presat-signal for the 5IleHd peak (0.74 ppm) than 10LeuHd2
(0.92 ppm) for both variants (Figure 92). Interestingly 5SNP also has a much
stronger TSP signal than wt ERAP1 (Figure 91).
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Overall, for both ERAP1 variants, binding appears to be strongest to hydrophobic
residues, with clear signals from 4lle, 5Ile, 7Phe and 10Leu. Most of these peaks
in the saturation transfer difference spectra are for the hydrophobic side chain,
encompassing the methyl groups of 4lle, 5lle and 10Leu, and the ring structure
of 7Phe. However, it is not exclusively side chain groups which are clearly seen,
but also the Ha of either 4lle, 10Leu or both, since they are so closely positioned

on a 1H spectrum that they are indiscernible from each other.
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Table 10 - Peaks in saturation transfer difference spectra of PPSIINFEKL with either wt or 5SNP ERAP1

variants

Feature
selected by
Feature automatic 5SNP
Feature visble in peak wt absolute absolute
Position visible in wt 5SNP picking in integral integral
(ppm) Proton ID spectrum spectrum MNova value value
Peaks clearly visible in spectra
0.74 | 5lleHd v v v 19.18 27.34
4lleHg2/ 4lleHd/
0.86 J J J

SlleHg2/ 10LeuHd1 79.16 111.66

0.92 | 10LeuHd2 v v v 7.48 18.25
4.21 | 10Leu/4lle Ha v v v 22.23 37.24
7.27 | 7PheHd v v v 38.87 58.98
7.32 | 7PheHz v v 27.09 32.77
7.37 | 7PheHe v v v 46.67 43.43

Ambiguous peaks — may result from noise

1.60 | 10LeuHb/g v v 12.24 15.57
2.03 | 8GluHbb v v 15.16 12.88
2.09 | 1ProHg v v 27.35 14.38

2.68 | 6AsnHba v 27.77 9.48

2.78 | 6AsnHbb v 7.16 15.5
3.74 | 2ProHdb v 3.67 15.74
4.24 | 8GluHa v -1.43 11.24

Non-peptide peaks
0.00 | TSP v v v 12.99 35.17
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Figure 92 - Comparison of integrated peak area values between PPSIINFEKL STD spectra (peptide only, with
wt ERAP1, and with 5SNP ERAP1) at 3500 Hz saturation frequency, and peak areas from the ‘reference’
PPSIINFEKL presaturation spectrum

5.3.4.1 Modelling the position of the peptide from NMR data

Tentative attempts to use the saturation transfer difference results to model a
possible binding position for PPSIINFEKL within the ERAP1 cavity showed a
plausible binding location for the peptide. The hydrophobic region of the cavity
wall formed in the closed form of ERAP1 by the meeting of domains Il and IV
provided possible binding sites for the hydrophobic side chains, as suggested by
Nguyen et al. (2011). These hydrophobic cavities (see Figure 93B) form possible
interactions with 5Ile, 7Phe and 10Leu which would be in close proximity to the
wall if this binding model is correct. Interactions between 4Ile and the cavity are
less clear, although it could interact with the nearby hydrophobic patch. The side
chain amine of 9Lys might interact with the hydrophilic regions of the cavity, as
might 8Glu, although these groups do not show up in the deuterated spectrum of
PPSIINFEKL and it is unknown whether they contributed to binding. Unlike the

other side chains, 6Asn points into the solvent within the cavity. It is not clear
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how it could have contributed to binding, suggesting either wrong identification
of 6AsnHb* in the saturation transfer difference NMR data, or the peptide has
alternative binding conformations. The modelled position of the peptide lying
flush with the curved cavity wall of ERAP1, with the N-terminal extending
upwards to domains [ and II, and the C-terminal extending down into the cavity

from domains II to IV, is shown in Figure 94.
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Figure 93 - Modelling the possible position of PPSIINFEKL within the ERAP1 binding cavity. A) saturation

transfer difference NMR results from both wt and 5SNP ERAP1 marked on the structure of PPSIINFEKL. B)
Stick model of PPSIINFEKL showing side chains of 15, F7 and L10 directed towards hydrophobic pockets. C)
Ramachandran plot of modelled PPSIINFEKL with acceptable dihedral angles for all residues. PDB ID: 2YD0,
modelling performed in UCSF Chimera (Kochan et al. 2011; Pettersen et al. 2004).
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Figure 94 - Modelled position of PPSIINFEKL (dark grey) within a closed form of ERAP1 (ribbon representation
of same shown to right). PDB ID: 2YDO0, modelling performed in UCSF Chimera (Kochan et al. 2011; Pettersen
etal. 2004).
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5.4 Discussion

Degradation of peptides by peptidases can be seen using NMR to monitor the
reaction. The difference between samples containing peptide alone and peptide
with active ERAP1 can be seen even when looking at a small number of key
resonances (compare Figure 72B with Figure 76B) where peaks representing
amino acids can be seen to appear in the spectrum, substrate peptide peaks
correspondingly decrease, and product peptides are created then removed. The
sequential generation of amino acids and product peptides is in accordance with
what you would expect from an aminopeptidase for all the peptides shown here,

with the exception of PPSIINFEKL.

PPSIINFEKL and PSIINFEKL were both predicted to be non-trimmed peptides
due to the N-terminal proline. Surprisingly for PSIINFEKL it was not only
degraded but appeared to be degraded in an aminopeptidase specific manner,
despite N-terminal prolines being variously described as poorly cleaved by
ERAP1 since early work was done on the protein (Serwold, Gaw, and Shastri
2001) and impossible due to the nature of the active site (Efstratios Stratikos,
personal communications). The fact that PSIINFEKL is degraded, albeit at a
slower rate than the other nonameric peptides, could be an effect of the
relatively high concentrations of ERAP1 in the reaction, at a hundredth of the
initial peptide concentration, although the in vivo study published by Reeves et
al. (2013) found evidence of a small amount of trimming for proline N-terminal
extended SIINFEHL. Hearn, York, and Rock (2009) similarly suggested a
dramatically lower trimming ability for 1Pro compared to other N-termini, but
did not state a complete inability to cleave it. Certainly, it would be more difficult
for the reaction to occur, due to the pyrrolidine ring offering a more rigid N-
terminal than the amine which is normally bound by E320 at the start of the
reaction, and a secondary amine rather than -NH3* (or deprotonated form), but it
is 2Pro which ERAP1 is known to not trim, matching TAP preferences, due to the

tertiary amide of 2Pro (Serwold, Gaw, and Shastri 2001).
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PPSIINFEKL also displayed a profile of degradation unlike the gradual
decomposition of PPSIINFEKL alone, especially for the wild-type variant which
generated around 150 pM of both phenylalanine and isoleucine over the course
of the experiment. This is surprising, and though EDTA-deactivated ERAP1
appears to create glutamic acid and ESIINFEKL from the EESIINFEKL substrate
and some unexplained chemical shifts are present, there is nothing to suggest
generation of amino acids from internal trimming. The conclusion to this is
either that ERAP1 can trim in an endopeptidase specific manner when N-
terminal residues are so unfavourable, or (despite streptactin affinity
purification followed by size exclusion chromatography) a small quantity of
some other endopeptidase was present and degrading the peptide. This may also
explain the low (rather than non-existent) activity of the E320A mutant, which is
described as ‘non-functional’ (Reeves et al. 2013). Feasibly, another active site
residue could coordinate both the water molecule and the peptide N-terminal,
though this would be incredibly unfavourable and might no longer restrict

ERAP1 to aminopeptidase activity, it seems unlikely.

For the PPSIINFEKL/wt ERAP1 experiment, the question arises why
phenylalanine and isoleucine appear to be made at approximately equal
amounts. If proportional amounts of each are present then this cannot be due to
PPSIINFEKL being cleaved to PPS and IINFEKL because the isoleucine molarity
would be twice that of phenylalanine when ERAP1 had trimmed IINFEKL.
Neither can it be cleaved to PPSI and INFEKL because asparagine is not present.
It is plausible that the resonances for one or both of these amino acids is in this
case representing a different molecule, perhaps IN or INF, of insufficient length

for ERAP1 to trim rapidly.

If PPSIINFEKL is being degraded in an endopeptidase fashion by ERAP1, this
could have implications for the saturation transfer difference results, which
indicated that ERAP1 was predominantly binding the hydrophobic methyl
groups of the 4th and 5t position isoleucines, as well as the C-terminal leucine,
and the phenylalanine side chain ring. Transfer of saturation was also seen at

4.21 ppm, a chemical shift where both the Ha of 10Leu and 4lle sit. It is unclear
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whether this particular peak arises because of interaction between 4lleHa and
ERAP1, or between 10LeuHa and ERAP1. Alternatively, it arises from both, and
other Ha resonances are present but not visible because they represent a single
proton, and are therefore insignificant amid the spectral noise. Interactions of
the hydrophobic regions with ERAP1 fits with the reported observations of
ERAP1 preferring 9-mer and 10-mer substrates with hydrophobic C-termini
(Chang et al. 2005; Evnouchidou et al. 2008). Crystal structures of ERAP1
indicate shallow pockets for these hydrophobic side chains to fit into within the
binding cavity (Nguyen et al. 2011; Kochan et al. 2011) and these were used to
create a model of PPSIINFEKL binding which fitted saturation transfer data.
These saturation transfer experiments would therefore agree with that, but it is
uncertain whether the N-terminal is binding as it would with a non-proline N-
terminal. There was no obvious difference between the results for 5SNP and wt
ERAP1, other than smaller peaks for wt ERAP1. The wild-type variant also had a
smaller peak for TSP, relative to the other peaks present, which might indicate a

stronger peptide affinity but lower concentration of ERAP1 than thought.

The TSP reference also had saturation transfer from ERAP1, and this could have
implications for quantitation accuracy. TSP is a reliable reference compound and
fairly stable, but as well as binding to biopolymers, is known to adsorb to glass
surfaces (Jayawickrama and Larive 1999). A more significant issue for accurate
calculation of reaction components is the size and crowding of peaks. For
resonances which stand alone and represent several protons (such as the Hy2 of
L-isoleucine) quantitation is readily done. For small Ha peaks this is more
difficult, especially where the water signal and solvent suppression encroach.
Another significant issue can be baseline changes due to large neighbouring
peaks, though this problem was negated by careful baseline correction with the
MNova software, where necessary selecting blank regions in all spectra for
‘multipoint’ manual baseline correction. The ERAP1 signal could have
contributed to peak area in some parts of the spectra, being at 1% of the initial

substrate peptide concentration, and a trim pulse might improve this.
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Table 11 - Time taken (hours) to reach half of maximum concentration of amino acid product, for each peptide
and ERAP1 variant. Dashes are given where a half maximum concentration was not reached throughout the

whole experiment period.

KSIINFEKL KKSIINFEKL ESIINFEKL PSIINFEKL PPSIINFEKL
5SNP wt 5SNP wt 5SNP wt 5SNP wt 5SNP wt
Ser 1.6 13 1.9 1.5 15 1.7 15.3 9.1
lle 5.8 5.2 6.8 4.1 6.7 5.0 18.7 12.5
Asn 10.6 - 12.8 - 12.0 - 21.6
Phe 17.5 12.2 19.1 10.2 18.9 11.7 40.1 19.6

Despite these limitations, the experiments were sufficient to show the
differences between wt and 5SNP for the different peptides. There was little
difference between wild-type trimming of KSIINFEKL and ESIINFEKL, but much
slower activity for PSIINFEKL, which is expected. It is unclear why KSIINFEKL
and ESIINFEKL show such similar trimming; perhaps the experiments are not
optimised for maximising the difference between ERAP1 trimming preferences
(for extensions other than the very poorly trimmed, like proline). It would be of
interest to see if a hydrophobic N-terminal showed any significant increase in
ERAP1 activity. Assignments of LSIINFEKL and LLSIINFEKL in 90% H20 have
already been made, and so this is a plausible avenue for future expansion of

ERAP1 monitoring by NMR.

The half maximum concentration for the isoleucine, asparagine and
phenylalanine was reached after a longer period of time for ESIINFEKL than
KSIINFEKL in the 5SNP experiments, which would suggest 5SNP prefers K-
extensions to E- extensions, but for serine the generation appeared more rapid
from ESIINFEKL than for the wild-type. This is hard to explain: it seems unlikely
that the cleaved N-termini have any further impact on the activity of ERAP1, so
perhaps the calculated serine concentrations for the ESIINFEKL/5SNP
experiment is incorrect. The finding that KSIINFEKL appears more rapidly
trimmed than ESIINFEKL by 5SNP is surprising, given that this contradicts
published observations that E- is a preferred N-terminal residue to K- for by wt

and 5SNP variants (Reeves et al. 2013).
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Interestingly wt ERAP1 showed an obvious length preference for 10-mer
KKSIINFEKL over 9-mer KSIINFEKL, whereas for 5SNP, a slow trimmer, the
additional N-terminal residue appeared to slow generation of later amino acids.
This could be due to different preferences for internal residues between wt and
5SNP but could also be due to length preferences. 5SNP evidently processes the
K/S cleavage at the start of KSIINFEKL rapidly and it is possible that it would
struggle with a lysine-followed lysine for KKSIINFEKL. Work by Hearn et al.
(2009) has previously suggested that the second position can dictate peptide
trimming, for example VLSIINFEKL appearing to be trimmed more rapidly by
wild-type ERAP1 than LVSIINFEKL. Prior to that publication, internal peptide
sequence was found to affect ERAP1 trimming (Evnouchidou et al. 2008).
Different length preferences also seem plausible. In the study by Reeves et al.
(2013) it was demonstrated that M349V /K528R and K528R/Q730E haplotypes
processed X6-SHLS efficiently but X5-SHL8 poorly, in contrast to the wild-type
which generated SHL8 very readily from X5-SHL8. By contrast M349V and
M349V/D575N/R725Q trimmed X5-SHL8 well and X6-SHLS8 poorly. This was
stated to be due to substrate sequence preferences, which is a practical
conclusion to have drawn since the peptides used were derived from naturally
occurring sequences (X5 was AIVMKSIINFEHL whereas X6 was
LEQLEKSIINFEHL) rather than N-terminal repeats of the same amino acids
(Reeves et al. 2013).
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Figure 95 - The 5 single nucleotide polymorphisms in the '5SNP' ERAP1 variant structure

It is difficult to suggest the effects of mutations such as those in 5SNP with any
conviction since looking at a static wild-type protein crystal structure does not
give a full picture of how they will affect behaviour. Nonetheless, the SNPs in
5SNP are not all close to the active site, but R725Q and Q730E are in domain IV
(Figure 95) where they could come into contact with residues towards the C-
terminal and affect length specificity. How mutations that convert the position
from positive to uncharged, and uncharged to negative residues would make a
difference here is unclear. They may have less impact on the characteristics of
5SNP than the other SNPs, since the one with strongest linkage to AS is R528 at
the hinge between domains Il and III (D. M. Evans et al. 2011). This residue might
be involved in closing of the protein (see Figure 6) and a bulky arginine side
chain substituted for lysine might feasibly alter how this occurs. Since the closed
form of ERAP1 is suggested to be active and the open state inactive (Kochan et al.
2011) this would presumably have an impact on peptide trimming. Observations
of pMHC I complexes being edited by ERAP1 hyper-trimmers, even when the
peptide is an optimal length for MHC I (Reeves et al. 2013) might suggest a
disadvantage for a hypo-trimmer here, which could struggle to compete with

MHC I for the peptide and possibly result in sub-optimal pMHC I complexes.
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6 Conclusions

This study aimed to further understanding of the operation of ERAP1, with a
focus on its activity on free peptides and into potential action on MHC I-bound
peptides. ERAP1 is known to have sequence specific ‘molecular ruler’ behaviour
which modulates its behaviour towards different N-terminal and internal
residues (Evnouchidou et al. 2008) and different peptide lengths (Chang et al.
2005) to produce a selection of peptides available to MHC class I. MHC [-bound
(or partially bound) peptides have also been demonstrated to undergo trimming
by ERAP1 (Reeves et al. 2013) and ERAP1/2 dimers (Chen et al. 2016) and it was
posited that impaired binding of peptide in the MHC I binding groove would
enable ERAP1 to trim the peptide.

In Chapter 2 the crystal structures of four SIINFEKL/H-2KP/B2m disulphide trap
single chain trimers with A pocket mutations of key residues were presented.
Peptides were bound in canonical fashion and there was no evidence of major
structural impairment or aberrant peptide binding. A pocket mutations resulted
in changes to the hydrogen bonding network, differing orientations of crucial
side chains (such as K66 in the E63A mutant structure) and additional or
positionally shifted water molecules in the peptide N-terminal binding region.
These structures were used for MD simulations by Dr Athanasios Papakyriakou
and published alongside data showing ERAP1 trimming of the peptide N-
terminal was increased in the three mutant structures compared to the ‘wild-
type’ SL8-SCT, thus suggesting reduced MHC I/peptide affinity could modulate
trimming by ERAP1 (Papakyriakou et al. 2018). In future, reproducing trimming
of extended-peptide dtSCTs and/or pMHC I complexes by isolated ERAP1 would
be an interesting insight into the relationship between ERAP1 and MHC I. This

potential reaction could be monitored by NMR.

Proton assignments of a small library of previously uncharacterised peptides,
based on SIINFEKL, with 1 or 2 residues added or subtracted at the N-terminal,

were determined from 2D homonuclear experiments. The combination of
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chemical shifts were determined to be sufficiently unique to each peptide for
identification by 1D proton NMR. 13C and >N assignments were also made for
PSIINFEKL. For this the peptide was expressed in E. coli first in unlabelled and
then in isotope labelled form, with sufficient quality and quantity for the

assignment from HSQC spectra.

The proton assignments were used for ERAP1 experimentation in Chapter 5. It
was demonstrated that ERAP1 reactions could be monitored with sequential
collection of NMR spectra. Isolated peptide showed patterns of slow decay which
were unlike N-terminal removal. By contrast, peptides in the presence of 5SNP or
wild-type ERAP1 were rapidly degraded, resulting in significant changes to
chemical shifts and peak heights within minutes for high affinity peptides such as
KKSIINFEKL. Amino acids were created consecutively in order of peptide
sequence for all peptides but PPSIINFEKL. PSIINFEKL, expected to be trimmed
extremely poorly, was degraded more slowly than the K- or E- N-terminal
extensions, but still within a similar experimental timeframe and was less suited
to being a control peptide than expected. PPSIINFEKL also degraded, though in a
non-aminopeptidase specific fashion, with approximately equivalent
concentrations of species with chemical shifts matching phenylalanine He and
isoleucine Hy2 but little serine or asparagine. This suggests a possible
endopeptidase activity for ERAP1 where the peptide N-terminal does not have

the chemical groups required for active site binding and bond hydrolysis.

Saturation transfer difference NMR with PPSIINFEKL indicated both 5SNP and
wt ERAP1 were binding methyl side chains of the 4t, 5th, and 10t position
residues, as well as the side chain ring of the phenylalanine at position 7. This is
largely in line with previous findings that ERAP1 prefers hydrophobic C-termini
(Chang et al. 2005; Evnouchidou et al. 2008) and may have binding pockets for
hydrophobic side chains such as these (Nguyen et al. 2011). Wild-type ERAP1
was demonstrated to degrade a 10-mer more rapidly than a 9-mer, whereas the

5SNP variant trimmed the same 10-mer more slowly than the 9-mer.
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The insights gained from this experiment might be improved with optimisation
of the experiment, possibly by using different or shorter peptides to improve
isolation of monitored peaks within a spectrum and by running longer
experiments to monitor formation of all products to completion. The complexity
of the spectra being analysed posed challenges, nonetheless this thesis shows the
potential for using a technique as simple as 1D proton NMR to view every step of

an ERAP1 reaction, which has not previously been tested.

Future directions for this work could include refinement of the NMR reaction
monitoring by using different ERAP1 variants, and also different peptides as
stated above, or alternatively by using isotope-labelled peptides. The isotope-
labelled peptides could have an additional use for testing MHC I peptide binding:
because the peptides show random coil chemical shifts in solution, it would be of
interest whether these were different for an MHC-bound peptide. Further from
this, MHC I could be refolded with the N-terminally extended peptides in order to
see whether any alternative binding conformations (e.g. extruded and buldged in
the middle) were present. The dtSCT mutants trimming by ERAP1 has been
examined in vivo (Papakyriakou et al. 2018) and an interesting extension of this
work could be in vitro binding and interaction experiments, perhaps with a
technique such as surface plasmon resonance. Additionally, further attempts to
monitor ERAP1 trimming a dtSCT by proton NMR could provide interesting

insight into how the two proteins optimise the peptide pool.
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Appendix 1 - Construct sequence for H-2K" dtSCT

Amino acid sequence of expressed SL8-SCT ‘wild type’ protein. Regions (e.g.
peptide, heavy chain) are marked by coloured boxes. Arrow markers indicate
mutation sites for E63A, K66A and W167A.

SIINFEKLGCGASGGGGSGGGGSIQKTPAQIQVYSRHPPENGKPNILNCYV 50

Peptide Peptide Llinker beta—-2-microglobulin

TAQFHPPHIETQMLKNGKKIPKVEMSDMSFSKDWSFYILAHTEFTPTETDT 100

YACRVKHASMAEPKTVYWDRDMGGGGSGGGGSGGGGSGGGGS[CEIN AT 150
BZm Linker heavy chain

VTAVSRPGLGEPRYMEVGYVDDTEFVRFDSDAENPRYEPRARWMEQEGPE 200
YWERETQKAKGNEQSFRVDLRTLLGCYNQSKGGSHTIQVISGCEVGSDGR 250

vy v
63 66

LLRGYQQYAYDGCDYIALNEDLKTWTAADMAALITKHKWEQAGEAERLRA 300

v

YLEGTCVEWLRRYLKNGNATLLRTDSPKAHVTHHSRPEDKVTLRCWALGF 350

167

YPADITLTWQLNGEELIQDMELVETRPAGDGT FAQKWASVVVPLGKEQYYT 400

(AT @ NN S N RS PPSTYSNHHHHHH 431
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Appendix 2 — pET3a vector map

(4638) Apol - EcoRI BspDI - ClaI (24)
(4567) AatIl | [

\ I HindIII (25}
(4565) Zral s
(4449) SspI !

(4125) Scal

_BIpI (458)

BamHI (510}
" _Ndel (550)
~_Xbal (588)
© _BglII (646)
~" _sgrAl (687)

o
(4015) Pwul - N;pR promoter

(3890) PstI._

_SphI (843)

— EcoNI (503)

_— Sall (928)
(3645) AhdI

___ PshAI (993)
=, pET-3a
g 4640 bp

—— Eagl (1216)
——— Nrul (1251)

— BstAPI (1328)
" BfuAI - BspMI (1331)

(3168) AIWNI ™~

~~ Aval - BsoBI (1702)

BmeT110I (1703)

Msel* (1723)

(2752) AFIIII-PaI™
(2636) BspQI - SapI ~—

(2523) BstZ171~
(2504) BsaAl -
(2497) PFIFI - Tth111l

BpulOI (1858)
T Bsgl* (1912)

(2394) Pfol

(2393) BsmBI Pvull (2343)
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Appendix 3 — pET-31b vector map

Sty l(57) Ava l{158)
Xho {158}
AlwN l(189)

Dra Il{5500)

‘ o Q5‘27'\;.}-5:0'34}

ey
o
W

MNde I(543)
Msi l(543)
Xba l(5a1)

Sca lj4837n)
PilM l(a51)

Pvu l4727) ApaB 1(1053)

Pst lj4602)

Bsa l{4418)
Eam1105 l(4357

Ml 1{1369)
Bel 1j1383)
pET-31b(+)
(5742bp) BsiE ll{1550)
« Brmg 1(1578)
Apa {1580}

f
8"5'“4?'6um 12|

BssH ll{1780)
EcoR V(1819)
Hpa l(1875)
Hingc 1l{1875)

PshA l{2214)
BspLU11 lia470)
Sap l{3as4)

Bst1107 ljaz241)

Acc l{3240)

Tthi11 l{3z218)

Psp5 ll(2478)
Bpu10 liz578)
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Appendix 4 — Peptide cloning oligos DNA sequences

Peptide cloning oligo DNA sequences (all shown 5°-3’).

Name

SIINFEKL Upper
SIINFEKL Lower
ESIINFEKL Upper
ESIINFEKL Lower
EESIINFEKL Upper
EESIINFEKL Lower
PSIINFEKL Upper
PSIINFEKL Lower
PPSIINFEKL Upper
PPSIINFEKL Lower
LSIINFEKL Upper
LSIINFEKL Lower
LLSIINFEKL Upper
LLSIINFEKL Lower
KSIINFEKL Upper
KSIINFEKL Lower
KKSIINFEKL Upper
KKSIINFEKL Lower

Sequence

agcattattaactttgaaaaactgtaaatg
ttacagtttttcaaagttaataatgctcat
gaaagcattattaactttgaaaaactgtaaatg
ttacagtttttcaaagttaataatgctttccat
gaagaaagcattattaactttgaaaaactgtaaatg
ttacagtttttcaaagttaataatgctttcttccat
ccgagcattattaactttgaaaaactgtaaatg
ttacagtttttcaaagttaataatgctcggcat
ccgccgageattattaactttgaaaaactgtaaatg
ttacagtttttcaaagttaataatgctcggeggeat
ctgagcattattaactttgaaaaactgtaaatg
ttacagtttttcaaagttaataatgctcagcat
ctgctgagcattattaactttgaaaaactgtaaatg
ttacagtttttcaaagttaataatgctcagcagcat
aaaagcattattaactttgaaaaactgtaaatg
ttacagtttttcaaagttaataatgcttttcat
aaaaaaagcattattaactttgaaaaactgtaaatg

ttacagtttttcaaagttaataatgctttttttcat

205

Tm

(°C)

62.7
63.1
65.2
66.6
67.2
68.5
68.6
70
74.3
75.6
66
67.5
69.9
71.2
64.8
65.2
66.6
67

CG (%)

23.3
23.3
24.2
24.2
25
25
30.3
30.3
36.1
36.1
27.3
27.3
30.6
30.6
21.2
21.2
194
194

No.

nt

30
30
33
33
36
36
33
33
36
36
33
33
36
36
33
33
36
36

Molecular
weight
(g/mol)
9236.1
9169.1
10191.8
10066.7
11147.4
10964.3
10143.7
10116.7
11051.3
11064.3
10158.7
10100.7
11081.3
11032.3
10175.8
10081.7
111154
10994.3



Appendix 5 — ERAP1 plasmid map

Aatll
Sspl  Zral

Begl' el
Beg Ars|

NmeAll

pMTBIP-hERAP1-TEV-twinstrep

6377 bp

CspCl
CspCl'
SexAl

Peil PAMI

Sapl
Dralll

BsaBl

H%'al'l
si
Sacl AccB5l
EcolCRI Clal  Kpnl
Pmel Tth1111

Agel Yhol

PspXl

Pmill
Bsarprﬁl\l Apal FspAl
PspOMI
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Appendix 6 — ERAP1 amino acid sequence

human ERZFL

RSPHQSTEAS PKRSDGTPFP WNKIRLPEYV IBVHYDLLIH ANLTTLTEWG TTKIEITASQ 60

human ERAP1

120

human ERAF1

180

human ERAP1

240

human ERAF1

300

human ERAP1

360

human ERAF1

420

human ERAP1

480

human ERAF1

540

human ERAP1

€00

human ERAF1

660

human ERAFPI1

720

human ERAFP1

780

human ERAFPI1

840

human ERZP1

900

human ERZAFP1 TEV =zite Twin-Strep tag

IRVWLOSEKL ERMLEENLYF OGS:WSHPOF EKGGGSGGGS GGSAWSHEQE'EK 952
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Appendix 7 - TOPS screen (Bulek et al. 2012)

(S'8) WT'0 (S'8) WT0 (S'8) WT0 (S'8) WT'0 (S8)WT0 (S8)WTO A/A ST 09419 A/A ST 1042419 A/A ST 049419 A/A ST |0J2A1D A/A ST 1049419 A/A ST (049419
SULA/M GZ M8 | SHULA/MQOZ M8 SUL A/M ST M8 SUL A/M ST )P SUL A/M 0T M SUL A/M ST M (S'8) WTOSHL | (5'8) W T0SHL (S°8) W T°0 SUL (5'8) W T'0SHL (S°8) W T°0 SHL (S°8) W T°0 SHL
93d WZ'0SY | 93d WZ'0SY 93d W 2°0 SY 93d W 2°0 SY 93d W 20 SV 93d W 2°0 SY A/M ST X8 93d A/M 0Z X8 93d A/M ST X8 93d A/M ST Mb 93d A/M 0T Mt 93d A/M ST Mb 93d

(8) W10 8)Wwt0o (8)WTO (8YWrt0 8 w10 8)WT0 A/A ST 043419 A/A ST 1049419 A/A ST 1049419 A/A ST 1049419 A/A ST 1049419 A/N GT 049419
SULA/MSZN8 | SULA/MQOZM8 | SULA/MST N8 | SULA/MSZMbp | SULA/MOZMb | SHLA/MST P (8) W T°0SHL (8) W T°0SHL (8) W T°0SHL (8) W T°0SHL (8) W T'0SHL (8) W T0SHL
93d WZ'0SY | 93d WZ'0SY 93d W 2°0 SY 93d W 2°0 SY 93d W 20 SV 93d W 2°0 SY A/M ST X8 93d A/M 0Z X8 93d A/M GT Y8 93d A/M ST Mb 93d A/M 0T b 93d A/M ST Mb 93d

(SL)WTO (SZL)WTO W Z'0SY WZ0Ssv(52) WZ0SY WZ0SsY A/A ST 1043419 A/A ST 1042419 A/A ST 1043419 A/A ST 1043419 A/A ST 1042419 A/A ST 1049419
SULA/MSZN8 | SHLA/MOZM8 | (§°Z) W T'0SHL W T°0 SHL (SLWTOSUL | (SL)WTOSHL | (SZ)WTOSHL | (SZ)WTOSHL | (S4) WT0SHL (S°4) WT'0SHL (SZ)WToSHL | (SZ) WTOSHL
93d WZ'0SY | 93d WZOSY | A/MSTN893d | A/MSZMY O3d | A/MOZ MY O3d | A/MST P D3d | A/M ST X8 93d A/M 0Z Y8 93d A/M GT X8 93d A/M ST Mb 93d A/M 0T b 93d A/M ST Mb 93d

AN AN ST AN AN AN AN
WZO0SY(Ss) | Weosv(ss) | Wzosv(Ss) | WZosv(Ss) | WZosY(SZ) | Weosvy(SL) | STI04A9 (5°2) 1049419 (§°£) ST 1012419 (5°2) ST |012A19 (5°2) ST 1002A19 (S°2) | ST 1049419 (5°£)
W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H

A/M SZ X8 93d

A/M 0Z X8 93d

A/M ST Y8 93d

A/M SZ Y 93d

A/M 0Z ¥ 93d

A/M ST Mb 93d

A/M SZ X8 93d

A/M 0Z X8 93d

A/M ST %8 93d

A/M SZ MY 93d

A/M 0Z Mt 93d

A/M ST Mt 93d

W Z'0SsY (£)
W T°0 S3d3H
A/M ST Y8 93d

W Z'0SY (£)
W T°0 S3d3H
A/M 0Z Y8 93d

WZosv (L)
W T°0 S3d3H
A/M ST Y8 93d

W Z'0SY (£)
W T°0 S3d3H
A/M ST Mb D3d

WZ'0SsY (£)
W T°0 S3d3H
A/M 0Z MY 93d

WZ'0Ssv(£)
W T°0 S3d3H
A/M ST Mb 93d

AJA ST [042A]D
(£) W T°0 S3d3H
A/M ST Y8 93d

AN
ST 1042419 (£)
W T°0 S3d3H
A/M 0Z X8 93d

AJA ST [042A1D
(£) W T°0 S3d3H
A/M ST Y8 93d

AJA ST [042A1D
(£) W T°0 S3d3H
A/M ST Mb 93d

A/A ST 1042419
(£) W 1°0 S3d3H
A/M 0T Mt 93d

A/A ST [042A1D
(£) W T°0 S3d3H
A/M ST Mb 93d

W Z°0 SV
(£) WT°0SaW
A/M ST Y8 93d

W20 SY
(£) WT°0SaW
A/M 0T Y8 93d

W 2'0 SY
(£) WT°0S3aW
A/M ST Y8 93d

W T'0 SV
(£) WT°0Saw
A/M ST b D3d

W 20 SY
(£) WT0SaW
A/M 0Z M 93d

W Z'0 SV
(£) WT°0S3aw
A/M ST Mb 93d

A/A ST (012419
(4) WT0Saw
A/M ST Y8 93d

A/A ST |012A19
(£) WT0SaW
A/M 0Z Y8 93d

A/A ST [042A1D
(£) WT'0S3W
A/M ST X8 93d

A/A ST [042A1D
(£) WT'0S3W
A/M ST MY 93d

A/A ST |012A19
(£) WT0SaW
A/M 0T Mt 93d

A/A ST |042A1D
(L) WwT'0saw
A/M ST My 93d

A/A A/A ST A/A AN A/ (59)

WZO0oSY(59) | WZOoSV(S9) | WeosSv(s9) | WZOoSV(S9) | WZosSv(s9) | WZoSv(5'9) | ST 10404 (5°9) 1042419 (5°9) ST (042419 (5°9) ST [042A19 (5°9) ST [012A19 (5°9) W T°0"'|Apooed
W T°0"1Apooed | W T°0°'|APOJED | W T'0"'IAPO2Bd | W T'0''|APOJRD | W T'0°'|APOJRD | W T'0‘|Apoded W T°0"'|Apooed W T°0"'Apooed W T'0"'|Apooed W T'0"'|Apooed W T°0"'|Apooed A/A ST (012419
A/MSZX8D3d | A/MOZX8D3Id | A/MSTXN8D3d | A/MSZHP D3d | A/MOZHP D3d | A/MST WP D3d | A/MSZH89D3Ad | A/M0Z M8 D3d A/M ST Y8 93d A/M ST Mb 93d A/M 0Z Mb 93d A/M ST Mb 93d

W 9w 9 W QW A/A 9w (9) A (9)
oSV (9 W T°07301ApO2RY | W Z'0SY (9) W | T°0°"3elApoded | T°0°"3ejApoded | W Z'0 SY (9) W ST (042419 (9) 1°0°"3elApooed W T°0"'1eIAP0ORD | A/A ST 04949 (9) ST [012A19 (9) W T°0""3e1Ap0Oded
1°0°"381ApOJRd | W Z°0 SV A/M 1°0""3e1Apooed W Z'0 SY A/M W20 SV A/M 1°0°"381APOdRD | W T°0""3RIAPOdRD | A/A ST |012A1D A/A ST 1012419 W T'0"'32|APOORD | I T'0"'3@|Ap0ORD A/A ST (042419
A/M ST X8 93d 0Z Y8 93d A/M ST Y8 93d ST v 93d 02 ¥ 93d A/MSTYp93d | A/MSZM8D3d | A/M0Z M8 D3d A/M ST Y8 93d A/M ST Mb 93d A/M 0T Mt 93d A/M ST Mb 93d

(4] 1T ot 6 8 L 9 S v € z T
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Appendix 8 - TOPS2 screen (Bulek et al. 2012)

(2) A/M A/M A/M A/M A/M WZo WZo W20
W T°0 Sk3-siq 0ZX¥893d W | SZTX¥893d W STY893d W | STI N8 O3d W 0T X8 93d W SV A/MS'TT W Z°0 SY A/M SY A/M ST W Z°0 SV A/M SY A/M ST W Z'0 SV A/M
A/M G'TT M8 zosv (L) zosv (L) 2o sv (£) zosv (L) zosv (L) Mb 93d (£) | 02 P 93d (£) Mb93d (£) | ST P 93d () Mb 93d (£) | 0T b 93d (2)
93d W Z'0 SY W T°0 Sk3-s1q W T°0 Sk3-siq W T°0 S3-siq W T°0 Sk3-siq W T°0 SM3-siq W T°0 SM3-siq W T°0 Si3-siq W T°0 SM3-siq W T°0 SM3-siq W T°0 SM3-siq W T°0 Sk3-siq
(s°9) (s79) (s79) (59 W (59 W (S99 W (59w (9 W (59 W
W T'0SHI-sIq | (59) WT'0SL} WT'0SHI-sIq | (5°9) WT'0SM3 WT'0SHI-sIq | (5°9) W T'0Sk) 1°0 SH3-SI9 W 1°0 SH3-sI9 W 1°0 SK3-sI9 W 1°0 SH3-sIq W 1°0 SM3-sIq W T°0 SM3-sIq W
A/M STT M8 | -SIG A/M 0T N8 A/MSLT M8 | -SIGA/MST N8 A/MSTT M8 | -SIqA/MOT X8 2°0 SV A/M 20 SY A/M 2°0 SY A/M 70 SV A/M 2°0 SV A/M 70 SV A/M
O3d WZOSY | D3d WZ'0SY | 93d WZOSY | 93d WZOSY | 93d WZ'0SY | 93d WZ0SY S'TT MY 93d 02 Mt 93d S'LT b 93d ST M 93d S'ZT M 93d 0T ¥ 93d
A/M AM AM AM AM A/M WZ0 WZo WZo
G'TT N8 93d W 0ZX893d W | S£TX893d W STYM893d W | STI N8 93d W 0T X8 93d W SY A/M 2T W Z°0 SY A/M SY A/M GLT W Z°0 SV A/M SV A/M S°TT (9) WT°0sM
z'0sv (9) z'0sv(9) z0sv(9) z'0sv (9) z'0sv (9) 0 sv (9) Mb 93d (9) | 0ZMp 93d (9) Mb 93d (9) | ST b 93d (9) Mb 93d (9) -SIq W 20 SY
W T°0 SM3-sIq W T°0 SM3-siq W T°0 S13-s1q W T°0 Si3-siq W T°0 SH3-siq W T°0 SH3-siq W T°0 SH3-siq W T°0 S13-s1q W T°0 SM3-siq W T°0 SH3-siq W T°0 SM3-SI9 | A/M 0T M 93d
A/M A/M A/M A/ A/ AM Wzo W WZo W Wzo W
S'ZTT N8 O3d W 0ZX893d W | SLTX893d W STYX893d W | SZI N8 O3d W 0T 8 93d W SV A/MSTT | 20 SY A/MOT SV A/MGLT | 2'0SY A/MST SV A/MSTT | T'0SV A/MOT
zosv (s zosv (s zosv(s) zosv(s) zosv(ss) z0osv(sL) My 93d (6°2) My 93d (6°2) My 93d (5°2) M 93d (5°2) My 93d (5°2) My 93d (§°2)
W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H
A/M AM AM AM AM A/M WZ0 WZo WZo
G'TT N8 93d W 0ZX893d W | SLTX893d W STYM893d W | STI N8 93d W 0T X8 93d W SY A/M 2T W Z'0 SY A/M SY A/MGLT W Z°0 SV A/M SV A/M S'TT W 2°0 SV A/M
zosv (L) zosv (L) zosv (L) zosv (L) zosv (L) zosv (£) Mb 93d (£) | 02y 93d (£) Mb 93d (£) | ST P 93d (£) Mb 93d (£) | 0T b 93d (2)
W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H W T°0 S3d3H
AM A/M AM A/M AM AM WZo W WZo W WZo W
S'TT N8 93d W 0ZX893d W | SLTX893d W STM893d W | STIM8D3Id W 0T X8 93d W SV A/MSZZ | T'0SYA/MOT SYA/MSGLT | T'0SYA/MST SV A/MSCT | T'0SYA/MOT
oSV (£9) zosv(£9) oSy (£9) oSV (£9) oSV (£9) zosv(£9) M 93d (£°9) Mt 93d (£'9) M 93d (£°9) M 93d (£°9) M 93d (£°9) M 93d (£°9)
W T°0 SaW W T°0 SaW W T°0 SAW W T°0 SaW W T°0 SaW W T°0 SaW W T°0 SaW W T°0 SaW W T°0 S3W W T°0 SaW W T°0 SaW W T°0 SaW
A/ A/ A/m A/M AM A/m WT0 W WTO0 W WT0 W
S'TT N8 93d W 0ZX893d W | SLTX893d W STYM893d W | SZTT N8 D3d W 0T X8 93d W SV A/MSZZ | T'0SVY A/MOT SYA/MSGLT | T'0SY A/MST SV A/MSZT | T'0SY A/MOT
1°0 SV (5'9) 1°0 SV (5°9) 1°0 SV (5'9) 1°0 SV (5'9) 1°0 SV (5'9) 1°0 SV (5°'9) Mt 93d (5'9) Mt 93d (5°9) M 93d (5°9) M 93d (5'9) M 93d (5'9) My 93d (5°9)
W T°0""JApooed W T°0""]JApooed W T'0""|Apoded W T°0""]Apooed W T°0""]JApoded W T°0""|Apooed W T°0""JApooed W T°0""|Apooed W T°0""|Apooed W T°0""|Apoded W T°0""|Apoded W T°0"'|Apooed
A/M AM AM AM AM A/M WZ0 W WZo W WZo W
G'TT M8 93d W 0ZX893d W | SLTX893d W STY893d W | STI N8 93d W 0T X8 93d W SY A/MSTZ | T'0 SV A/MOT SY A/MSLT | 20 SV A/MST SY A/MSTT | 20 SV A/MOT
Z0Sv(59) Z0Sv (59) 20 SV (59) 20 SV (59) 20 SV (59) z0sv(59) Mt 93d (5°9) Mt 93d (5°9) M 93d (5°9) Mt 93d (5°9) M 93d (5°9) M 93d (5°9)
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Appendix 9 - SL8-SCT optimisation screen (Optimising TOPS screen hits A12 and

B12)
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Appendix 11 — Potential hydrogen bonds of dtSCT mutants (calculated by Whatlf)
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Appendix 13 — Peptide assignments in 90% H.0 10% D.O
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AH €8¢ 2dH €8¢ TH 8yv¥ DH 898 HN €S
65L 2H 66C TH 66C T3H 69T TH 69T T9H vrT ¢AH +v¥'T TAH 6T ¢gH 64T TH 8EY DH €88 HN I
6S5Z 2H O00€ TH O00E€ T3H 69T T9H 69T T9H +yT T¢AH +w»T TAH 06T ¢gH 06T TYH <COv DH HN IX  IXINISH
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Appendix 14 — Peptide assignments in 100% D.O

12 TAHH 1Tz TAH 66T 2dH 68T TYH €Ty ©H /3
(494 M LEL 3H LTL 9H 8Tt TJH €0€ TYH LS¥ PH 94
LL'T TdH 69C TIH 69Y DOH SN
€L°0 OH %80 ¢AH €vrT 9qIAH ZT'T etAH  9/'T gH Ty D©H vl
680 9H 680 TAH SyT QqTAH  8T'T elAH 68T gH 1Ty DOH €l
68 TIH S8€ TIH LSV OH TS
00€ T3H 00€ T3 ¢LT TH TUT T9H (¥T ¢ (T TAH 6T 29H 6T TIH 66€ DOH T TIIANISH
160 e¢9H T60 TI9H 6ST AH 65T 2dH 65T TYH TTvr DOH 61
T0E TH C0E I3H TLT T9H TLT O T9H SPT TAH SyT TAH 88T  TgH 88T TIH €€V OH 8
T2 ¢ 1T TAH 76T TdH 10T T9H €Tvr PH /3
(494 M LEL 3H [TL QH o€ TIH 8T'E TYH [S¥ PH o
6T TIH 69C TYH OLY PH SN
v£0 QH €80 ¢AH T dqIAH  $T'T elAH ST gH OTvY  OH
L8°0 OH /80 ¢AH S¥'T 9qIAH  0CT ertAH /8T gH Ty DOH €l
G6€ TIH S8€ TIH [LS¥ PH TS
LT TAH L€T TAH 0Tz 2dH €T T9H LOv PH 13 DIFANIST
680 T9H 680 I9H 8ST AH 85T 2dH 8ST TYH 8IvY ©H 81
00€ eH 00€ T3H TLT T9H TLT T9H S¥T 2¢AH SyT  TAH /8T ¢gH /(8T TYH 8Cv D©H I
2t TMHH tzr TAH 66T TdH 16T TYH 6TY PH 93
1€°L 3H 9L 3H 9T/ 9QH /(T'¢ TJH o€ TYH €ST PH G4
87 TdH 0LT TIH S99V  DOH PN
70  9H €0 TAH €T dqIAH  ITT eTAH  €/7T gH LoV DOH €l
680 9H 680 TAH (yT QqTAH 6T'T elAH S8T gH €Ty D©H
L[6€ TIH 16€ TIH STv DPH IS DIFANNS

02a %00T ‘£ ad ‘@1eydsoyd wnisserod \w oz ul sapndad
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T0E 2H T0€ T3H T T9H T T9H 9T TH 9T TAH 68T TgH 68T TIH 96€ DH T IHIANISHN
80 T9H /80 TI9H 6ST AH 65T 2gH 65T TYH O0Tv ©H OT1
T0€ @H T0E T3H TLT e9H TLT T9H +¢T 2AH v¥T  TAH 88T TJH 88T TYH €€¥ DH o)
0ce ¢ o0cc TAH 00C C¢gH 6T T9H vy OH 83
€L MH LEL 3H [T QH /T'¢ e¢IH o€ TYH 8SY OH /d
87 TgH 69T TYH OLY PH 9N
€0 Q9H €0 ¢ ZvT qrAH  €T'T eTAH  S/T gH 60v ©H Sl
[80 9H (80 C¢AH SY'T dqIAH  ST'T eTfAH 987 gH ocv  PH bl
¥8'€ TYH v8€ TYH Lvv PH €S
62 T 67C TAH 60C CgH ¥6T T9H Tvvy PH @
L€T T (€T TAH TT'C TdH TT'C TYH LOvV OH 13 HIANIISA
880 <TH 830 T9H 097 AH 09T TH 09T T9H 0Ty D©H 61
2T CT9H LT I9H 9v'T  ZTAH  9v'T  TAH Y€y  PH
T0€ TH TOE IH €T T9H €T I9H 8yT ZAH 8y'T  TAH 88T TIH 88T TY9H e OH 8
I6T TI9H ©Zv PH
12C¢ TMH 1Tt TAH 10T TY9H 88T I9H wvEY OH /3
LEL H T¥L 3H 8CL QH Tre€ TIH 9TE TIH vy DOH o
LLT TIH L9C TIH 6¥vy PH SN
¥£0 QH 80 TAH TTT ATAH  T¥'T  eTAH /LT gH Iy PH vl
880 OQH 160 2¢AH 6TT qTAH 8y'T PeTAH 88T gH €Ty PH €l
€8€ TdH (8¢ TIH GSS¥ PH TS
Wwe TH vreE T9H 60C ¢H 8¢ TAH 0S¢ TIH 0SC TYH 9¥v¥ DOH 1Id HIAANIISd
680 TH 680 T9H 097 AH 09T @TH 09T T9H O0CT¥ DH 61
T0€ TH T0€ T3H #LT 29H +LT T9H SyT ZAH SyT  TAH 88T TdH 88T T9H <Cev D©H 8 IIIANIISH
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TOE ¢H T0€ T3H ¢/T T9H T T9H T TAH vyt TAH 88T 2dH 88T TIH €€v DH 9
0zZ ¢ 07z TAH 107 29H TET TYH vZvr PH 3
€L M LEL  3H 8TL 9H 8Tt TgH TOE TYH [LST PH o
LT TIH 69T TYH 89F PH €N
7,0 9H S80 ZAH Sy'T qIAH  €T'T PIAH ST 9H  LTv PH Z/TI
60 9H L60 AH 8y'T qiAH  0zT DPIAH 6T  9H /8€ OH Z/TI DIFANN
760 TH 160 T9H 09T AH 09T 29H 09T TYH <TCvr DOH OT
T0€E TH o€ T3H LT 9H LT T9H 9T TAH 9¥T  TAH 88T 2dH 88T TIH €€V DOH 6)
12 ¢MH TZC TAH €T 2dH 00C TYH vy PH 83
(42 M LEL 3H [TL 9H €0t eTIH /(1€ TYH 8SY OH /A
69C TIH 8LT TYH OLY PH ON
SL0 QH €0 CH T 9qTtAH ZT'T eTlAH 9/T  gH ITv  DH Sl
880 9H 880 TAH 9¥'T dIAH 6T'T ©eTAH 98T gH 1Ty DOH ¥
98'¢ C9gH S8€ TIH oYy OH €S
€€ TH 79t T9H ¥6T TAH S0z TAH 8er  TdH 8€T TIH vSv¥ OH d
vr'e TQH vvr'e T9H 60C C¢AH 607 TAH 6S5C CgH 65T TYH S9v PH Td INIANIISdd
880 ¢9H 880 T9H 09T AH 09T 2dH 09T TYH 0Ty DH OT1
TOE ¢H T0€ T3H ¢LT e9H T T9H ST ¢AH SyT  TAH 88T 2dH 88T TIH CEY DH 6)
T2¢ ¢ 1Tz TAH 76T TIH T0C TYH vITvy POH 83
0L M SE€L 3H VTL QH €0€ TgH 8TE TIH 8SY DPH L4
69C TdH 8LT TYH 697 PH ON
G0 QH S80 TAH ZrT diAH  YT'T  eTAH /T gH TTvY D©H gl
880 QH 880 ¢AH 9¢'T qTAH 6T'T ©eTAH 88T gH Ty DOH ¥
v8€ 2¢gH v8E TYH 8yvy OH €S
66C TH 66T T3 TLT TH TLT I9H L¥T  TAH T TAH 78T  ¢gH 8T T9H Ovvy PH I DIFINISH
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060 T9H 880 T9H 09T AH 09T 29H 09T T9H <CT¥ ©H 91
T0€ TH C0E T3H ELT T9H TLT T9H ST TAH ST TAH 83T  TgH 88T TIH €€V OH S
vt ¢H Tz TAH €6T TIH TOCZ TYH STv  DOH 13
€L M LEL  3H 8TL QH 6T€ ¢TdH T0€E TIH 657 DOH €4
087 C¢gH TLT TIH €v DOH 2N
¥80 9H 680 TAH OvT 9qIAH ¢I'T eTAH S8T 9gH 9/€  DPH T DiFNI
160 T9H /80 T9H 09T AH 09T 29H 09T T9H <CTv ®©H O REEN]]
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id ass

—amino ac

Appendix 15

L60 T9H L60 T9H TL'T AH T/T 2gH TLT T9H L€ ©H aupna]

€0€ T3H €0€ T3H €T TH €T T9H IST ¢AH 9¥T TAH 16T ¢TJH 16T TYH 9.'€ DH auisAq
L€C TAH L€ TAH €TT TIH  L0C TYH 9L'€ DH p1edjwein|o

8L M €L 3H vEL QH 8CE TIH vI'E TYH 00V DH aujuejejAuayd

96°'C TIH 98T TYH 10V DH aujesedsy

760 9H 0T ¢AH 8y'T dIAH /[T elAH 66T 9gH [9€ DH aupnajos|

86'c TIH G6't TYH G8€ DH aulas

e TOH SEE TQH 0C TAH oz TAH Ssec TIH 80T TYH ETv MH auljoud

‘umoys 1ou suolodd 3j1ge7 "*0¢a %00T ‘£ ad ‘@1eydsoyd wnisseiod AW Qg Ul SPIdE oUWy
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Appendix 16 — T1 values of peptide resonances

Peptide Peak ID Freq. (ppm) Intensity T1 (s) error
ESIINFEKL 4lleHd1* 0.736804 39.1453 0.5978 0.02181
ESIINFEKL 4lleHg2* 0.836415 43.1666 0.9219 0.02161
ESIINFEKL 9LeuHda/3lleHd1* 0.867666 88.3631 0.729 0.013
ESIINFEKL 9LeuHdb 0.921378 41.2313 0.6813 0.0353
ESIINFEKL 3/4lleHg1b/8LysHg* 1.45361 44,518 0.6233 0.09142
ESIINFEKL 9LeuHg/Hb* 1.58838 63.1289 0.6274 0.04326
ESIINFEKL 8LysHd* 1.70753 54.2631 0.5667 0.02942
ESIINFEKL 4lleHb 1.7212 45.3322 0.6284 0.08046
ESIINFEKL 7GluHba/8LysHba 1.9214 123.172 5.46 0.4521
ESIINFEKL 1GluHb* 2.09425 56.9621 0.4748 0.06829
ESIINFEKL 7GluHg* 2.23293 40.3285 0.4938 0.1019
ESIINFEKL 1GluHg* 2.36086 76.9217 0.6009 0.05878
ESIINFEKL 5AsnHba 2.6929 44.91 0.6828 0.1144
ESIINFEKL 5AsnHbb 2.77688 46.1722 0.6872 0.07384
ESIINFEKL 6PheHba/8LysHe* 3.01419 117.507 0.8618 0.0468
ESIINFEKL 6PheHbb 3.17142 44.5903 0.4576 0.08537
ESIINFEKL 2SerHba 3.8189 59.4869 0.6122 0.07778
ESIINFEKL 2SerHbb 3.85503 57.501 0.7164 0.08604
ESIINFEKL GluHa 4.07671 55.779 2.026 0.2948
ESIINFEKL 4lleHa 4.09624 74.1834 1.48 0.1492
ESIINFEKL 3lleHa/9LeuHa 4.21343 110.377 1.428 0.1144
ESIINFEKL 7GluHa 4.23199 45.5981 1.346 0.2765
ESIINFEKL 8LysHa 4.32965 42.6431 1.333 0.2493
ESIINFEKL 2SerHa/6PheHa 4.57868 41.9098 1.631 0.4494
ESIINFEKL 6PheHd* 7.27404 85.9757 1.955 0.08979
ESIINFEKL 6PheHz 7.31896 45.3945 2.627 0.2872
ESIINFEKL 6PheHe* 7.3717 83.1081 2.116 0.1409
KSIINFEKL 4lleHd1 0.752944 41.1669 0.6466 0.02151
KSIINFEKL 4lleHg2 0.83986 46.3934 0.9054 0.03522
KSIINFEKL 9LeuHd/3lleHd1 0.875994 61.7644 0.8739 0.02547
KSIINFEKL I3 Hg2 0.92287 35.064 0.5918 0.01473
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KSIINFEKL 6KHg/3/4lleHg1b/1LysHg 1.45706 23.4837 0.6116 0.06527
KSIINFEKL 9LeuHg/Hb 1.59085 24.0714 0.632 0.07398
KSIINFEKL 1/8LysHd 1.70999 32.7611 0.5935 0.03241
KSIINFEKL 8LysHb/3lleHb/7GluHb 1.88773 26.0612 0.5875 0.07349
KSIINFEKL 1lysHb 1.92094 75.6013 5.001 0.4234
KSIINFEKL 7GluHg 2.20707 32.2035 0.6792 0.1847
KSIINFEKL 5AsnHba 2.69048 41.2066 0.6064 0.1169
KSIINFEKL 5AsnHbb 2.77154 37.4096 0.7468 0.08511
KSIINFEKL 1/8LysHe 3.00885 104.301 0.8868 0.04663
KSIINFEKL 6PheHba 3.02154 87.0933 0.816 0.04909
KSIINFEKL 6PheHbb 3.17291 24.1512 0.6477 0.1617
KSIINFEKL 2SerHb 3.84968 38.3588 0.6794 0.04111
KSIINFEKL 1lysHa 3.99129 28.0336 1.451 0.1562
KSIINFEKL 4lleHa 411629 39.2207 1.614 0.1412
KSIINFEKL 9LeuHa 4.20418 48.6237 1.351 0.05461
KSIINFEKL 8LysHa 4.3243 27.2292 1.309 0.2693
KSIINFEKL 6Phe/2SerHa 4.5665 26.4225 1.533 0.3847
KSIINFEKL 6PheHd 7.27456 45.4095 1.969 0.1216
KSIINFEKL 6PheHz 7.31948 23.7148 2.108 0.2073
KSIINFEKL 6PheHe 7.37221 50.6676 2.192 0.1384
PSIINFEKL 4lleHd1* 0.744155 443071 0.6259 0.03982
PSIINFEKL 4lleHg2* 0.837907 46.4141 0.8165 0.03283
PSIINFEKL 9LeuHda*/3lleHd1* 0.872087 120.58 0.7128 0.01227
PSIINFEKL 9LeuHd*/3lleHg2* 0.912127 36.4369 0.6044 0.01194
PSIINFEKL 3/4lleHg1b/8LysHg* 1.45315 44.4535 0.5801 0.1013
PSIINFEKL 9LeuHb*/Hg 1.58987 60.0853 0.6658 0.06549
PSIINFEKL 8LysHd* 1.70804 49.6881 0.6635 0.04692
PSIINFEKL 1ProHg* 2.07231 62.0914 1.83 0.2923
PSIINFEKL 7GluHg* 2.20805 43.7245 0.4613 0.03738
PSIINFEKL 1ProHb* 2.48735 37.404 0.9881 0.291

PSIINFEKL 5AsnHba 2.70318 48.6987 0.6192 0.08439
PSIINFEKL 5AsnHbb 2.77447 62.253 0.5437 0.08197
PSIINFEKL 8LysHe* 3.01568 121.029 0.7828 0.06407
PSIINFEKL 6PheHba 3.02838 97.1898 0.6061 0.05365
PSIINFEKL 6PheHbb 3.16998 40.3443 0.76 0.3104
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PSIINFEKL 1ProHda 3.41413 50.7981 1.798 0.2433
PSIINFEKL 1ProHdb 3.45319 49.2956 1.738 0.613

PSIINFEKL 2SerHba 3.83113 68.5379 0.6204 0.1109
PSIINFEKL 2SerHbb 3.85554 61.1799 0.6306 0.08587
PSIINFEKL 4lleHa 4.10262 77.002 1.475 0.2116
PSIINFEKL 9LeuHa 4.20028 92.6491 1.65 0.2298
PSIINFEKL 6Phe/7Glu/3lleHa 4.21493 111.9 1.648 0.1971
PSIINFEKL 8lysHa 4.32821 53.2553 0.6591 0.13

PSIINFEKL 1ProHa 4.44247 50.0783 2.331 1.335

PSIINFEKL 6PheHd* 7.27553 116.236 1.769 0.1921
PSIINFEKL 6PheHz 7.3185 67.4237 2.231 0.171

PSIINFEKL 6PheHe* 7.37124 121.681 2.16 0.1624
EESIINFEKL SlleHd* 0.724177 41.2745 0.5871 0.0379
EESIINFEKL SlleHg2* 0.835507 51.7526 0.9879 0.02232
EESIINFEKL 4lleHd*/Hg2*/10LeuHdb* 0.865781 111.684 0.7631 0.02018
EESIINFEKL 10LeuHda* 0.921446 102.117 0.586 0.02333
EESIINFEKL 9LysHg*/4lleHg1b 1.44001 37.2554 0.5978 0.1111
EESIINFEKL 10LeuHb*/Hg 1.5904 51.5247 0.6012 0.0931
EESIINFEKL 9LysHd* 1.70759 44.4828 0.6406 0.08864
EESIINFEKL 2/8Glu Hba 1.92147 508.383 5.956 0.1949
EESIINFEKL 1/2GluHbb 2.09432 30.1525 0.5637 0.1208
EESIINFEKL 8GluHg* 2.18124 28.9415 0.5712 0.1214
EESIINFEKL 2GluHg* 2.28671 42.097 0.6866 0.1735
EESIINFEKL 1GluHg* 2.3746 43.0991 0.6415 0.05362
EESIINFEKL 6AsnHba 2.69297 31.3288 0.7002 0.1275
EESIINFEKL 6AsnHbb 2.7789 27.209 0.487 0.1056
EESIINFEKL 9LysHe* 3.00254 39.9812 0.6855 0.07185
EESIINFEKL 7PheHba 3.01426 73.4731 0.8535 0.05068
EESIINFEKL 7PheHbb 3.16368 33.2129 0.6906 0.165

EESIINFEKL 3SerHb* 3.84338 59.9501 0.4974 0.06362
EESIINFEKL 1GluHa 4.06213 29.9081 2.036 0.5414
EESIINFEKL SlleHa 4.09241 43.7959 1.344 0.1206
EESIINFEKL 4lleHa 4.1969 49.4471 1.63 0.1459
EESIINFEKL 10LeuHa 4.2135 46.6448 1.305 0.3366
EESIINFEKL 8GluHa 4.23206 27.0125 0.7315 0.3005
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EESIINFEKL 9LysHa 4.33069 26.7055 1.126 0.3701
EESIINFEKL 3SerHa 4.48597 25.965 0.9625 0.3585
EESIINFEKL 7PheHd* 7.27606 55.5255 1.937 0.1415
EESIINFEKL 7PheHz 7.32099 32.3369 2.42 0.2415
EESIINFEKL 7PheHe* 7.37274 57.7955 2.248 0.2455
KKSIINFEKL SlleHd* 0.746108 40.1416 0.558 0.09686
KKSIINFEKL SlleHg2* 0.840837 63.2618 1.003 0.08969
KKSHNFEKL 4lleHd*/10LeuHdb 0.873064 167.86 0.7318 0.03038
KKSIINFEKL 10LeuHda* 0.920916 162.91 0.6631 0.02653
KKSHINFEKL 4lleHgla 1.18655 40.4452 2.355 0.4602
KKSIINFEKL 2LysHga 1.46194 84.6691 0.5926 0.04822
KKSIINFEKL 10LeuHb*Hg 1.59573 63.592 0.7824 0.1112
KKSIINFEKL 1/2Lys Hd* 1.71781 125.188 0.696 0.04057
KKSIINFEKL 1/2/9LysHe* 3.01568 221.031 0.9706 0.0259
KKSIINFEKL 3SerHb* 3.84968 63.0656 0.5171 0.08602
KKSHINFEKL 41le/8Glu/10LeuHa 4.22079 75.6262 2.075 0.3761
KKSIINFEKL 7PheHd* 7.27651 65.6889 2.045 0.3121
KKSIINFEKL 7PheHz 7.33803 46.7561 3.818 0.9267
KKSIINFEKL 7PheHe* 7.37124 52.7868 2.225 0.1882
PPSIINFEKL SlleHd 0.745745 28.8867 0.6034 0.0263
PPSIINFEKL SlleHg2 0.83852 33.476 0.9716 0.04123
PPSIINFEKL 4lleHg2/4lleHd 0.867817 72.3153 0.7389 0.0315
PPSIINFEKL 10LeuHd1 0.91274 29.8653 0.642 0.02104
PPSIINFEKL 10LeuHd2 0.922506 32.2915 0.6179 0.02284
PPSIINFEKL SlleHg1b/9LysHg* 1.45279 34.809 0.6029 0.04956
PPSIINFEKL 10LeuHb*/Hg 1.59049 47.3042 0.616 0.08292
PPSIINFEKL 9LysHd* 1.70865 41.7374 0.5501 0.05277
PPSIINFEKL 9LysHb* 1.87858 23.6222 0.5266 0.07599
PPSIINFEKL 8GluHb*/2ProHg2 1.92253 158.218 5.35 0.2787
PPSIINFEKL 8GluHb1l 2.01628 48.9809 0.569 0.1264
PPSIINFEKL 2ProHgl/1ProHg* 2.08659 99.9866 1.16 0.1118
PPSIINFEKL 8GluHg* 2.20671 48.4677 0.6061 0.1072
PPSIINFEKL 2ProHb* 2.3571 31.144 0.2594 0.07777
PPSIINFEKL 1ProHb* 2.59539 34.5057 1.254 0.3168
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PPSIINFEKL 6AsnHb2 2.69305 39.1511 0.5476 0.06897
PPSIINFEKL 6AsnHb1 2.77703 39.6174 0.4958 0.1203
PPSIINFEKL 9LysHe* 3.0163 106.284 0.8713 0.07386
PPSIINFEKL 7PheHb2 3.02899 84.5342 0.7592 0.07139
PPSIINFEKL 7PheHbl 3.17353 32.7687 0.6411 0.2549
PPSIINFEKL 1ProHd* 3.44013 39.3126 1.173 0.1622
PPSIINFEKL 2ProHd1 3.60811 32.3683 0.3552 0.1379
PPSIINFEKL 2ProHd2 3.73897 38.6355 0.5003 0.1054
PPSIINFEKL S2Hb* 3.86104 106.633 0.5257 0.03137
PPSIINFEKL SlleHa 4.10323 64.3217 1.574 0.319
PPSIINFEKL 4lleHa 4.20577 72.8573 1.615 0.1781
PPSIINFEKL 10LeuHa 4.21945 75.7626 1.352 0.185
PPSIINFEKL 9lysHa 4.33078 38.3262 1.029 0.289
PPSIINFEKL 3SerHa 4.46066 53.6033 2.17 0.7007
PPSIINFEKL 2ProHa 4.54855 51.0059 494.2 123
PPSIINFEKL 7PheHd 7.27517 121.079 1.967 0.09535
PPSIINFEKL 7PheHz 7.31912 68.3592 2.063 0.2147
PPSIINFEKL 7PheHe 7.37185 112.559 2.023 0.1101
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